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Abstract

Cognitive decline is closely associated with biological aging and with interconnected
processes, including chronic low-grade inflammation, oxidative stress, mitochondrial dys-
function, and cellular senescence. Nutraceutical strategies capable of modulating several
of these pathways may represent a complementary approach to supporting cognitive
health. This narrative review examines the biological rationale and available evidence
regarding palmitoylethanolamide (PEA), luteolin, and their co-ultramicronized formula-
tion (PEA-Lut) in cognitive impairment and dementia. Evidence from mechanistic studies,
animal models, observational studies, and clinical trials was considered. PEA is an en-
dogenous N-acylethanolamine with anti-inflammatory and neuroprotective properties,
whereas luteolin exerts complementary antioxidant and anti-inflammatory effects. Co-
ultramicronization may improve their physicochemical properties and biological activity.
Preclinical studies suggest that PEA-Lut may attenuate glial activation, pro-inflammatory
signaling, oxidative and nitrosative stress, and amyloid-f-induced cellular injury while
supporting neurotrophic signaling and neuronal survival. Preliminary clinical findings
have suggested possible benefits in stroke rehabilitation, frontotemporal dementia, and
other neuroinflammatory conditions. However, human evidence specifically addressing
mild cognitive impairment and Alzheimer’s disease remains limited, heterogeneous, and
largely derived from preclinical and small or non-randomized studies. PEA-Lut there-
fore represents a biologically plausible investigational nutraceutical approach, although
available clinical safety data are limited to relatively small and heterogeneous populations
and short observation periods. Adequately powered randomized controlled trials are
needed to determine its clinical efficacy, optimal timing and dosage, and long-term safety
in individuals at risk of dementia.
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1. Introduction

Aging is defined by a complex set of structural and functional changes affecting
multiple organs and physiological systems. Over time, the ability to maintain homeostasis
and respond to environmental challenges declines, resulting in increased vulnerability to
disease and death. Although some degree of change in physical and cognitive function may
accompany aging, clinically relevant cognitive decline is not an inevitable consequence
of this process. In some individuals, however, cognitive impairment may progress to
dementia, most commonly due to Alzheimer’s disease (AD) [1]. Dementia is characterized
by deterioration in memory and other cognitive abilities that interferes with independence
in everyday activities, posing substantial challenges for affected individuals, their families,
and the healthcare system. AD can be conceptualized as a clinical and biological continuum,
extending from a preclinical phase to mild cognitive impairment (MCI) due to AD and,
subsequently, AD dementia of increasing severity [2].

MCI represents an intermediate clinical state between normal cognition and demen-
tia [3]. It is characterized by subjective and objective evidence of cognitive decline beyond
that expected for an individual’s age and educational level, without substantial impair-
ment of independence in everyday activities. Individuals with MCI are at increased risk
of developing dementia, particularly AD. However, progression is not inevitable, and
cognitive status may remain stable or, in some cases, improve [4]. The clinical diagno-
sis of AD dementia requires cognitive impairment that interferes with daily functioning
and cannot be more appropriately explained by another neurological, psychiatric, or sys-
temic condition [5]. From a neuropathological perspective, in AD, there is evidence of
the accumulation of amyloid-[3-containing plaques and neurofibrillary tangles composed
of hyperphosphorylated tau. These alterations are associated with synaptic dysfunction,
neuronal loss, and disruption of hippocampal and cortical networks involved in memory
and other cognitive functions, leading to poor consolidation of short-term memory into
long-term memory [6,7].

Estimates of annual progression from MCI to dementia vary according to the pop-
ulation studied, clinical setting, follow-up duration, and presence of AD biomarkers [8].
Early identification and appropriate management of potentially modifiable factors may
nevertheless provide an opportunity to support cognitive health and delay functional
decline. Although dementia does not affect all older adults, its incidence and prevalence
increase substantially with age [9].

The global number of people living with dementia has been projected to rise from
approximately 57.4 million in 2019 to 152.8 million by 2050 [10].

Several interrelated mechanisms may contribute to the association between aging
and dementia, including chronic inflammation [11,12], oxidative stress [12], alterations
in neurotransmitter metabolism [13], mitochondrial dysfunction, and cellular senescence.
Available symptomatic treatments provide limited clinical benefits, while emerging disease-
modifying therapies may slow cognitive and functional decline in selected patients with
early AD. However, their eligibility requirements, safety concerns, monitoring burden, and
limited applicability to the broader population leave a substantial need for complementary
preventive and supportive approaches [13,14].

The identification and modification of dementia risk factors therefore remain impor-
tant components of prevention and clinical management [14]. In addition to physical
activity [15] and cognitive stimulation [16], dietary interventions and nutritional supple-
mentation [17] have attracted interest as possible approaches to support cognitive health.
Nutraceuticals are products derived from food sources that may provide physiological
benefits beyond their basic nutritional value.
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Certain nutraceutical compounds have been investigated for their potential ability to
influence inflammation, oxidative stress, and other biological pathways involved in brain
aging. Nevertheless, evidence of biological activity should not be considered equivalent to
evidence of dementia prevention or clinical efficacy.

Among the compounds currently under investigation, palmitoylethanolamide (PEA)
and luteolin (Lut) have emerged as biologically plausible candidates [18]. PEA is a nat-
urally occurring fatty acid amide with anti-inflammatory and neuroprotective proper-
ties. Lut is a flavonoid found in several fruits and vegetables that exerts antioxidant and
anti-inflammatory effects [19]. Both compounds have demonstrated potentially relevant
biological activities in experimental studies, although clinical evidence remains limited.

This narrative review examines the biological rationale and current experimental and
clinical evidence supporting the potential role of PEA, Lut, and their co-ultramicronized
formulation (PEA-Lut) in brain aging and cognitive decline. Particular attention is given to
their effects on neuroinflammation, oxidative stress, mitochondrial dysfunction, cellular
senescence, glial activation, and neurotrophic signaling. The innovative aspect of this
review is the integration of these interconnected processes of brain aging into a comprehen-
sive framework, highlighting the potential of PEA-Lut to act across multiple mechanisms
implicated in age-related cognitive decline. Evidence derived from cellular models, ani-
mal studies, acute neurological conditions, and neurodegenerative disorders is critically
discussed, with emphasis on its relevance and limitations in relation to MCI and AD. The in-
tegration of mechanistic and clinical evidence further provides insight into the translational
potential of PEA-Lut and the current gaps that should be addressed in future research.
Rather than establishing a preventive or therapeutic effect, this review aims to determine
whether the available evidence provides a sufficient rationale for future randomized clinical
trials in individuals at risk of dementia or in the early stages of cognitive impairment.

2. Methods

A structured literature search was conducted in PubMed /MEDLINE and the Cochrane
Library. The search was based on combinations of free-text keywords using the Boolean
operators AND and OR. The following terms were considered: “aging,” “dementia,”
“palmitoylethanolamide,” “PEA,” “luteolin,” “co-ultramicronized palmitoylethanolamide,”

"o

“mild cognitive impairment,” “Alzheimer’s disease,” “neuroinflammation,” “Parkinson’s
Disease,” “Frontotemporal Dementia”, and “traumatic brain injury”.

The search was restricted to English-language publications published from 2014 to
31 May 2026. The last search was conducted in July 2026. The search was designed to
identify relevant experimental and clinical evidence, including in vitro studies, animal
models, observational studies, and clinical trials. Priority was given to publications directly
examining the biological effects of PEA, Lut, or PEA-Lut and their potential relevance to
brain aging, cognitive impairment, and neurodegenerative disorders. Studies performed
in other inflammatory or neurological conditions were considered when they provided
mechanistic or translational information relevant to neuroinflammation, oxidative stress,
or cognition. Additional publications were identified by screening the reference lists of
relevant articles.

The first targeted search used the following Boolean strategy: (“palmitoylethanolamide”
OR “PEA” OR “PEALut” OR “PEA-Lut”) AND (“dementia” OR “Alzheimer disease” OR
“Parkinson disease” OR “neuroinflammation” OR “frontotemporal dementia” OR “trau-
matic brain injury”), identifying 190 records, of which 9 were considered sufficiently rele-
vant for inclusion. A second targeted search used the following strategy: (“Alzheimer’s dis-
ease” OR “Alzheimer’s disease model” OR “preclinical”) AND (“palmitoylethanolamide”
OR “co-ultramicronized”), identifying 98 records, of which 3 were selected for inclusion.
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Studies were considered eligible if they were clinical, preclinical /animal, experimental, or
randomized studies addressing PEA, luteolin, or PEA-Lut in relation to neuroinflammation,
aging, cognitive impairment, or neurodegenerative diseases. Editorials, commentaries,
letters, reviews, and meta-analyses were excluded, as were studies that were not relevant
to the objectives of the review or did not provide original experimental or clinical data.
The identification and selection of relevant publications, including screening and data
extraction, were independently performed by two reviewers, with discrepancies discussed
and resolved by consensus. Duplicate records were identified by comparing authors, ti-
tles, publication years, and DOI and were manually removed before screening. The final
selection was based on the relevance of the evidence to the objectives of the review and its
scientific and translational contribution.

Given the narrative nature of this review, study selection and evidence synthesis did
not follow a formal systematic-review protocol. The review first describes the principal
hallmarks of aging that may contribute to cognitive decline and AD. It then examines the
relationship between nutrition, nutraceuticals, and brain aging, followed by an overview
of ALIAmides, PEA, and luteolin. Finally, the available preclinical and clinical evidence
regarding the potential effects of PEA-Lut on chronic inflammation, neuroinflammation,
and cognitive outcomes is critically discussed.

3. Cognitive Decline and Hallmarks of Aging

Aging is characterized by progressive molecular and cellular alterations that reduce
physiological resilience and increase susceptibility to chronic disease. The original hall-
marks of aging included genomic instability, telomere attrition, epigenetic alterations, loss
of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senes-
cence, stem-cell exhaustion, and altered intercellular communication [20]. More recently,
impaired autophagy, chronic inflammation, and dysbiosis have also been incorporated
into this conceptual framework [21]. Cognitive decline shares several biological features
with the aging process. Among these, the present review focuses primarily on cellular
senescence, mitochondrial dysfunction, oxidative stress, and chronic inflammation, as
these interconnected processes have been implicated in brain aging, cognitive decline, and
AD pathophysiology and are being investigated as potential targets for preventive and
therapeutic interventions. Collectively, they may contribute to a chronic neurotoxic envi-
ronment that promotes synaptic dysfunction, neuronal injury, and cognitive decline [22,23].
Experimental and clinical research has also suggested that some of these mechanisms may
be amenable to pharmacological or nutritional modulation, providing a rationale for their
consideration in the context of brain aging and cognitive impairment [24].

3.1. Cellular Senescence

Cellular senescence is a state of stable cell-cycle arrest in which cells lose their ability
to proliferate while remaining metabolically active. Although senescence has important
physiological functions, including tissue repair and tumor suppression, the accumulation
of senescent cells during aging may contribute to tissue dysfunction and age-related
diseases, including cognitive decline and AD [25,26]. Senescence is not limited to the loss of
replicative capacity but involves complex changes in cellular metabolism, gene expression,
morphology, and epigenetic regulation [27]. Senescent cells commonly become flatter and
larger [28] and may exhibit increased senescence-associated 3-galactosidase activity [29],
increased expression of the cyclin-dependent kinase inhibitor p16 [30], and the formation
of senescence-associated heterochromatin foci [31]. Mitochondrial dysfunction is also a
characteristic feature of cellular senescence and may be associated with these epigenetic
alterations [32]. In addition, senescent cells may acquire a senescence-associated secretory
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phenotype (SASP), characterized by the release of pro-inflammatory cytokines, growth
factors, chemokines, and proteases [33].

Evidence suggests that several brain cell populations, including astrocytes, microglia,
endothelial cells, oligodendrocyte progenitor cells, and possibly neurons, may acquire
senescent or senescence-like features during aging and neurodegenerative disease [34].

Although the overall number of astrocytes in the human brain may not substantially
change with aging [35], these cells may accumulate lipofuscin [36] and develop SASP-
related alterations [37]. Oxidative metabolism in astrocytes also appears to increase with
age, potentially reducing their ability to provide neurons with metabolic support [38].
Consistently, astrocytes exposed to oxidative stress in vitro exhibit several features of
cellular senescence [39]. Microglia also undergo age-related structural and functional
changes, including cytoplasmic abnormalities and dystrophic morphology [40]. Following
repeated exposure to stressful stimuli, such as lipopolysaccharide, cultured microglial
cells may develop a senescence-like phenotype characterized by increased (3-galactosidase
activity [41] and the formation of senescence-associated heterochromatin foci [42].

Neurons are terminally differentiated cells and therefore do not undergo classical
replicative senescence [43]. Nevertheless, experimental evidence indicates that post-mitotic
neurons may develop a senescence-like phenotype [44,45].

Under oxidative and metabolic stress, neurons may accumulate lipofuscin, misfolded
proteins, and other cellular waste products. Mitochondrial dysfunction and oxidative stress
have also induced senescence-like features in neuronal cell models, including PC12 and SH-
SY5Y cells [46]. Evidence of cellular senescence has also been reported in human AD brain
tissue. Increased DNA damage and senescence-associated markers have been observed
in astrocytes from brain regions vulnerable to AD [47]. Expression of p16 and SASP-
related factors, including matrix metalloproteinase 3, has been reported to be higher in
cortical tissue from individuals with AD than in age-matched controls. Microglia from AD
brains may similarly exhibit increased senescence-associated markers, shorter telomeres,
and a dystrophic phenotype that may precede the development of tau pathology [13].
Telomere shortening has been proposed as a marker of biological aging, although its
relationship with AD remains uncertain. Some studies have reported shorter telomeres in
peripheral blood mononuclear cells from individuals with AD than in age-matched controls.
T-cell telomere length has also been positively associated with cognitive performance
and inversely associated with circulating tumor necrosis factor-«, suggesting a possible
relationship among telomere attrition, immune dysfunction, and cognitive decline [48].
Overall, cellular senescence may contribute to brain aging through the accumulation of
dysfunctional cells, SASP-mediated inflammation, impaired cellular support, and reduced
tissue resilience [49,50].

3.2. Mitochondrial Dysfunction and Oxidative Stress

Mitochondria are essential for cellular function. In addition to producing energy
through oxidative phosphorylation, they contribute to phospholipid and heme synthe-
sis, calcium homeostasis, cellular signaling, apoptosis, and other forms of regulated cell
death [51].

Mitochondrial dysfunction is considered an important feature of biological aging and
has been implicated in several age-related conditions, including metabolic, cardiovascular,
neoplastic, and neurodegenerative diseases.

During aging, mitochondria may accumulate mitochondrial DNA mutations and
develop impaired respiratory function. These alterations can increase the production of
reactive oxygen species (ROS) and reduce cellular energy availability, potentially causing
oxidative damage to lipids, proteins, and nucleic acids [52]. Oxidative stress occurs when
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the production of reactive species exceeds the capacity of cellular antioxidant and repair
systems. It has been implicated in brain aging and in the pathophysiology of several
neurodegenerative disorders, including AD.

The brain is particularly vulnerable to oxidative injury because of its high oxygen
consumption, substantial lipid content, abundance of polyunsaturated fatty acids, and rela-
tively limited antioxidant reserves. Increased ROS production, mitochondrial dysfunction,
altered metal homeostasis, and reduced antioxidant defenses may impair synaptic activity
and neurotransmission, thereby contributing to cognitive dysfunction [53]. Oxidative stress
and neuroinflammation are closely interconnected. Activated microglia produce inflamma-
tory and reactive mediators, including nitric oxide (NO) and superoxide. These molecules
may react to form peroxynitrite, a highly reactive compound capable of inducing DNA
damage, lipid peroxidation, protein modification, mitochondrial dysfunction, and neuronal
injury. Reactive astrocytes may also release NO and other inflammatory mediators into
the extracellular environment, further contributing to oxidative damage and impaired
neuronal survival [54]. Increased concentrations of oxidative damage markers, including
advanced oxidation protein products, have been reported in individuals with MCI and AD.

The high lipid and iron content of brain tissue may further increase its susceptibility
to free-radical-mediated injury [55]. However, many oxidative biomarkers are nonspecific,
and their circulating concentrations may not directly reflect oxidative processes within
the central nervous system [55]. Glutathione (GSH) is one of the principal endogenous
antioxidant systems and plays an essential role in maintaining cellular redox homeostasis in
the brain. Redox balance also influences the function of redox-sensitive proteins, including
N-methyl-D-aspartate receptors (NMDARs). These glutamate receptors are involved in
hippocampal synaptic plasticity and are essential for long-term potentiation, learning, and
memory [56]. Overall, mitochondrial dysfunction and oxidative stress appear to contribute
to brain aging and AD through interconnected effects on energy metabolism, cellular
signaling, neuroinflammation, synaptic function, and neuronal survival [57]. These mecha-
nisms provide a biological rationale for investigating interventions capable of modulating
oxidative and mitochondrial pathways. Nevertheless, evidence that changes in oxidative
biomarkers translate into clinically meaningful cognitive benefits remains limited.

3.3. Inflammation

Inflammation is a coordinated biological response to infection, tissue damage, toxic
compounds, and other harmful stimuli. Its principal functions are to eliminate or contain
the source of injury and initiate tissue repair [58]. Although an appropriately regulated
inflammatory response is protective, its persistence or inadequate resolution may result in
chronic inflammation and contribute to tissue dysfunction.

Aging is associated with persistent, low-grade systemic inflammation, commonly
referred to as inflammaging. This condition is characterized by a moderate increase in
circulating pro-inflammatory mediators and is thought to result from several age-related
processes, including cellular senescence, mitochondrial dysfunction, impaired autophagy,
immune dysregulation, and the accumulation of cellular damage. In the context of aging
and AD, an imbalance between pro-inflammatory and inflammation-resolving pathways
may promote a chronic neuroinflammatory environment with glial activation and sustained
release of inflammatory mediators [59].

Neuroinflammation is increasingly recognized as an important component of AD
pathophysiology. Reactive microglia and astrocytes are commonly found in proximity to
amyloid-f deposits and other areas of neuronal injury. Changes in inflammatory signaling
may occur before the onset of overt cognitive symptoms, although their timing, magnitude,
and contribution to disease progression remain incompletely understood [60,61]. Persistent
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microglial activation may impair amyloid-f3 clearance, promote synaptic dysfunction, and
amplify local inflammatory responses. Conversely, amyloid-f3 accumulation and neuronal
injury may further activate microglia, establishing a self-perpetuating cycle of inflammation
and neurodegeneration [61].

Circulating inflammatory mediators have been investigated as possible biomarkers
of aging and cognitive decline [62]. Compared with younger adults, older individuals
may exhibit higher circulating concentrations of interleukin (IL)-13, IL-6, tumor necrosis
factor-oc (TNF-w), and C-reactive protein, together with alterations in anti-inflammatory
mediators such as IL-10 and transforming growth factor- [63]. However, these markers are
nonspecific and may be influenced by comorbidities, adiposity, infections, medication use,
and other age-related factors. Their circulating levels should therefore not be considered
direct measures of neuroinflammation.

Aging is also associated with changes in the morphology, distribution, and function
of glial cells [64]. Astrocytes, oligodendrocytes, and microglia contribute to neuronal
activity, metabolic support, myelination, immune surveillance, and maintenance of central
nervous system homeostasis [65]. When persistently activated or dysfunctional, glial cells
may release cytokines, chemokines, reactive oxygen and nitrogen species, eicosanoids,
excitatory mediators, and proteases that can damage neurons and oligodendrocytes [66].
This response may sustain and amplify local neuroinflammation.

Astrocytes represent a major component of the glial compartment and participate in
amino acid and lipid metabolism, ion and water homeostasis, antioxidant defense, neu-
rotransmitter recycling, and regulation of inflammatory responses. Disruption of these
functions may alter neuronal activity and increase susceptibility to neurological disease [67].
In AD, both microglia and astrocytes interact with amyloid-{3. Glial dysfunction may impair
amyloid-f clearance, while amyloid accumulation may further stimulate the production
of inflammatory mediators and contribute to neurodegeneration [68]. Overall, chronic
systemic inflammation and neuroinflammation appear to interact with oxidative stress,
mitochondrial dysfunction, and cellular senescence during brain aging and AD. Although
inflammatory pathways represent biologically plausible therapeutic targets, their effects
may vary according to disease stage, cell type, and local microenvironment. These con-
siderations support the investigation of compounds capable of modulating, rather than
completely suppressing, inflammatory responses.

Cellular senescence, oxidative stress, and inflammation are closely interconnected and
may reinforce one another. Oxidative stress promotes the generation and accumulation of
ROS, which may induce cellular senescence [69]. Inflammatory processes may also increase
oxidative stress, which can, in turn, amplify inflammatory signaling through several path-
ways [70]. Understanding the interactions among these mechanisms may contribute to the
identification of new preventive and therapeutic strategies for AD. Given their involvement
in brain aging and cognitive decline, interventions capable of modulating inflammation,
oxidative balance, and cellular resilience warrant further investigation. Within this frame-
work, nutrition represents a potentially modifiable factor that may influence several of
these interconnected biological pathways.

The interaction among the principal hallmarks of aging potentially involved in brain
aging is summarized in Figure 1.

The conceptual diagram illustrates three potentially interconnected hallmarks of brain
aging: cellular senescence, chronic inflammation, and oxidative stress. These processes are
tightly linked, forming a dynamic positive feedback loop that perpetuates and accelerates
brain aging. Targeting even one of these mechanisms may modulate the others, ultimately
influencing the overall trajectory of brain aging.
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Figure 1. Interconnected hallmarks of brain aging: cellular senescence, chronic inflammation, and
oxidative stress.

4. Alzheimer’s Disease: From Nutrition to Nutraceuticals

The global prevalence of dementia is increasing as the population ages, with AD
remaining its most common cause. Although recently introduced disease-modifying thera-
pies may modestly slow cognitive and functional decline in selected patients with early
AD, no treatment has been shown to completely prevent the disease. Prevention strategies
therefore continue to focus on potentially modifiable risk factors and on the biological
mechanisms that contribute to cognitive decline [71]. Diet may influence cognitive health
through its effects on cardiometabolic risk, insulin sensitivity, energy metabolism, inflam-
mation, and oxidative stress. Excess adiposity and dietary patterns characterized by high
consumption of refined carbohydrates, saturated fats, and highly processed foods have
been associated with an increased risk of cognitive decline and dementia [72,73].

However, these associations are influenced by several demographic, clinical, behav-
ioral, and socioeconomic factors, and do not establish a direct causal relationship. Caloric
restriction and related metabolic interventions have been associated with increased lifespan
and reduced age-related pathology in several experimental models [74]. Nevertheless,
their effects on the prevention of AD in humans remain uncertain, and excessive dietary
restriction may be harmful in older adults at risk of malnutrition, sarcopenia, or frailty.
Dietary composition also influences metabolic homeostasis. High intakes of refined sugars
and saturated fats may adversely affect insulin sensitivity [75], whereas dietary patterns
with a different macronutrient composition may alter the relative use of glucose and fatty
acids as energy substrates [76].

The clinical relevance of these metabolic changes to dementia prevention has not yet
been fully established. Nutritional requirements may change with age, and deficiencies
in certain nutrients can adversely affect cognition and neurological function [77]. Dietary
patterns rich in fruit, vegetables, legumes, nuts, whole grains, and fish have been associated
with better cognitive outcomes and a lower risk of dementia [78,79]. These foods provide
polyphenols, unsaturated fatty acids, vitamins, minerals, and other compounds with
potential antioxidant and anti-inflammatory properties [80,81]. Adequate concentrations
of vitamins, such as vitamin B12 and vitamin E, as well as minerals, including zinc and
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magnesium, contribute to normal neurological function [82,83], but supplementation in
individuals without a documented deficiency has not consistently been shown to prevent
cognitive decline. Conversely, dietary patterns high in saturated fats, refined sugars, and
highly processed foods have been associated with poorer cognitive outcomes [84].

Research examining the relationship among nutrition, aging, and AD may help identify
dietary strategies capable of supporting cognitive health and reducing the burden of
modifiable risk factors [85]. Nutritional interventions may also influence cellular senescence,
inflammation, oxidative stress, and metabolic dysfunction, although the magnitude and
clinical relevance of these effects remain uncertain [86]. In this context, nutraceuticals have
attracted increasing scientific interest. A nutraceutical has been broadly defined as “a food
or part of a food that provides health benefits in addition to its nutritional content” [87].

The term combines the concepts of nutrition and pharmaceuticals and generally refers
to food-derived compounds used with the aim of producing physiological effects beyond
basic nutrition. Nutraceuticals have been investigated for potential anti-inflammatory;,
antioxidant, metabolic, prebiotic, and other biological effects [88].

Nevertheless, the composition, bioavailability, regulatory oversight, and level of
supporting evidence vary considerably among products. In the context of brain aging
and AD, compounds such as omega-3 fatty acids, vitamins, minerals, carotenoids, and
polyphenols have been studied for their possible effects on cognitive function, inflammation,
oxidative damage, and neurodegeneration [89]. Although some findings are encouraging,
evidence of biological activity or epidemiological association should not be interpreted as
proof of clinical efficacy or dementia prevention. Among the dietary patterns investigated
in relation to cognitive health, the Mediterranean diet has received particular attention
because of its high content of plant-derived bioactive compounds and unsaturated fatty
acids [90]. It is characterized by a high intake of fruit, vegetables, legumes, nuts, minimally
processed cereals, and olive oil; moderate consumption of fish and dairy products; and
limited consumption of red and processed meat [91].

Observational studies have associated greater adherence to this dietary pattern with
more favorable cognitive outcomes, although residual confounding and differences in
dietary assessment limit causal interpretation.

The potential benefits of the Mediterranean diet are unlikely to depend on a single
nutrient. Rather, they may reflect the combined and potentially synergistic effects of
fiber, polyphenols, unsaturated fatty acids, vitamins, minerals, and other bioactive com-
pounds [90]. These components may influence vascular and metabolic health, oxidative
balance, inflammatory signaling, and gut microbiota, all of which have been implicated in
brain aging.

Nutritional compounds have also been investigated for their ability to modulate
cellular processes involved in neurogenesis, synaptic plasticity, neurotransmission, neuroin-
flammation, oxidative stress, and neuronal survival [92]. Nutraceuticals, including omega-3
fatty acids [93], B vitamins [94], polyphenols [95], carotenoids [96], and antioxidant com-
pounds [97], have therefore been examined in relation to cognitive decline and dementia.

Among these compounds, PEA represents a biologically plausible candidate for fur-
ther investigation. PEA is an endogenous lipid mediator synthesized in response to cellular
stress and tissue injury. It contributes to the regulation of immune and inflammatory
responses and may promote the resolution of inflammation [98]. PEA can also be admin-
istered exogenously, either alone or in combination with antioxidant compounds such as
luteolin, with the aim of providing complementary biological effects [99].

The following section examines the biological characteristics of PEA and the rationale
for its co-administration with Lut.
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4.1. The ALIAmides and Palmitoylethanolamide

The term ALIAmides derives from “Autacoid Local Injury Antagonist amides” and
was introduced by Rita Levi-Montalcini and colleagues to describe a group of endogenous
bioactive N-acylethanolamines involved in the local regulation of inflammatory and tis-
sue responses. Among these compounds, PEA has been extensively investigated for its
anti-inflammatory, analgesic, and neuroprotective properties [99]. PEA is an endogenous
N-acylethanolamine and bioactive lipid mediator synthesized in response to cellular stress
or tissue injury. It is thought to contribute to the maintenance and restoration of tissue
homeostasis by regulating immune-cell activation and inflammatory signaling. Its reported
biological activities include anti-inflammatory, analgesic, immunomodulatory, anticonvul-
sant, and neuroprotective effects [100]. However, the clinical relevance of these effects
varies according to the condition studied and the formulation administered.

PEA does not act as a direct antioxidant or free-radical scavenger. Its antioxidant
effects, when observed, are therefore likely to be indirect and related to modulation of
inflammatory pathways, cellular stress responses, and endogenous defense mechanisms.
Native, non-micronized PEA also has limited aqueous solubility and variable gastrointesti-
nal absorption, partly because of its lipophilic structure and heterogeneous particle size [99].
Micronized and ultramicronized formulations have been developed to reduce particle size
and improve dissolution, dispersion, and potentially oral bioavailability. Experimental
studies have reported greater biological activity of micronized or ultramicronized PEA
than non-micronized PEA in some models of inflammatory and neuropathic pain [101,102].

Nevertheless, evidence directly comparing the pharmacokinetic and clinical perfor-
mance of different formulations remains limited.

Co-ultramicronization of PEA with Lut may modify the physicochemical properties
of the combined formulation. It has been proposed that interactions between the two
molecules, including hydrogen bonding, may reduce PEA crystallization and improve par-
ticle stability and dispersion. PEA and Lut also have potentially complementary biological
properties, providing a rationale for their combined administration [101]. Evidence that
the co-ultramicronized formulation is clinically superior to either compound administered
alone remains insufficient.

Lut (3,4’ 5,7-tetrahydroxyflavone) is a naturally occurring flavone found in several
plant-derived foods, including celery, peppers, broccoli, and thyme. Experimental studies
have reported antioxidant, anti-inflammatory, analgesic, and neuroprotective activities in
both in vitro and in vivo models [99,103,104].

Lut may modulate the production of pro-inflammatory cytokines and nitric oxide,
activate endogenous antioxidant pathways, and inhibit nuclear factor-«B signaling [105].
These findings provide a mechanistic rationale for its combination with PEA, although
their translation into clinically meaningful cognitive benefits has not yet been established.

4.2. Pharmacokinetics of Palmitoylethanolamide and Luteolin

Pharmacokinetic data on PEA remain limited. In particular, its oral bioavailability,
apparent volume of distribution, systemic clearance, and routes of elimination have not
yet been clearly established. Following oral administration, PEA is likely to undergo
rapid enzymatic hydrolysis, primarily mediated by fatty acid amide hydrolase and N-
acylethanolamine acid amidase, although the extent and clinical relevance of these pro-
cesses in humans remain incompletely characterized [106,107]. In healthy volunteers,
administration of 300 mg micronized PEA produced an approximately twofold increase in
plasma PEA concentrations at 2 h, with levels returning toward baseline over subsequent
hours. These findings indicate transient systemic exposure but do not allow determination
of absolute oral bioavailability [107].
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Preclinical studies indicate that orally administered PEA can reach peripheral tissues
and, in small amounts, the central nervous system. In rats, radiolabeled PEA was detected
in the brain shortly after administration and showed a heterogeneous regional distribution,
with preferential accumulation in the hypothalamus. Radioactivity was also detected in the
pituitary and adrenal glands, reflecting distribution beyond the brain parenchyma [107,108].
In a subsequent study in rats using '3C-labeled PEA, orally administered ultramicronized
PEA produced higher plasma concentrations than the non-micronized formulation and
resulted in measurable increases in PEA levels in the brain and spinal cord [106]. However,
these findings were obtained in rodents and should not be interpreted as definitive evidence
of clinically relevant central nervous system exposure in humans.

The poor aqueous solubility of PEA is considered an important determinant of its
dissolution-rate-limited oral absorption. Accordingly, micronization, ultramicronization,
and other formulation strategies may enhance dissolution and systemic exposure. Con-
sistent with this rationale, a recent comparative study in rats reported increased Cmax
and substantially greater overall exposure for micronized and water-dispersible PEA than
for non-micronized PEA; the water-dispersible formulation produced an AUC more than
16-fold higher than that of the non-micronized preparation [109]. These findings remain
formulation-specific and preclinical, and complete absolute pharmacokinetic values are
required for a direct comparison of Cmax, AUC, and Tmax across preparations.

Overall, current evidence suggests that the pharmacokinetic profile of orally ad-
ministered PEA is strongly formulation-dependent, although the magnitude and clini-
cal relevance of these differences remain incompletely defined. Direct pharmacokinetic
comparisons among non-micronized, micronized, ultramicronized, and water-dispersible
preparations in humans are still limited. Moreover, available formulation data should
not be directly extrapolated to PEA-Lut, for which dedicated pharmacokinetic studies
are required.

4.3. Safety and Tolerability

The available clinical evidence on the safety of PEA and PEA-Lut is limited and
heterogeneous. Most randomized controlled trials and observational studies have not
reported detailed safety data in a standardized manner, and information on adverse events,
treatment discontinuations, and reasons for discontinuation is often incomplete.

In a randomized, single-center, quadruple-blinded, placebo-controlled trial with 70 par-
ticipants with diabetic peripheral neuropathic pain, 600 mg/day of PEA was administered
for 8 weeks. The study reported no clinically relevant changes in independently assessed
laboratory markers of electrolytes, kidney function, or liver function. Fasting glucose levels
increased significantly over 8 weeks in both groups, and hematology parameters remained
stable except for a small but significant difference in eosinophil count. Several mild, short-
duration adverse events were reported, including intermittent mild headache (n = 1 per
group), constipation (n = 1, active), urticaria for 5 days (n = 1, active), a severe fatigue
episode (n = 1, placebo), and respiratory infections not requiring additional medications
(n =3, placebo). All adverse events resolved during the study period, and no participant
was withdrawn because of an adverse event [110].

In a double-blind, randomized, placebo-controlled study, 80 otherwise healthy adults
with recurrent migraine attacks received 600 mg of PEA or a placebo at the onset of migraine
symptoms. Although the study was primarily designed to assess migraine outcomes, safety
and gastrointestinal tolerability were also monitored. No adverse events were reported
in either group during the study, and no clinically relevant tolerability concerns were
identified. However, these findings should be interpreted in the context of the relatively
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healthy study population, the short observation period for each treatment episode, and the
maximum follow-up of approximately 4 months [111].

In a monocentric, randomized, double-blind, placebo-controlled phase II trial,
48 patients with probable frontotemporal dementia were randomized to receive co-
ultramicronized PEA-Lut, containing 700 mg of PEA and 70 mg of Lut twice daily, or
placebo for 24 weeks. Twenty-five patients were assigned to the PEA-Lut group, and 23
to the placebo group; 45 patients (93%) completed the study. Treatment adherence was
high in both groups, reaching 91.4% in the PEA-Lut group and 90.6% in the placebo group.
Adverse events were generally similar between groups. In the PEA-Lut group, headache
and nausea were each reported in two patients (8%), dizziness in one patient (4%), severe
urinary tract infection in one patient (4%), and severe COVID-19 infection with pneumonia
in one patient (4%). In the placebo group, headache was reported in three patients (13.0%),
nausea in one patient (4.3%), diarrhea in one patient (4.3%), and severe COVID-19 infection
in one patient (4.3%). Treatment discontinuation because of adverse events occurred in
two patients receiving PEA-Lut (8%) and one patient receiving placebo (4.3%). No deaths,
treatment-related serious adverse events, or cases of unblinding were reported. Although
these findings indicate generally comparable short-term tolerability between groups, they
should be interpreted cautiously given the small sample size, monocentric design, and
limited 24-week follow-up [112].

In a multicenter, double-blind, randomized, placebo-controlled trial, 185 individu-
als with persistent post-COVID-19 olfactory dysfunction were assigned to receive oral
ultramicronized PEA-Lut (770 mg/day) combined with olfactory training (n = 130) or
placebo plus olfactory training (1 = 55) for 90 days. The study primarily evaluated olfactory
outcomes and reported greater improvement in the intervention group than in the placebo
group, with no major treatment-related safety signals, and adverse events were comparable
between the PEA-Lut and placebo groups [113].

In a prospective, randomized, open-label, controlled clinical trial, 60 patients with
acute ischemic stroke undergoing thrombolysis were assigned to receive either standard
thrombolytic therapy alone or standard therapy plus oral co-ultramicronized PEA-Lut
(700 mg of PEA plus 70 mg of luteolin twice daily) for 90 days. No PEA-Lut-related adverse
events were observed during the study, and routine blood chemistry and hematological
analyses performed at baseline and after 90 days revealed no treatment-related deviations
from the normal range. Although these findings support the short-term tolerability of PEA-
Lut when administered in addition to thrombolytic therapy, they should be interpreted
cautiously because of the small sample size, open-label, single-center design, short follow-
up, and limited power to detect rare or delayed adverse events [114].

Overall, the available clinical evidence has not identified major treatment-related
safety signals with PEA or co-ultramicronized PEA-Lut during the limited treatment and
observation periods evaluated. This interpretation is consistent with a recent PRISMA
2020-compliant systematic review of 47 randomized controlled trials and 48 eligible study
outputs across a broad range of clinical conditions, which found that PEA—particularly
in micronized, ultramicronized, and cold-water-dispersible formulations—was generally
well tolerated and not associated with a consistent excess of adverse events compared
with placebo or control treatments [115]. Similarly, a systematic review and meta-analysis
restricted to 11 double-blind randomized controlled trials of PEA for chronic pain, including
774 patients, found no major adverse effects attributable to PEA. In the narrative synthesis
of safety outcomes, six studies reported no treatment-associated adverse events, three
found no differences in adverse-event profiles between PEA and comparator groups, and
one reported only a very low incidence of mild, transient gastrointestinal symptoms [116].
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However, the underlying evidence is heterogeneous with respect to clinical popula-
tions, formulations, doses, treatment duration, and the ascertainment and reporting of
adverse events. Although adverse events, treatment discontinuations, and laboratory safety
parameters were described in some studies, these outcomes were not assessed or reported
uniformly. Consequently, the current data are insufficient to exclude rare, delayed, or
formulation-specific adverse effects; to establish the long-term safety profile of PEA or
PEA-Lut; or to define contraindications and potential drug—drug interactions, particularly
in older adults with multimorbidity and polypharmacy. Moreover, clinical safety data on
Lut administered alone remain scarce. Larger, adequately powered, preferably multicenter
trials in populations representative of those likely to receive PEA-Lut in clinical practice are
therefore needed. These studies should include longer treatment and follow-up periods;
standardized collection and reporting of adverse events; documentation of treatment dis-
continuations and their causes; laboratory safety assessments; and prospective evaluation
of clinically relevant drug—drug interactions.

5. PEA and Luteolin, Chronic Inflammation and Cognitive Impairment:
What Evidence?

A growing body of preclinical and clinical evidence suggests that PEA-Lut may
exert neuroprotective effects by modulating chronic inflammation, oxidative stress, and
glial activation [105]. Given the involvement of these interconnected mechanisms in the
pathophysiology of several neurological disorders, PEA-Lut has been studied in a wide
range of conditions characterized by neuroinflammation and cognitive impairment and, in
particular, for its potential ability to modulate neuroinflammatory processes [117] across
neurological conditions, including traumatic brain injury (TBI), stroke, Parkinson’s disease
(PD), frontotemporal dementia, and AD [104,118].

Evidence from these conditions may provide relevant mechanistic and safety infor-
mation regarding the effects of PEA-Lut on neuroinflammation and neuronal homeostasis;
however, such findings should not be interpreted as evidence of established clinical efficacy
or long-term safety in cognitive impairment or dementia.

The following sections summarize the available evidence regarding the potential
therapeutic effects of PEA-Lut in cerebrovascular and major neurodegenerative diseases.

5.1. PEA-Lut and Traumatic Brain Injury

PEA-Lut has been investigated in experimental models of TBI, a condition in which
secondary neuroinflammatory and oxidative processes contribute to the progression of
tissue damage. Although TBI differs from age-related neurodegenerative disease, these
models may provide information on the effects of PEA-Lut on neuroinflammation, neuronal
survival, and cognitive recovery.

Cordaro et al. evaluated PEA-Lut in a mouse model of controlled cortical impact.
Treatment was associated with improved motor and cognitive performance, reduced lesion
volume, and modulation of apoptosis-related pathways, cytokine release, reactive oxygen
species, chymase and tryptase activity, nitrotyrosine formation, and autophagy-associated
signaling [119]. These findings suggest that PEA-Lut may modulate several components
of the secondary injury response, although the relative contribution of each mechanism
remains uncertain. Potential neuroregenerative effects of PEA-Lut were subsequently
investigated in an experimental TBI model, together with a preliminary clinical evalua-
tion in patients with moderate TBI. In mice, PEA-Lut increased neurogenesis, restored
markers of immature and mature neurons, and upregulated neurotrophic factors, with
associated improvements in memory performance [120]. However, the small sample sizes

https://doi.org/10.3390 /nu18182949


https://doi.org/10.3390/nu18182949

Nutrients 2026, 18, 2949

14 of 24

and the potential confounding effects related to hospitalization should be considered when
interpreting these findings.

Overall, TBI models suggest that PEA-Lut may influence neuroinflammation, oxidative
injury, neurotrophic signaling, and cognitive recovery after acute brain injury. Nevertheless,
given the substantial differences between TBI and AD, these findings should be considered
supportive mechanistic evidence rather than direct evidence for the treatment or prevention
of age-related cognitive impairment.

5.2. PEA-Lut and Stroke

The effects of PEA-Lut have also been investigated in preclinical models and clinical
populations with ischemic stroke, in which neuroinflammation, oxidative stress, and
secondary neuronal injury may influence neurological and cognitive recovery.

Caltagirone et al. evaluated PEA-Lut in an experimental model of cerebral ischemia
and a clinical cohort of patients undergoing post-stroke rehabilitation. In a rat model of
middle cerebral artery occlusion, treatment reduced cerebral edema and infarct volume,
improved neurological performance, and decreased selected inflammatory and astrocytic
markers. In the clinical component, 250 patients undergoing inpatient or outpatient neu-
rorehabilitation received co-ultramicronized PEA-Lut for 60 days, with improvements in
neurological status, cognitive performance, spasticity, pain, and independence in activities
of daily living [121]. However, the observational design and absence of a randomized
placebo-controlled comparison limit causal interpretation, as improvements may have been
influenced by rehabilitation, spontaneous recovery, stroke severity, concomitant treatments,
and other clinical factors. The findings should therefore be considered preliminary evidence
of feasibility and possible clinical benefit rather than proof of efficacy.

A subsequent clinical study evaluated PEA-Lut as an adjunct to thrombolytic treatment
in acute ischemic stroke. Improvements over time were observed in neurological status,
independence in activities of daily living, disability, and cognitive performance assessed
using the Mini-Mental State Examination and Montreal Cognitive Assessment, with some
outcomes appearing more favorable among patients receiving PEA-Lut than in those
receiving standard treatment alone [114]. However, interpretation requires consideration
of the study design, sample size, allocation method, baseline comparability, and follow-up
duration. Overall, available stroke studies suggest that PEA-Lut may have adjunctive effects
on neurological and cognitive recovery. However, post-stroke cognitive impairment differs
from MCI due to AD in its pathophysiology and clinical trajectory, and improvements
during stroke rehabilitation cannot be assumed to indicate prevention of progressive
neurodegenerative cognitive decline. Controlled trials with prespecified cognitive outcomes
are required to clarify the clinical relevance of these findings.

5.3. PEA-Lut and Parkinson’s Disease

PEA-Lut has also been investigated in models of PD, a neurodegenerative disorder
in which neuroinflammation, oxidative stress, mitochondrial dysfunction, and impaired
protein homeostasis may contribute to dopaminergic neuronal injury. In an experimental
mouse model of PD, daily PEA-Lut administration for up to 7 days was associated with
preservation of tyrosine hydroxylase immunoreactivity and with modulation of astrocyte
activation, pro-inflammatory cytokines, inducible nitric oxide synthase, and autophagy-
related pathways [122]. A clinical case report subsequently described the use of PEA-Lut
as an adjunct to carbidopa/levodopa in a patient with PD, with reported improvements in
dyskinesia and camptocormia [123].

Given the uncontrolled nature of a single-patient report, the observed changes cannot
be attributed with certainty to PEA-Lut and may have been influenced by fluctuations in
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PD symptoms, concomitant treatment, placebo effects, or other clinical factors. Therefore,
the results remain limited and cannot be generalized to the broader population.

Evidence from PD therefore provides additional mechanistic information regarding
the possible effects of PEA-Lut on neuroinflammation, oxidative stress, and autophagy,
but limited clinical evidence is insufficient to establish efficacy or support extrapolation to
cognitive impairment or AD.

5.4. PEA-Lut and Frontotemporal Dementia

Assogna et al. investigated the effects of PEA-Lut in 17 patients with probable fron-
totemporal dementia, assessing neuropsychological, behavioral, and neurophysiological
outcomes before and after 4 weeks of treatment. Changes were reported in Neuropsychiatric
Inventory and Frontal Assessment Battery scores, together with changes in long-interval in-
tracortical inhibition assessed by transcranial magnetic stimulation, providing preliminary
information on possible effects on behavioral and cortical function [124].

However, the study was limited by its small sample size, short treatment duration,
and absence of a randomized placebo-controlled comparison. Practice effects, fluctuations
in behavioral symptoms, concomitant therapies, and treatment-related expectations may
have contributed to the observed changes. The findings should therefore be regarded as
preliminary and hypothesis-generating.

The same authors subsequently conducted a randomized, placebo-controlled phase II
trial involving 48 patients with frontotemporal dementia. Over the 24 weeks, PEA-Lut was
associated with a slower rate of clinical decline compared with placebo, with potential ben-
efits observed in global disease severity, functional status, and language performance [112].
Although these findings are encouraging, larger and long-term controlled studies are
needed to confirm their reproducibility and clinical relevance.

Although frontotemporal dementia differs from AD in its underlying pathology and
clinical presentation, these studies may provide preliminary insights into the effects on
cognitive, behavioral, and neurophysiological outcomes in a neurodegenerative dementia
population. The small sample sizes, single-center design, and short follow-up periods limit
assessment of the long-term effects of PEA-Lut. Larger controlled trials are required to
determine whether the observed changes are reproducible and clinically meaningful.

5.5. PEA-Lut and Alzheimer’s Disease

In the context of AD, Paterniti et al. investigated the effects of PEA-Lut using in vitro
and ex vivo experimental models. Treatment was associated with reduced amyloid-f3-
induced astrocyte activation and attenuation of cellular injury in glial cells [125]. These
findings suggest that PEA-Lut may modulate glial responses to amyloid-f3, although they
do not establish whether comparable effects occur in the human brain or translate into
cognitive benefit.

The effects of PEA-Lut administered during an AD-like prodromal phase were sub-
sequently investigated in rats exposed to amyloid-f3. In this model, amyloid-f induced
astrocyte and microglial activation together with increased expression of pro-inflammatory
mediators. Early PEA-Lut administration was associated with reduced astrogliosis and
microgliosis, lower expression of selected pro-inflammatory cytokines and enzymes, and
increased expression of neurotrophic factors, including brain-derived neurotrophic factor
and glial cell line-derived neurotrophic factor [126]. These findings are consistent with a
possible neuroprotective effect and suggest that the timing of administration may influence
the biological response.

The same research group subsequently evaluated PEA-Lut in cultured astrocytes and
oligodendrocytes exposed to amyloid-31-42. The formulation attenuated some of the
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morphological and functional changes induced by amyloid-f in both cell types [127]. This
study provides further preclinical evidence that the effects of PEA-Lut may extend beyond
astrocytes to other glial populations involved in neuronal support and myelin homeostasis.

Then, more recently, they investigated the effects of ultramicronized PEA-Lut in a
triple-transgenic mouse model of AD. Chronic treatment was associated with restoration
of astrocyte-neuron metabolic homeostasis, including alterations in lactate-glutamate and
taurine metabolism, as well as enhanced Klotho/FGF21 signaling, processes that have been
implicated in the pathophysiology of AD [128].

These findings provide further preclinical evidence that PEA-Lut may influence
metabolic pathways involved in astrocyte-neuron coupling and AD-related cellular dys-
function. However, as this study was conducted in an animal model, its findings cannot be
directly extrapolated to the effects of PEA-Lut or to clinical outcomes in patients with AD.

Collectively, these experimental studies provide a biological rationale for investigating
PEA-Lut in AD-related neuroinflammation and amyloid-f-induced cellular injury. Never-
theless, the available evidence is currently limited to cellular, ex vivo, and animal models.
These models reproduce only selected aspects of the complex human disease. In particular,
animal models are based on experimentally induced or genetically engineered pathologi-
cal features that cannot fully recapitulate the multifactorial pathophysiology, progressive
course, and clinical heterogeneity of human dementia. Moreover, differences in disease
pathophysiology, pharmacokinetics, metabolism, and treatment exposure between experi-
mental models and humans may further limit the direct translation of preclinical findings.

These models cannot establish whether PEA-Lut prevents cognitive decline, delays
progression from MCI to dementia, or improves clinical outcomes in established AD.

Human studies specifically enrolling individuals with biomarker-confirmed MCI due
to AD or AD dementia are lacking. Future clinical research should therefore focus on multi-
center, randomized, placebo-controlled trials with long-term follow-up to evaluate clinically
meaningful cognitive and functional outcomes, treatment duration, dose-response rela-
tionships, safety, adherence, and potential interactions with standard pharmacological
therapies. Particular attention should be given to individuals with MCI, as this popu-
lation may represent a relevant stage at which to investigate whether PEA-Lut could
slow cognitive and clinical progression toward dementia. The inclusion of validated AD
biomarkers may also help determine whether any clinical effect is accompanied by changes
in disease-related biological pathways.

5.6. Limitations of the Current Evidence and Future Research Directions

Overall, the available evidence suggests that PEA-Lut can modulate inflammatory,
oxidative, glial, and neurotrophic pathways across several experimental models. These
findings support further investigation of PEA-Lut as a potential modulator of pathophysio-
logical processes implicated in cerebrovascular and neurodegenerative diseases. Preclinical
and preliminary clinical findings have been reported in TBI, stroke, PD, frontotemporal
dementia, and AD. However, preclinical studies based on animal models may not fully
recapitulate the multifactorial pathological process underlying neurodegenerative diseases,
and human evidence remains limited and preliminary.

Some of the reported clinical studies are observational, uncontrolled, or non-
randomized. In contrast, even the randomized placebo-controlled studies are mostly
single-center studies conducted in small populations, with short longitudinal follow-up
periods that limit assessment of potential long-term effects.

Furthermore, some trials were conducted by the same research groups, which may
represent a potential source of bias in the reported findings.
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The preclinical and clinical studies described in this review are summarized in the
Supplementary Materials in Tables S1 and S2, respectively.

The current evidence therefore supports further clinical investigation but does not
establish PEA-Lut as an effective intervention for preventing dementia or treating cognitive
impairment. The main effects of PEA-Lut on brain aging and cognitive impairment are
summarized in Figure 2.

Preclinical and clinical evidence

* Reduced edema and infarct volume

¢ Reduced pro-inflammatory markers

* Improved neurological recovery,
cognition, daily living independence,
and disability outcomes

Preclinical and preliminary
clinical evidence

¢ Improved motor and
cognitive recovery and
reduced lesion volume

* Increased neurogenesis
and improved memory recall

+ Facilitated neural recovery

Ischemic
Stroke

Preclinical and clinical

evidence

 Reduced PD-related
markers, astrocyte
activation, pro-
inflammatory

and working memory Traumatic Icytckinesd, and "\:105_
at 180 days Bram Potential effects 0 arliirve;;e autophagic
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across Disease and camptocormia
neurological = =
Alzheimer's  disorders N
Disease (\Q )
Frontotemporal A\ Q\\@
Dementia <

Preclinical evidence

» Reduced AB-induced astrogliosis and
microgliosis

 Reduced pro-inflammatory mediators
and neuroinflammation

Clinical evidence

* Improved neuropsychiatric symptoms
and executive function

« Slower clinical decline

« Enhanced neuronal survival

Figure 2. Proposed biological effects of co-ultramicronized PEA-Lut relevant to brain aging and
cognitive impairment.

The figure summarizes the potential effects of co-ultramicronized PEA-Lut across
different neurological disorders, including ischemic stroke, TBI, AD, PD, and frontotem-
poral dementia. Available evidence suggests possible neuroprotective, anti-inflammatory,
and neuromodulatory effects, with reported improvements in neurological, cognitive,
behavioral, and functional outcomes across different experimental and clinical settings.
However, the strength of evidence varies substantially among neurological disorders, with
several findings deriving from preclinical models and a limited number of preliminary
clinical studies. Therefore, the depicted effects should be considered potential rather than
established therapeutic effects, and further well-designed clinical studies are needed to
confirm their clinical relevance and efficacy.

6. Conclusions

The potential biological effects of co-ultramicronized PEA-Lut appear to extend
beyond the modulation of neuroinflammation. The complementary properties of its
two components—PEA acting mainly through the regulation of PPAR-x-related and other
inflammatory pathways, and luteolin exerting antioxidant and anti-inflammatory effects—
provide a rationale for their combined administration. Experimental evidence suggests that
PEA-Lut may influence several interconnected mechanisms involved in brain aging and
neurodegeneration, including chronic low-grade inflammation, oxidative and nitrosative
stress, glial activation, mitochondrial dysfunction, and neurotrophic signaling.

These mechanisms are relevant because their interaction may contribute to the pro-
gressive loss of cellular homeostasis and increased vulnerability to age-related neurological
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disorders. In this context, PEA-Lut represents a biologically plausible strategy for further
investigation. Its potential to influence multiple pathways may warrant investigation in
older individuals, although the safety and pharmacological implications of its use in the
context of multimorbidity and polypharmacy remain insufficiently characterized. The
endogenous or naturally occurring origin of its components should not be interpreted as
evidence of clinical efficacy or long-term safety.

Overall, the evidence supporting the use of PEA-Lut in neurodegenerative and cere-
brovascular disorders remains insufficient for clinical translation. Although preclinical
studies provide a biologically plausible rationale and preliminary clinical findings are
encouraging in selected conditions, direct evidence in individuals with MCI due to AD
or AD dementia is currently lacking. It therefore remains unclear whether PEA-Lut can
prevent dementia, delay progression from MCI to AD, or improve clinically meaningful
cognitive and functional outcomes.

Future studies should determine whether the timing of treatment influences the bi-
ological and clinical effects of Pea-Lut, particularly when administered during the early
stages of cognitive impairment. This question should be addressed through adequately
powered, multicenter, randomized, placebo-controlled trials with prespecified cognitive
and functional outcomes, appropriate follow-up, and assessment of dose-response rela-
tionships, treatment duration, long-term safety, adherence, and potential interactions with
standard therapies. Where possible, the inclusion of validated AD biomarkers would help
determine whether any observed clinical effects are accompanied by changes in disease-
related biological pathways. Until such evidence becomes available, PEA-Lut should be
considered an investigational nutraceutical rather than an established intervention for
cognitive impairment or dementia prevention.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu18182949/s1, Table S1: Preclinical studies evaluating PEA and
luteolin-based formulations in neurological disorders. Table S2: Clinical studies evaluating PEA and
luteolin-based formulations in neurological disorders.
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