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Abstract

The parallel global increase in obesity and Alzheimer’s disease (AD) underscores an urgent
public health challenge, with converging evidence indicating that metabolic dysfunction
strongly contributes to neurodegeneration. Obesity is now recognized not only as a sys-
temic metabolic condition but also as a modifiable risk factor for AD, acting through
mechanisms such as chronic low-grade inflammation, insulin resistance, and adipose tissue
dysfunction. Among the molecular mediators at this interface, adipokines have emerged
as pivotal regulators linking metabolic imbalance to cognitive decline. Adipokines are
hormone-like proteins secreted by adipose tissue, including adiponectin, leptin, and re-
sistin, that regulate metabolism, inflammation and can influence brain function. Resistin,
frequently elevated in obesity, promotes neuroinflammation, disrupts insulin signaling,
and accelerates β-amyloid (Aβ) deposition and tau pathology. Conversely, adiponectin
enhances insulin sensitivity, suppresses oxidative stress, and supports mitochondrial and
endothelial function, thereby exerting neuroprotective actions. The imbalance between
resistin and adiponectin may shift the central nervous system toward a pro-inflammatory
and metabolically compromised state that predisposes to neurodegeneration. Beyond
their mechanistic relevance, adipokines hold translational promise as biomarkers for early
risk stratification and therapeutic monitoring. Importantly, natural compounds, including
polyphenols, alkaloids, and terpenoids, have shown the capacity to modulate adipokine
signaling, restore metabolic homeostasis, and attenuate AD-related pathology in preclinical
models. This positions adipokines not only as pathogenic mediators but also as therapeutic
targets at the intersection of diabetes, obesity, and dementia. By integrating mechanistic,
clinical, and pharmacological evidence, this review emphasizes adipokine signaling as a
novel axis for intervention and highlights natural compound-based strategies as emerg-
ing therapeutic approaches in obesity-associated AD. Beyond nutraceuticals, antidiabetic
agents also modulate adipokines and AD-relevant pathways. GLP-1 receptor agonists, met-
formin, and thiazolidinediones tend to increase adiponectin and reduce inflammatory tone,
while SGLT2 and DPP-4 inhibitors exert systemic anti-inflammatory and hemodynamic
benefits with emerging but still limited cognitive evidence. Together, these drug classes of-
fer mechanistically grounded strategies to target the adipokine–inflammation–metabolism
axis in obesity-associated AD.
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1. Introduction
Obesity has emerged as one of the most pressing global health challenges of the 21st

century [1]. Characterized by excessive accumulation of adipose tissue, it affects over
650 million adults worldwide and is a major risk factor for a range of cardiometabolic
diseases, including type 2 diabetes, hypertension, and cardiovascular disorders [1–3].
Beyond its metabolic complications, obesity is now recognized as a significant contributor
to global mortality rates. Recent research has also highlighted its detrimental impact on
brain health, with growing evidence linking obesity to accelerated cognitive decline and
an increased risk of developing neurodegenerative diseases, such as Alzheimer’s disease
(AD) [4–7]. These findings underscore the urgent need to develop effective and early
therapeutic strategies that address the multifaceted consequences of obesity across organ
systems, including the brain.

In parallel, AD has become the most common neurodegenerative disorder and the
leading cause of dementia worldwide [8,9]. It is marked by progressive memory impair-
ment, cognitive dysfunction, and eventual loss of autonomy [10,11]. Current estimates
suggest that more than 50 million individuals live with dementia, a figure expected to
double by 2050 due to population aging [12]. Like obesity, AD is among the leading causes
of death globally. The rising burden of AD further emphasizes the importance of iden-
tifying modifiable risk factors and implementing early interventions that may delay or
prevent disease onset [13–15]. The convergence of these two life-threatening conditions,
obesity and AD, reinforces the need for integrated, multidisciplinary approaches to under-
stand their shared mechanisms with particular attention given to adipokines as predictive
biomarkers and therapeutic targets, thereby guiding the development of novel preventive
and treatment strategies.

Epidemiological data suggest that obesity, particularly during midlife, is associated
with increased dementia risk in later years. This relationship is thought to be mediated
by metabolic and vascular alterations, including chronic systemic inflammation, insulin
resistance, and oxidative stress [6,7,16–18]. However, the underlying biological pathways
that connect excess adiposity to neurodegeneration remain incompletely understood and
may vary depending on the timing and chronicity of obesity exposure. Among the mecha-
nistic links proposed are adipokines, hormone-like molecules secreted by adipose tissue
that regulate metabolism, inflammation, and immune responses. As obesity progresses,
the adipokine secretion profile becomes imbalanced, with increases in pro-inflammatory
molecules such as resistin, tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6)
among others and decreases in protective molecules like adiponectin, omentina-1, etc. [19].
Given their ability to cross the blood–brain barrier (BBB) and interact with neural cells,
adipokines may represent key intermediaries through which peripheral metabolic dysfunc-
tion influences brain homeostasis [20,21]. These circulating adipokines access the brain
via selective transport across the BBB, circumventricular regions, or indirectly through
peripheral immune and vagal signaling, thereby shaping neuroimmune activation and
metabolic tone [22].

This review explores the role of adipokines, mainly resistin and adiponectin, in mediat-
ing the effects of obesity-associated alterations, including low-grade chronic inflammation
and impaired metabolism, on brain function. Emphasis is placed on their contributions
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to neuroinflammation and cerebral glucose metabolism, which are two processes central
to AD pathogenesis and markedly dysregulated in the context of obesity. By synthesiz-
ing the current findings, we aim to clarify how these molecules may help explain the
observed link between metabolic dysfunction and neurodegenerative disease. Special
attention is given to emerging pharmacological and non-pharmacological strategies aimed
at restoring adipokine balance, as well as to their potential utility as accessible peripheral
biomarkers for early diagnosis and treatment monitoring. Finally, we discuss the current
translational gap between preclinical and clinical research and underscore the need for
future studies that incorporate sex, ethnicity, and metabolic status to guide personalized
interventions. Together, these perspectives support the integration of adipokine biology
into novel, metabolism-informed frameworks for AD prevention and care. The convergence
of these two life-threatening conditions highlights adipokines as pivotal mediators and
actionable biomarkers at the metabolic–brain interface.

2. Literature Search Methods
We performed a structured narrative search in PubMed/MEDLINE (January 2000–July

2025) using combinations of the following terms: adipokine, adiponectin, resistin, leptin,
obesity, insulin resistance, Alzheimer’s disease, neuroinflammation, blood–brain barrier,
GLP-1 receptor agonists, SGLT2 inhibitors, metformin, pioglitazone, natural compounds,
diabetes and polyphenols. We included original preclinical and clinical studies, as well as
recent systematic reviews and meta-analyses in English. Exclusion criteria: editorials, non-
peer-reviewed sources, and studies not addressing adipokines or AD-relevant outcomes.
Reference lists of key articles were hand-searched. Given the heterogeneity of study
designs and outcomes, this review is qualitative and highlights convergent mechanisms
and translational gaps. Limitations include possible publication bias and variability in
adipokine assays across studies.

3. General Concepts of Alzheimer’s Disease
AD is a progressive, irreversible neurodegenerative disorder and the leading cause

of dementia in older adults. Clinically, it is characterized by gradual cognitive decline,
memory impairment, language disturbances, and deficits in executive function, ultimately
leading to loss of independence [9,10]. AD accounts for approximately 60–80% of all
dementia cases worldwide. Its prevalence increases with age, affecting between 6 and 7%
of adults aged 65 and over and nearly 30% of those over 85, according to global estimates.
With population aging, more than 110 million people are projected to be living with AD
by 2050, posing enormous challenges for healthcare systems and underscoring the urgent
need for preventive strategies and disease-modifying therapies [12,23–25].

The pathophysiology of AD is multifactorial, involving a complex interplay of genetic,
environmental, and lifestyle factors. Familial or early-onset AD, which represents less than
5% of all cases, is primarily associated with mutations in genes such as amyloid precursor
protein (APP) and presenilin 1 and 2 (PSEN1 and PSEN2). These genes encode key compo-
nents of the γ-secretase complex, which, together with β-secretase (BACE1), is responsible
for the proteolytic processing of APP. The sequential cleavage by BACE1 and γ-secretase
generates Aβ peptides of varying lengths, most notably Aβ40 and Aβ42. While Aβ40 is
the more abundant and relatively soluble form, Aβ42 contains two additional hydrophobic
residues, making it more prone to misfolding and aggregation. Mutations in APP, PSEN1,
or PSEN2 often lead to an increased Aβ42/Aβ40 ratio, favoring the accumulation of Aβ42
oligomers and fibrils. This process contributes to the formation of amyloid plaques, a
central feature of AD pathology, ultimately triggering synaptic dysfunction, neuroinflam-
mation, and progressive neurodegeneration [9,10,26,27]. Sporadic, or late-onset AD, the
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more common form, has a more complex etiology. The strongest known genetic risk factor
for sporadic AD is the presence of the apolipoprotein E epsilon-4 allele (APOE ε4), which
is associated with impaired Aβ clearance and increased inflammation [28–30].

Neuropathologically, AD is defined by two hallmark protein aggregates: extracellular
Aβ plaques and intracellular neurofibrillary tangles composed of hyperphosphorylated tau
protein [10]. These aggregates disrupt neuronal signaling, promote synaptic loss, and lead
to neuronal death. In addition to these proteinopathies, widespread neuroinflammation,
synaptic degeneration, and cerebral glucose hypometabolism are now recognized as central
features of the disease process [31]. The role of neuroinflammation in AD has garnered
significant attention in recent years. Initially viewed as a secondary response to Aβ and tau
pathology, inflammation is now considered a key driver of disease progression. Activated
microglia and astrocytes, the primary immune cells of the central nervous system (CNS),
produce a range of pro-inflammatory cytokines, chemokines, and reactive oxygen species
(ROS). While acute inflammation may have protective effects, chronic neuroinflammation
contributes to synaptic dysfunction and accelerates neuronal loss [10,11,18,32–34].

Closely linked to neuroinflammation is the disruption of cerebral energy metabolism,
particularly glucose utilization. The brain is a metabolically demanding organ that con-
sumes approximately 20% of the body’s glucose supply despite comprising only 2% of total
body weight [35]. Glucose is the primary energy source for neurons, and its metabolism is
essential for maintaining synaptic function, plasticity, and neuronal survival [31,36,37]. In
AD, positron emission tomography (PET) imaging studies using fluorodeoxyglucose (FDG)
have revealed reduced glucose uptake in key brain regions, including the hippocampus
and posterior cingulate cortex, even in preclinical stages [38]. Also, in AD, insulin signal-
ing becomes impaired, a condition referred to as brain insulin resistance. Brain insulin
resistance in AD means neurons and glia respond poorly to normal (or even elevated)
insulin [39]. These dysfunctions in brain insulin have been related to reducing Aβ clearance
and with an increase in tau hyperphosphorylation [40]. Importantly, this brain insulin
resistance can occur without peripheral diabetes and correlates with cognitive deficits and
AD biomarkers, highlighting a therapeutic target [41].

Emerging evidence suggests that brain insulin resistance and glucose hypometabolism
may occur early in the disease course, even before the appearance of overt amyloid or
tau pathology [42,43]. These metabolic abnormalities are increasingly being considered as
potential initiating events rather than downstream consequences. The overlap between
peripheral metabolic disorders, such as obesity and type 2 diabetes, and AD further sup-
ports the hypothesis that systemic metabolic dysfunction contributes to neurodegeneration
through shared mechanisms.

Obesity is associated with chronic low-grade inflammation and altered secretion of
adipokines, hormone-like molecules produced by adipose tissue, which can influence brain
function. Elevated levels of pro-inflammatory cytokines such as TNF-α and IL-6, along with
reduced anti-inflammatory adipokines like adiponectin, have been observed in both obese
individuals and patients with AD (Figure 1). These circulating molecules can cross the BBB
or act indirectly through endothelial activation and vagal nerve signaling, contributing
to neuroimmune activation [22]. The concept of the ‘metabolic–inflammation axis’ in AD
has led to increased interest in identifying biomarkers that reflect both metabolic and
inflammatory states [44–46]. Understanding the interplay between inflammation, glucose
metabolism, and adiposity offers a framework for integrating lifestyle-based interventions
and metabolic therapies into AD prevention strategies. Approaches targeting insulin
sensitivity, mitochondrial health, and inflammatory signaling may provide avenues to
delay or prevent neurodegenerative changes. Furthermore, this perspective aligns with
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emerging paradigms of personalized medicine, emphasizing the need to tailor interventions
based on an individual’s metabolic and inflammatory profiles [13,36,37,47–49] (Figure 1).

Figure 1. From adipokines to cognition: systemic–brain consequences of obesity. Schematic of
the proposed pathway connecting adiposity, adipokines, and brain outcomes. In individuals with
normal weight (left), lower resistin, higher adiponectin, and lower leptin are associated with low
systemic inflammation and oxidative stress, together with preserved insulin signaling (green). These
systemic features support brain homeostasis, adequate energy metabolism, functional synapses,
physiological amyloid clearance, and an intact blood–brain barrier (BBB). In obesity (right), increased
resistin and leptin with decreased adiponectin favor a pro-inflammatory, pro-oxidative milieu and
impaired insulin signaling (red). This systemic state contributes to brain alterations consistent with
AD pathophysiology, including reduced energy metabolism, BBB disruption, amyloid accumulation,
synaptic dysfunction, and cognitive decline. Green arrows indicate protective influences; red arrows
indicate deleterious influences (↑: increase; ↓: decrease).

Key points, General Concepts of AD:

1. AD is the leading cause of dementia, with the burden rising sharply due to popula-
tion aging.

2. Core pathology involves Aβ plaques and tau tangles, shaped by genetics and ampli-
fied by chronic neuroinflammation.

3. Early cerebral glucose hypometabolism and brain insulin resistance occur, often
independent of peripheral diabetes, linking AD to systemic metabolic dysfunction.



Pharmaceuticals 2025, 18, 1527 6 of 36

4. Obesity-related cytokines and adipokine imbalance create a peripheral-to-central
bridge that influences brain pathology.

4. Obesity as a Risk Factor for Alzheimer’s Disease
Obesity is a multifactorial, chronic disease characterized by excessive accumulation of

adipose tissue and a disruption of metabolic homeostasis. Traditionally defined as a body
mass index (BMI) equal to or greater than 30 kg/m2, obesity affects more than 650 million
adults worldwide, and its prevalence continues to rise across all age groups [1].

In recent years, compelling evidence has emerged linking midlife obesity to an in-
creased risk of late-life cognitive decline and AD. Several longitudinal population-based
studies, including the Framingham Heart Study and the Honolulu-Asia Aging Study, have
demonstrated that individuals with elevated BMI or central adiposity in midlife exhibit
significantly greater risk of developing dementia decades later [50–53]. Central obesity,
measured by waist-to-hip ratio, appears to be a stronger predictor of cognitive decline than
BMI alone [4,7,16,54].

While the association between obesity and dementia is robust in midlife, its interpreta-
tion in late life is more complex. Weight loss is often observed during the pre-symptomatic
phase of AD, likely due to changes in appetite regulation, olfactory dysfunction, and
systemic catabolism [17,55]. This reverse causality complicates the interpretation of obser-
vational studies and underscores the need for life course approaches in assessing adiposity-
related risk. Importantly, neuropathological studies have revealed that obesity is associated
with increased Aβ plaque burden and tau pathology [56] (Figure 2).

Figure 2. Obesity-to-brain cascade: systemic dysregulation to Alzheimer’s clinical expression. Pro-
posed sequence connecting obesity with AD manifestations. Obesity promotes (left) systemic insulin
dysregulation, changes in adipokine levels, and increased systemic inflammation. These systemic al-
terations impact the brain (center) through (1) blood–brain barrier (BBB) failure, (2) impaired synaptic
function, and (3) deficits in energy metabolism. Over time (right), these changes converge on hallmark
AD–related pathologies, including increased tau hyperphosphorylation, accumulation of amyloid
plaques, and cerebral blood-flow disturbances, ultimately leading to the clinical manifestation of AD.
Arrows indicate directionality across sequential levels (systemic → brain → chronic consequences).

The mechanisms by which obesity contributes to neurodegeneration are diverse,
involving chronic systemic inflammation, altered lipid metabolism, oxidative stress, cere-
brovascular dysfunction, and impaired insulin signaling. Central to this interaction is the
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role of adipose tissue as an active endocrine organ. Adipocytes and resident immune cells
within adipose depots secrete a wide array of adipokines and pro-inflammatory cytokines,
including TNF-α, IL-6, and resistin [57]. These pro-inflammatory molecules do not remain
confined to peripheral tissues. Circulating cytokines and adipokines can cross the BBB
once in the CNS, and they contribute to the activation of microglia and astrocytes, initiating
and sustaining a chronic neuroinflammatory response [32,33,58,59]. This inflammatory
state accelerates neurodegenerative cascades, including synaptic loss, axonal damage, and
neuronal death.

As mentioned above, insulin resistance has profound implications for AD pathogene-
sis, particularly through its modulation of Aβ clearance via the insulin-degrading enzyme
(IDE) [60,61]. In AD and obesity, brain insulin resistance denotes reduced neuronal and glial
responsiveness to insulin, characterized by impaired IRS-1/PI3K-AKT signaling, increased
inhibitory serine phosphorylation of IRS-1, and downstream overactivation of GSK3β
that favors tau phosphorylation [39]. Concomitant deficits in GLUT3/GLUT4 trafficking
and IDE competition with circulating insulin can aggravate Aβ accumulation, synaptic
failure, and cognitive decline [41]. Under normal metabolic conditions, IDE hydrolyzes
both insulin and Aβ peptides, maintaining homeostasis in peripheral tissues and within
the brain’s extracellular environment [41]. In insulin-resistant states, chronic hyperinsu-
linemia competes for IDE’s proteolytic activity. Although brain insulin concentrations are
low, rendering direct competitive inhibition unlikely, upstream signaling disruptions criti-
cally impair IDE functionality. Specifically, resistance to insulin receptor activation blunts
PI3K-Akt signaling, increases GSK-3β activity, and leads to tau hyperphosphorylation;
concurrently, reduced Akt activity suppresses IDE’s expression and catalytic efficiency.
This dual impairment mechanism, less clearance and increased production of pathological
Aβ, amplifies plaque accumulation, triggering a feed-forward cascade of neuroinflam-
mation and cognitive decline [17,62,63]. Genetic and post-mortem analyses reinforce the
mechanistic link between insulin resistance and Aβ burden. IDE gene polymorphisms are
associated with elevated AD risk, and reduced IDE expression/activity correlates with
increased Aβ deposition [64–66]. In early and moderate AD, IDE levels rise, perhaps as
a compensatory response, but deterioration of insulin signaling in later stages leads to
sharp IDE decline, coinciding with plaque accumulation. A multicohort study involving
T2D, AD, and control individuals found that serum IDE positively correlates with insulin
resistance markers (BMI, HbA1c, HOMA-IR) in diabetic patients but inversely correlates
with HbA1c and triglycerides in AD-only patients, indicating metabolic dysregulation
exerts stage-dependent effects on IDE [67,68].

Mechanistic studies in transgenic and insulin-resistant rodent models further illustrate
this pathway: insulin-resistant brains exhibit reduced neuronal IDE activity, increased Aβ

plaque load, impaired astrocytic and microglial clearance, neuroinflammation, and tau
pathology [69,70]. For instance, Sirt3-deficient mice, mimicking metabolic syndrome, show
decreased IDE abundance, elevated amyloid accumulation, mitochondrial dysfunction,
and heightened neuroinflammatory markers. Additionally, pharmacologic activation of
IDE (e.g., via indole-derived compounds or tyrosine modification agents) restores Aβ

degradation in vitro and slows cognitive decline in diabetic-AD mouse models [69,71,72].
Clinically, early indicators of insulin resistance, such as elevated triglyceride-glucose

(TyG) index, predict accelerated cognitive decline and Aβ accumulation in presymptomatic
stages in AD patients independent of genetic risk (e.g., APOE ε4), suggesting metabolic
factors exacerbate amyloid pathology via IDE-linked pathways [73]. Collectively, these
findings underscore a mechanistic model in which peripheral and central insulin resistance
synergize to inhibit IDE-mediated Aβ clearance, promoting amyloidosis. Targeting IDE
activity, either by enhancing its expression/stability or mitigating upstream insulin sig-
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naling defects, holds therapeutic promise. Ongoing efforts to develop IDE activators and
insulin-sensitizing agents aim to alleviate amyloid burden and delay cognitive decline,
positioning IDE-centered interventions as a critical component of future AD treatment in
the obesity context.

Cerebral glucose hypometabolism is a defining feature of early AD. Positron Emission
Tomography (PET) imaging studies using Fluorodeoxyglucose (FDG) consistently show
reduced metabolic activity in AD-vulnerable regions, including the posterior cingulate
cortex, parietotemporal association areas, and hippocampus [74–76]. Interestingly, similar
hypometabolism patterns are observed in cognitively normal individuals with obesity,
suggesting that metabolic dysfunction precedes and possibly contributes to pathological
processes [77]. Structural neuroimaging studies have further revealed that individuals
with obesity exhibit reductions in cortical thickness, particularly in frontal and temporal
regions, as well as decreased hippocampal volume, key substrates of executive function
and memory [78]. These anatomical changes are accompanied by cognitive deficits in
processing speed, attention, and memory recall. In parallel, cerebrospinal fluid (CSF)
studies and postmortem analyses have demonstrated that obesity is associated with elevated
Aβ levels and phosphorylated tau [79–81].

Among the various mediators linking obesity to AD, adipokines have garnered
particular attention due to their dual role in regulating inflammation and energy
metabolism [19–21,82]. Adiponectin and resistin exhibit opposing effects on insulin signal-
ing and neuroinflammation. Adiponectin, which is typically reduced in obesity, enhances
insulin sensitivity, suppresses reactive oxygen species, and modulates anti-inflammatory
pathways via AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated
receptor (PPAR) pathways [83,84]. In contrast, resistin levels are elevated in obesity and
have been shown to promote insulin resistance and the release of pro-inflammatory cy-
tokines such as TNF-α and IL-6. Resistin crosses the BBB and activates Toll-like recep-
tor 4 (TLR4) signaling in microglia, amplifying neuroinflammatory cascades. Elevated
plasma resistin has been associated with impaired memory performance and increased
brain amyloid burden [85–87]. These findings support a model in which adipokine im-
balance contributes to a shift toward a pro-inflammatory, metabolically dysfunctional
CNS environment.

The systemic metabolic disturbances associated with obesity, such as hyperinsulinemia,
dyslipidemia, and elevated free fatty acids (FFA), also have direct consequences for brain
function. High circulating insulin levels may downregulate insulin transport across the
BBB, exacerbating central insulin deficiency. Excessive FFA increases oxidative stress and
impairs mitochondrial function in neurons, further amplifying energy deficits. Moreover,
obesity-associated endothelial dysfunction can impair cerebral blood flow and compromise
neurovascular coupling [88,89].

Given the multifaceted impact of obesity on AD-related pathology, interventions tar-
geting adipose tissue function and adipokine profiles are being actively explored. Caloric
restriction, exercise, and bariatric surgery have been shown to improve adipokine balance,
reduce systemic inflammation, and enhance insulin sensitivity [90–92]. Metabolic inflamma-
tion also disrupts vascular–glymphatic homeostasis. Endothelial dysfunction and arterial
stiffness diminish cerebral perfusion and impair neurovascular coupling, while glymphatic
clearance of Aβ is reduced by insulin resistance and chronic low-grade inflammation,
together accelerating proteinopathy and cognitive decline [93,94].

Preclinical models indicate that weight loss can reverse obesity-induced hippocampal
inflammation and restore synaptic function [95]. Pharmacologic agents targeting adipokine
signaling or enhancing insulin sensitivity are also under investigation. In addition to
their mechanistic relevance, adipokines have potential clinical utility as biomarkers. Their
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presence in peripheral blood and CSF, combined with their sensitivity to metabolic changes,
makes them attractive candidates for early risk stratification and therapeutic monitoring.
Longitudinal studies examining the trajectories of adipokine levels in relation to cognitive
decline are needed to validate their predictive value in clinical settings [96,97].

Key points, Obesity as a Risk Factor for AD:

1. Obesity in midlife strongly predicts later cognitive decline and higher amyloid/tau burden.
2. Adipose-driven inflammation and insulin resistance activate microglia, astrocytes and

impair neurovascular–glymphatic homeostasis.
3. Imaging/biomarkers show obesity-linked cerebral hypometabolism, cortical/hippocampal

atrophy, and adipokine imbalance, highlighting modifiable risk markers.
4. Lifestyle and metabolic interventions can ameliorate these pathways and are plausible

disease-modifying strategies.

5. Neuroinflammation in Alzheimer’s Disease and Its Link to Obesity
Neuroinflammation is increasingly recognized not as a mere bystander, but as a cen-

tral driver in AD. Chronic activation of microglia and astrocytes induces production of
pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6), chemokines, complement proteins,
and ROS. While transient immune activation may be neuroprotective, persistent inflam-
mation impairs synaptic integrity, disrupts BBB function, and accelerates Aβ and tau
pathologies [46,98,99].

Genetic studies underline the immune system’s involvement in AD. Genome-wide
association studies have identified risk variants in microglia-regulating genes such as

Triggering receptor expressed on myeloid cells 2 (TREM2), Sialic acid-binding Ig-
like lectin 3 (CD33), and Complement Receptor 1 (CR1), which modulate innate immune
states and Aβ clearance [100,101]. Autopsy studies consistently document activated mi-
croglia clustering around amyloid plaques, expressing microglia markers like ionized
calcium-binding adapter molecule 1 (IBA1) and Major Histocompatibility Complex class
II (MHC-II) [102,103]. A newly recognized subset, disease-associated microglia (DAM),
exhibits both protective and neurotoxic phenotypes, influenced by disease stage and lo-
cal microenvironment [104]. Neuroinflammation and metabolic dysfunction are tightly
interlinked. Cytokines such as TNF-α and IL-1β interfere with neuronal insulin signaling,
reduce expression of GLUT1 and GLUT3, and impair mitochondrial bioenergetics through
oxidative damage. This energy compromise leads to diminished ATP availability, vital for
synaptic transmission and plasticity. Indeed, FDG–PET studies consistently detect early
hypometabolism in vulnerable regions, including the hippocampus and posterior cingulate,
even in asymptomatic individuals [31,46].

Neuroinflammation, often exacerbated by obesity-induced insulin resistance, plays
a central and accelerating role in AD progression by influencing both amyloid and tau
pathologies [105,106]. Obesity triggers chronic systemic inflammation, marked by in-
creased pro-inflammatory cytokines, disruption of the BBB, and glial activation in the
brain. Activated microglia and astrocytes, responding to obesity-associated inflamma-
tion, adopt prolonged pro-inflammatory states, releasing interleukin 1β (IL-1β), IL-6,
TNF-α, reactive oxygen species (ROS), and proteases such as matrix metalloproteinases
(MMPs) and cathepsins. This sustained glial activation directly impairs Aβ clearance:
chronic neuroinflammation reduces microglial phagocytic efficiency, allowing Aβ plaques
to accumulate. Simultaneously, pro-inflammatory cytokines exacerbate amyloidogenic
processing by upregulating β and γ-secretase activity in neurons, further increasing Aβ

production [107,108].
Inflammation also drives tau pathology. Cytokines such as IL-1β and TNFα activate

tau kinases, including Glycogen synthase kinase-3 beta (GSK3β) and cyclin-dependent
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kinase 5 (CDK5), resulting in hyperphosphorylated tau, destabilization of microtubules,
and neurofibrillary tangle formation. Experimental models of diet-induced obesity reveal
elevated neuroinflammation accompanied by increased tau hyperphosphorylation and
aggregation in transgenic mice [109,110]. There is compelling human evidence: mid-life vis-
ceral fat correlates with elevated PET markers of both Aβ and tau decades before cognitive
symptoms, suggesting neuroinflammation links obesity to preclinical AD progression [111].
Furthermore, BBB breakdown induced by chronic systemic inflammation enables periph-
eral immune mediators to infiltrate the CNS, reinforcing neuroinflammatory loops that
damage neurons and reduce metabolic resilience [112–114]. This inflammation–amyloid–
tau nexus creates a vicious cycle: increased Aβ and tau exacerbate glial activation, which
in turn promotes further pathological protein accumulation. Consequently, neuroinflam-
mation represents more than a downstream effect; it is a driving force shaping both core
pathologies of AD. Therapeutic strategies targeting upstream obesity-related inflammation,
through weight loss, anti-inflammatory agents, or insulin-sensitizing drugs, may offer dual
benefits by attenuating both amyloid and tau progression, thus slowing or preventing
AD trajectory.

Obesity promotes a systemic-to-cerebral vascular cascade that culminates in endothe-
lial dysfunction, impaired cerebral blood flow (CBF), and disrupted neurovascular cou-
pling [115]. Insulin resistance blunts endothelial PI3K–Akt–eNOS signaling and nitric
oxide (NO) bioavailability while upregulating endothelin-1–mediated vasoconstriction;
concurrent dyslipidemia and hyperglycemia fuel oxidative stress and advanced glycation,
further quenching NO [116]. At the microvascular level, pericyte loss/dysfunction and
capillary rarefaction limit vasodilatory reserve, while astrocytic end-feet signaling (e.g.,
COX-2–dependent prostanoids, arachidonic metabolites) becomes maladaptive, decoupling
neuronal activity from hemodynamic responses [117,118]. The net effect is chronic hypop-
erfusion and inefficient delivery of oxygen and glucose during cognitive demand, which
synergize with amyloid- and tau-related toxicity to accelerate white-matter injury and
cognitive decline. These vascular mechanisms provide a pathophysiologic bridge between
obesity and neurodegeneration and suggest that interventions restoring endothelial NO
signaling, dampening inflammation/oxidative stress, and stabilizing the BBB–pericyte–
astrocyte axis could help re-establish neurovascular coupling in at-risk patients.

Obesity, marked by adipose hypertrophy and macrophage infiltration, induces a state
of chronic, low-grade inflammation, often called “metaflammation” [119]. The inflamed
adipose tissue releases cytokines and adipokines, which circulate systemically and cross
or impact the BBB. These signals activate endothelial cells and perivascular macrophages,
promoting microglial and astrocyte reactivity. Experimental models mirror these effects:
rodents on high-fat diets exhibit early BBB disruption, increased expression of cytokines and
complement factors, and hippocampal microglial activation, detectable as soon as two days
after diet introduction [120,121]. High-fat diets also reduce hippocampal brain-derived
neurotrophic factors (BDNFs), crucial in the survival, growth, and maintenance of neurons
and impair synaptic proteins, leading to measurable cognitive deficits, highlighting the
interconnection between neuroinflammation and metabolic impairment [122,123].

PET studies in Aβ-infused obese mice reveal simultaneous increases in the translocator
protein (TSPO), a biomarker for glial activation and neuroinflammation, and FDG hyper-
metabolism, correlating with worse memory performance [124]. These findings suggest a
dual metabolic and inflammatory response in early AD driven by obesity.

Oxidative stress, driven by ROS, damages mitochondrial and nuclear DNA, especially
in neurons with high metabolic demands. Mitochondrial dysfunction leads to bioenergetic
failure and triggers inflammasome activation. A proposed “lipid invasion” hypothesis
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further posits that dyslipidemia and BBB damage allow infiltration of free fatty acids (FFAs)
and LDL into the brain, perpetuating inflammation and amyloid accumulation [125,126].

Age and obesity together exacerbate brain immune aging (“inflamm-aging”) and
immunosenescence [125,127]. Middle-aged or aged rodents on high-fat regimens show
exaggerated neuroinflammatory responses, particularly in the hippocampus, and greater
cognitive impairment than younger counterparts [128,129]. This synergy likely reflects a
reduced capacity for metabolic and immune resilience with age.

Human imaging confirms associations between obesity and brain dysfunction. Obese
individuals without cognitive impairment exhibit hypometabolism in AD signature re-
gions (hippocampus, posterior cingulate) on FDG–PET. A study comparing obese and
diabetic patients found reduced FDG uptake in the temporal lobes even among metaboli-
cally healthy participants [130,131]. Moreover, visceral adiposity, specifically abdominal
fat, predicts elevated amyloid and tau tracer binding in cognitively normal middle-aged
adults [56,111]. Astrocyte-derived cholesterol supports neuronal Aβ generation via ApoE
pathways. Cholesterol and FFAs can accumulate within the brain following BBB break-
down, triggering innate immune receptors and complement cascades [132–134]. This
aligns with early inflammatory activation in AD and highlights a link between metabolic
dysregulation and neurodegeneration.

Neuroinflammation remains a modifiable target, as shown by nonsteroidal anti-
inflammatory drugs trials (though results depend heavily on timing) [135–137]. Exercise
reduces microglial proliferation and inflammatory gene expression in aging models. Animal
studies demonstrate that caloric restriction, weight loss, or pharmacological agents aimed
at adjusting adipokine levels, blocking TLR4, or enhancing adiponectin receptor signaling
can reduce glial reactivity, restore metabolic function, and improve cognition [138,139]. The
convergence of systemic inflammation, brain metabolism, and adipokine dysregulation
defines a nexus linking obesity to AD. Neuroinflammation, metabolic dysfunction, and
altered adipokine signaling act synergistically to disrupt synaptic and neuronal integrity.
Interventions targeting this axis, through diet, lifestyle modification, and selective pharma-
cology, hold promise, particularly if implemented early in obesity or metabolic syndrome.
Further integration of translational biomarkers (PET, blood adipokines, genetic risk scores)
will be vital for identifying optimal windows and tailoring preventative strategies.

Key points of Neuroinflammation and Obesity in AD:

1. Neuroinflammation is a disease driver: microglia/astrocyte activation accelerates
Aβ/tau pathology and disrupts synapses and the BBB.

2. Genetic signals underscore causal involvement of immune pathways in AD.
3. Obesity amplifies neuroinflammation via systemic cytokines, insulin resistance, BBB

leakage, and neurovascular–glymphatic dysfunction.
4. Imaging/biomarker evidence converges on this nexus and identifies modifiable targets.

6. Adipokines and Their Relevance in the Brain
Adipokines are bioactive peptides predominantly secreted by adipose tissue that

serve as critical regulators of systemic and central processes, including metabolic home-
ostasis, inflammation, and neuronal function [20,82]. These molecules exert their actions
through autocrine, paracrine, and endocrine mechanisms, with circulating levels tightly
modulated by nutritional status, adiposity, and inflammatory signals. The capacity of
several adipokines to cross the BBB or be synthesized locally within the brain has posi-
tioned them as central mediators of the crosstalk between peripheral metabolism and CNS
function [20,82,140] (Table 1 and Figure 2).
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Table 1. Adipokines are most studied for brain function.

Adipokine Main Cerebral Effect Experimental Model Reference

Leptin
Enhances synaptic

plasticity (LTP),
neurogenesis; reduces Aβ

Transgenic mice (db/db,
APP/PS1), hippocampal
slices, neuronal cultures

[141]

Adiponectin
Anti-inflammatory,

neuroprotective, promotes
neurogenesis; crosses BBB

Obese and ischemic mice,
CSF from humans, neuronal

and glial cultures
[142]

Visfatin
(NAMPT)

Enhances BDNF, neuronal
survival, modulates
neuroinflammation

High-fat diet (HFD) mice,
glial and hippocampal

cultures,
inflammatory models

[143]

Resistin
Increases IL-6 and TNF-α;

promotes
neuroinflammation

Obese mice, Alzheimer’s
models, clinical

plasma/CSF studies
[144]

Chemerin
Modulates

neuroinflammation and
oxidative stress

HFD mice, endothelial
cultures; CMKLR1
expression in brain

[145,146]

Apelin

Neurotrophic effects;
improves feeding

behavior and
neurovascular function

Obese mice, neuronal
cultures, intracerebral

injection studies
[147]

Omentin-1
Anti-inflammatory,

potential
neuroprotective action

HFD and insulin-resistant
models; indirect

brain associations
[148]

PAI-1
Disrupts BBB integrity;

contributes to
neurodegeneration

Stroke models in mice,
endothelial BBB models [149]

RBP4
Associated with cognitive

decline, affects
hippocampal function

Clinical obesity/cognition
studies; in vitro BBB and

neuronal assays
[150]

Vaspin Anti-inflammatory effects,
possible neuroprotection

HFD mice, glial cultures
(brain-specific

evidence limited)
[151]

Progranulin
Modulates microglial

activity, neuroinflamma-
tory regulation

ALS and EAE models,
human CSF analysis [152]

Leptin, a hormone secreted primarily by white adipose tissue, exerts neuroprotective
effects in AD through multiple mechanisms that are disrupted in obesity-induced leptin
resistance. Under normal conditions, leptin crosses the BBB and binds to hippocampal and
cortical leptin receptor (Ob-R) to activate pro-survival cascades, including JAK2-STAT3,
PI3K-Akt, and MAPK, enhancing synaptic plasticity and long-term potentiation while
reducing β-secretase activity and oxidative stress [153,154]. In addition to supporting
neuronal survival, leptin directly promotes Aβ clearance and reduces tau phosphoryla-
tion in animal AD models [155–158]. For instance, chronic leptin treatment in transgenic
APP/PS1 mice (mice with high levels of Aβ) decreased brain Aβ burden, lowered hyper-
phosphorylated tau, improved microglial responses, and rescued memory and synaptic
function [159]. However, obesity induces leptin resistance, characterized by impaired BBB
transport, saturated Ob-R signaling, and induction of negative regulators such as SOCS3,
PTP1B, and TCPTP, often in an inflammatory milieu. Elevated systemic inflammation and
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elevated triglycerides compromise leptin’s neuroprotective entry and function, weakening
its inhibition of amyloidogenic pathways and tau kinases like GSK-3β. Human cohort data
from JAMA Network indicate that higher plasma leptin is inversely correlated with both
Aβ and tau PET load in older adults, suggesting a protective role, yet this benefit is likely
lost under leptin resistance [160,161].

Recent mechanistic studies have revealed that leptin modulates neuroinflammation
by reducing microglial secretion of IL-1β, IL-6, and TNF-α, thereby indirectly stabiliz-
ing amyloid and tau pathology [159,162]. Recently, inflammatory paths study highlights
leptin’s ability to buffer adipose-derived inflammation before it impairs cognition. Trans-
lational hopes from Dundee researchers illustrate that leptin-derived peptide fragments
protect synaptic function by blocking Aβ and tau toxic effects, affirming hormone-based
therapeutic potential, although full efficacy awaits overcoming resistance.

Adiponectin, in contrast, exhibits an inverse relationship with fat mass and is gener-
ally considered neuroprotective. It circulates in various multimeric forms, low, medium,
and high molecular weight, with different biological activities, and exerts its effects via
Adiponectin Receptor 1 and 2 (AdipoR1 and AdipoR2, respectively) receptors expressed in
neurons, astrocytes, and microglia. Adiponectin activates AMPK and PPAR-α signaling
pathways, leading to improved insulin sensitivity, mitochondrial biogenesis, and reduced
oxidative stress [85,86]. In the CNS, adiponectin has been shown to enhance glucose uptake,
support neuronal viability, and reduce inflammatory signaling. Preclinical studies have
demonstrated that adiponectin administration in AD models reduces Aβ deposition, atten-
uates tau hyperphosphorylation, and improves memory performance. Interestingly, despite
these benefits, clinical studies have yielded conflicting results regarding plasma adiponectin
levels in AD patients, with some reports indicating elevated levels in individuals with
dementia, possibly reflecting a compensatory response to neurodegeneration or systemic
inflammation [144,163–165]. Nonetheless, the potential of adiponectin as a therapeutic
molecule remains compelling, especially in its ability to modulate both peripheral insulin
resistance and central inflammation.

Resistin, originally identified in rodents as a link between obesity and insulin resis-
tance, is primarily secreted by macrophages in humans and functions as a pro-inflammatory
cytokine [85,166]. It binds to receptors such as TLR4 and Adenylyl cyclase-associated pro-
tein 1 (CAP1), initiating factor nuclear κB (NF-κB)-dependent transcription of cytokines,
including TNF-α and IL-6. Elevated resistin levels have been observed in obesity, type 2 di-
abetes, and cardiovascular disease, as well as in neurodegenerative disorders [89,167,168].
In the brain, resistin impairs insulin signaling, promotes oxidative stress, and induces the
release of pro-inflammatory mediators from microglia and astrocytes. These actions not
only disrupt neuronal glucose metabolism but also create a neuroinflammatory milieu
conducive to the progression of AD pathology [169–171]. Human studies have linked
higher resistin levels with cognitive impairment, increased brain atrophy, and greater Aβ

burden, although its specific mechanistic role in AD remains an area of active investigation.
Beyond these well-characterized adipokines, other molecules such as visfatin, apelin,

omentin, and chemerin are increasingly being studied for their potential roles in neuro-
biology. For example, visfatin has insulin-mimetic effects and may influence neuronal
energy metabolism, while apelin has been shown to modulate neuroinflammation and
protect against excitotoxicity [84] (Table 1). Although data remain preliminary, these emerg-
ing adipokines may represent additional targets for therapeutic exploration. Adipokines
not only influence neuronal function directly but also modulate cerebrovascular integrity.
Adiponectin enhances endothelial nitric oxide synthase (eNOS) activity and reduces vas-
cular inflammation, thereby maintaining BBB function [172]. Leptin affects endothelial
permeability and may facilitate the transport of Aβ across the BBB. In contrast, resistin
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disrupts tight junction proteins, increases BBB permeability, and promotes vascular inflam-
mation, facilitating the entry of peripheral inflammatory mediators into the brain [173,174].
The resultant breach of the BBB is a key event in the amplification of neuroinflammation
and progression of AD.

One of the most critical functions of adipokines in the brain is the regulation of glucose
metabolism, a process profoundly impaired in AD. Leptin and adiponectin enhance GLUT1
and GLUT3, improve mitochondrial efficiency, and stimulate the AMPK–Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) axis, which is crucial
for maintaining synaptic energy supply [175–177]. Conversely, resistin suppresses insulin
receptor signaling, reduces Akt phosphorylation, and inhibits glucose uptake, exacer-
bating neuronal energy failure. These opposing effects are reflected in imaging studies
showing hypometabolism in AD-vulnerable brain regions in individuals with obesity or
insulin resistance. The modulation of neuronal bioenergetics by adipokines underscores
their relevance in the early stages of cognitive decline. Adipokines also interact with the
molecular machinery involved in amyloid and tau pathology. Leptin has been shown
to reduce β-secretase activity, thereby decreasing Aβ production, and to promote Aβ

clearance by enhancing phagocytosis. Adiponectin indirectly facilitates Aβ degradation
by promoting anti-inflammatory microglial phenotypes. Resistin, by contrast, enhances
β-secretase expression and contributes to tau hyperphosphorylation through stress ki-
nase activation [164,178]. These findings suggest that the balance between protective and
deleterious adipokines may shape the molecular landscape of neurodegeneration.

Therapeutic strategies targeting adipokine signaling are actively being developed.
AdipoRon, a synthetic agonist of AdipoR1 and AdipoR2, has shown neuroprotective
effects in preclinical models of AD, including reduced Aβ accumulation and improved
synaptic function. PPAR-γ agonists such as pioglitazone, which enhance adiponectin
sensitivity, have also demonstrated cognitive benefits in small clinical trials, though results
remain inconclusive [144,164,179,180]. Intranasal delivery of leptin or insulin has been
explored as a means of bypassing peripheral resistance and directly modulating CNS
pathways [181,182]. On the other hand, pharmacological blockade of TLR4 or CAP1, aimed
at reducing resistin signaling, represents a promising anti-inflammatory strategy [183,184].
In addition to pharmacological approaches, lifestyle interventions offer non-invasive means
of modulating adipokine profiles. Regular physical activity, caloric restriction, and weight
loss have been shown to increase adiponectin levels, reduce leptin resistance, and lower
systemic resistin. These changes are associated with improved cognitive function, reduced
neuroinflammation, and preserved hippocampal volume in at-risk populations. Notably,
the timing of intervention appears critical, as early metabolic modulation may have more
profound effects on long-term brain health than late-stage correction.

While adiponectin and GLP-1–based strategies are biologically compelling, their
translation to older adults with AD warrants caution. Although adiponectin exerts neu-
roprotective and insulin-sensitizing actions, clinical studies have reported heterogeneous
circulating levels in dementia, including elevations in established AD, a phenomenon some-
times interpreted as a compensatory response or ‘adiponectin resistance [185,186]. This
so-called adiponectin paradox has also been linked to higher all-cause and cardiovascular
mortality in frail elders, underscoring the need for age-, stage-, and comorbidity-aware
stratification when considering adiponectin-targeted therapies. GLP-1 receptor agonists,
which show cognitive signals in metabolic populations, can cause gastrointestinal intoler-
ance, volume depletion/dehydration, and unintended weight loss, adverse effects that may
aggravate sarcopenia or orthostatic symptoms in adults ≥70 years [187,188]. Accordingly,
trials in AD should incorporate careful dose-titration, hydration/renal monitoring, and
nutritional surveillance, and should prespecify analyses by age, BMI, and frailty indices.



Pharmaceuticals 2025, 18, 1527 15 of 36

In terms of diagnostics, adipokines are attractive candidates for biomarker devel-
opment due to their detectability in peripheral blood and CSF. Combinations of leptin,
adiponectin, resistin, and other inflammatory markers may enhance early detection of
individuals at risk for AD, especially when integrated with neuroimaging and cognitive as-
sessments [189,190]. However, standardization of assays, understanding of isoform-specific
effects, and adjustment for confounding variables such as age, sex, and comorbidities re-
main challenges for clinical translation (Table 2).

Table 2. Levels of adipokines described in human studies.

Adipokine Sample and
Population

Main Findings in
Elderly

Observed
Discordance Reference

Adiponectin

Plasma (older
adults with
MCI, AD,

depression)

Low levels associated
with MCI and

inflammation- High
levels in Aβ

individuals predict
cortical thinning

Appears
neuroprotective
in some studies,
yet high levels
predict atrophy

in Aβ MCI

[191,192]

Leptin

Plasma and
CSF

(cognitively
healthy,

MCI, AD)

Lower plasma leptin
linked to lower CSF

Aβ and worse
cognition- Some
studies find no

clear association

Inconsistent link
between

plasma/CSF
leptin and
cognitive
outcomes

or biomarkers

[161,193]

Visfatin

Plasma
(elderly with

obesity
or tdiabetes)

Suggested
neuroprotective and
inflammatory roles,

but inconsistent
concentrations
across cohorts

No consensus on
whether it rises
or falls in aging;

mechanisms
remain unclear

[194]

Adipsin

Plasma (early
AD cohorts,
middle-aged

and
older adults)

Proposed as early
biomarker with leptin
and adiponectin, but
limited age-specific

trend data

Preliminary
findings; lack of

consistent
replication in

large
elderly cohorts

[195,196]

Key points, Adipokines and the Brain:

1. Adipokines bridge peripheral metabolism and CNS function.
2. Leptin is neuroprotective, but leptin resistance in obesity diminishes central signaling

efficacy. Adiponectin enhances insulin sensitivity and is anti-inflammatory; dementia
studies show heterogeneous levels. Resistin is pro-inflammatory, impairs insulin
signaling, and compromises BBB integrity.

3. Adipokine imbalance disrupts cerebral glucose metabolism, amplifies neuroinflam-
mation, and promotes Aβ/tau pathology.

7. Resistin and Adiponectin: Opposing Adipokines Forces in
Alzheimer’s Disease

Obesity induces profound alterations in adipose-derived signals, among which resistin
and adiponectin emerge as antagonistic regulators of inflammation, metabolism, and
neurodegeneration. Their divergent roles significantly shape the brain’s vulnerability or
resilience to AD.
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Resistin, predominantly produced by macrophages and mononuclear immune cells in
humans, increases substantially in obesity and metabolic syndrome [166]. Elevated resistin
binds TLR4 and CAP1, triggering downstream pathways including NF-κB and ERK1/2.
This cascade drives the production of pro-inflammatory cytokines, such as TNF-α and
IL-6, and disrupts IRS-1 phosphorylation, impairing Akt activation [166]. The net effect
is neuronal insulin resistance, reduced glucose uptake, and mitochondrial dysfunction.
In vitro and in vivo studies demonstrate that resistin exposure increases oxidative stress
markers, decreases ATP production, and impairs synaptic plasticity in hippocampal neu-
rons [197]. Within the CNS, resistin further exacerbates pathology by directly activating
glial cells. Microglia exposed to resistin upregulate inflammatory mediators (e.g., IL-1β, IL-
18), enhance ROS production, and adopt [197–200] a phagocytic but neurotoxic phenotype.
Astrocytes similarly increase secretion of cytokines and chemokines, contributing to a sus-
tained neuroinflammatory milieu. Mechanistically, resistin also upregulates β-site amyloid
precursor protein cleaving enzyme 1 (BACE1), accelerating Aβ generation, and it promotes
tau phosphorylation via GSK-3β activation. In both rodent models and human postmortem
brain tissue, resistin co-localizes with Aβ plaques and tau tangles; higher resistin levels
in plasma and CSF correlate with hippocampal atrophy, cognitive impairment, and faster
functional decline [201,202]. Beyond direct neural effects, resistin contributes to endothelial
dysfunction and BBB disruption. By interfering with tight junction proteins (e.g., claudin-5,
occludin) and increasing matrix metalloproteinase (MMP) activity, resistin facilitates entry
of peripheral cytokines and immune cells into the brain. This vascular effect amplifies
neuroinflammation and oxidative damage, feeding into AD pathology [203,204].

In contrast, adiponectin exerts protective, insulin-sensitizing, and anti-inflammatory
effects. Secreted by adipocytes in trimeric, hexameric, and high-molecular-weight (HMW)
forms, adiponectin binds to AdipoR1 and AdipoR2 receptors present on neurons, astrocytes,
oligodendrocytes, and endothelial cells [205,206]. Activation of these receptors stimulates
AMPK and PPAR-α, enhancing glucose uptake via GLUT3, promoting fatty acid oxidation,
improving mitochondrial biogenesis through PGC1α, and inhibiting NF-κB–mediated
cytokine production [179,197,207,208]. Adiponectin also activates ERK1/2, contributing to
neurotrophic signaling and synaptic maintenance [180]. In experimental AD models, ex-
ogenous adiponectin or AdipoR agonists yield striking benefits: improved spatial memory,
increased hippocampal synaptic density, reduced Aβ deposition and tau phosphoryla-
tion, and lower markers of neuroinflammation and oxidative damage [209]. Notably,
adiponectin-deficient mice exhibit accelerated neurodegeneration with earlier onset of
cognitive deficits, increased Aβ, and elevated GSK-3β activity, reinforcing adiponectin’s
neuroprotective role [210,211]. Clinical studies examining adiponectin levels in AD have
yielded conflicting results. Lower adiponectin concentrations are often observed in preclin-
ical Alzheimer’s or mild cognitive impairment (MCI), aligning with its protective functions.
However, elevated adiponectin in established AD has also been reported, suggesting a
compensatory increase or “adiponectin resistance” where receptor signaling is impaired
despite ligand abundance, mirroring patterns seen with leptin in obesity [212,213]. Under-
standing these dynamics across disease stages is critical for interpreting adiponectin as a
biomarker or therapeutic target (Table 3).
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Table 3. Comparative Profile of Adiponectin and Resistin in Obesity-Associated Alzheimer’s Disease
(↑: increase; ↓: decrease).

Feature Adiponectin Resistin References

Primary
Source

Adipocytes (mainly
subcutaneous WAT)

Macrophages and
mononuclear immune cells

(in humans)
[19]

Levels in
Obesity ↓ Decreased ↑ Increased [214,215]

Receptors
in Brain

AdipoR1 (neurons),
AdipoR2 (astrocytes,

endothelial cells)

TLR4, CAP1
(microglia, astrocytes) [216,217]

Main CNS
Effects

↑ Glucose uptake, ↓ ROS,
↑ mitochondrial biogenesis,

↓ neuroinflammation,
↑ synaptic plasticity

↑ NF-κB activation, ↑ ROS,
↑ cytokine release, ↓ insulin
signaling, ↑ BACE1 and tau

phosphorylation

[218,219]

Mechanistic
Pathways

AMPK, PPARα,
ERK1/2, PGC1α

TLR4–NF-κB,
ERK1/2, GSK3β [217,220]

Impact on
Aβ

and Tau

↓ Aβ deposition, ↓ tau
phosphorylation

↑ Aβ generation (↑ BACE1),
↑ tau phosphorylation

(↑ GSK3β)
[144,211]

Effect on
BBB

Integrity

Preserves BBB (↑ eNOS,
↓ endothelial inflammation)

Disrupts BBB (↓ tight
junctions, ↑ MMP activity) [174,221]

Observed
in AD

Models

Improves memory,
reduces pathology

Correlates with cognitive
decline,

hippocampal atrophy
[144,222]

Therapeutic
Strategies

AdipoR agonists
(AdipoRon), PPAR-γ

agonists (pioglitazone),
AMPK

activators (metformin)

TLR4 antagonists, CAP1
inhibitors,

siRNA/antisense therapies
[217,223]

In terms of biomarkers, combined measurements of resistin and adiponectin in blood
and CSF may yield improved early risk stratification models. Adiponectin/resistin ratios
correlate with insulin sensitivity, systemic inflammation, and cognitive decline. Integrating
these adipokine measures with neuroimaging (FDG–PET, volumetric MRI) and APOE-
genotyping may refine predictive algorithms for AD risk and progression [224,225]. How-
ever, achieving clinical utility requires standardized assays, longitudinal validation, and
adjustment for potential confounders such as age, sex, BMI, and metabolic comorbidities.
Looking ahead, precision-based approaches targeting adipokines hold promise [224,225].
Personalized interventions might use genetics and metabolic profiling to identify individu-
als who would benefit most from adiponectin stimulation or resistin inhibition. Innovative
delivery methods, such as intranasal AdipoR agonists or targeted brain delivery via viral
vectors, may bypass peripheral resistance and enhance central effects with fewer systemic
side effects (Table 3).

Key points, Resistin and Adiponectin in AD:

1. Resistin promotes NF-κB–dependent inflammation, insulin resistance, BBB disruption,
and aggravation of Aβ/tau pathology. These actions accelerate synaptic dysfunction
and cerebral metabolic failure.
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2. Adiponectin counters inflammation and insulin resistance; higher functional adiponectin
is associated with neuroprotection. Stage-dependent “adiponectin resistance” may
blunt these benefits in AD.

3. The resistin–adiponectin balance/ratio reflects metabolic–neuroinflammatory risk
and has biomarker potential.

4. Therapeutic angle: boost adiponectin signaling and/or inhibit resistin pathways
within precision, stage-aware interventions.

8. Natural Compounds Targeting Adipokines Signaling in Alzheimer’s
Disease in the Context of Obesity

Over the past two decades, natural compounds derived from plants, marine organisms,
and dietary sources have received increasing attention as modulators of metabolic and
neuroinflammatory pathways implicated in AD [226,227]. Among their diverse molecular
targets, adipokine signaling represents a particularly promising axis. Dysregulation of
adiponectin, resistin, and leptin in obesity and AD establishes a pro-inflammatory and
metabolically impaired environment in the brain. While synthetic drugs such as thiazo-
lidinediones or selective receptor agonists have been evaluated, natural compounds offer
pleiotropic benefits with relatively low toxicity and long histories of human consump-
tion [228]. Importantly, many phytochemicals restore insulin sensitivity, attenuate TLR4
signaling, enhance AMPK activity, or modulate PPARs, mechanisms directly linked to
adipokine biology [229]. Recent studies highlight polyphenols as major contributors to this
process. Quercetin, a flavonol abundant in apples and onions, enhances adiponectin expres-
sion through AMPK activation and PPARγ modulation in adipocytes, leading to improved
systemic insulin sensitivity [230]. In transgenic AD mice, quercetin reduces amyloid depo-
sition and rescues synaptic plasticity, effects partly mediated by increased adiponectin re-
ceptor (AdipoR1/2) expression in hippocampal neurons and astrocytes [231,232]. Similarly,
epigallocatechin gallate (EGCG), the major catechin in green tea, attenuates resistin-induced
TLR4/NF-κB signaling, thereby suppressing microglial activation [233]. EGCG also upregu-
lates adiponectin in adipose tissue and enhances glucose utilization in neurons, suggesting
dual systemic and central benefits [234,235]. Resveratrol, a stilbene found in grapes and
red wine, stimulates SIRT1 and AMPK signaling, both downstream of adiponectin, and
increases circulating adiponectin in obese rodents. In APP/PS1 mice, resveratrol improves
memory performance, reduces Aβ burden, and attenuates tau phosphorylation. Notably,
clinical trials with resveratrol have shown mixed results, possibly due to poor bioavail-
ability; however, adiponectin modulation remains a consistent biomarker of its metabolic
actions [236–238]. Curcumin, the principal polyphenol in turmeric, enhances adiponectin se-
cretion and suppresses resistin expression in obese rodents. In neuronal contexts, curcumin
decreases BACE1 activity and downregulates pro-inflammatory cytokines in microglia.
While curcumin’s effects are multifaceted, its ability to shift the adipokine profile toward
an anti-inflammatory balance may contribute substantially to its neuroprotective capac-
ity. Collectively, polyphenols exert adipokine-mediated benefits through stimulation of
adiponectin release and receptor activation, inhibition of resistin-driven TLR4/NF-κB cas-
cades, and improvement of neuronal glucose metabolism via AMPK signaling, supporting
their potential as dietary interventions for obesity-associated AD [239–241].

Beyond polyphenols, terpenoids and related compounds also show activity on
adipokine pathways. Ginsenoside Rb1, isolated from Panax ginseng, upregulates
adiponectin and PPARγ in adipocytes while reducing resistin secretion. In AD mice,
Rb1 improves spatial memory and reduces hippocampal inflammation. Asiatic acid, a
pentacyclic triterpene from Centella asiatica, enhances adiponectin signaling and reduces
oxidative stress markers in cortical neurons [242–244]. Carotenoids such as astaxanthin
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and lycopene also modulate adipokines. Astaxanthin increases plasma adiponectin and
decreases resistin in obese models, while reducing neuroinflammatory markers in hip-
pocampal tissue [245–247]. These terpenoids highlight the capacity of natural compounds to
simultaneously target peripheral adipokine secretion and central neuroinflammation, with
lipophilic properties favoring blood–brain barrier penetration and enhancing translational
potential. Dietary lipids such as omega-3 fatty acids further illustrate this mechanism. Eicos-
apentaenoic acid (EPA) and docosahexaenoic acid (DHA) consistently increase adiponectin
levels in both animal and human studies. In AD models, DHA supplementation improves
synaptic integrity, reduces Aβ deposition, and enhances cognitive performance. Mech-
anistically, omega-3 fatty acids attenuate resistin expression in macrophages and inhibit
TLR4-mediated inflammatory signaling. Conjugated linoleic acid (CLA) supplementation
also enhances adiponectin expression, decreases resistin, and improves systemic insulin
sensitivity [248,249]. Although evidence in AD remains limited, these findings support
lipid-based strategies as promising adipokine modulators.

Additional natural compounds include several alkaloids. Berberine, an isoquino-
line alkaloid from Berberis species, increases adiponectin levels and decreases resistin in
insulin-resistant rodents. Berberine also activates AMPK in neurons, improving glucose
uptake and reducing oxidative stress [250,251]. Capsaicin, the pungent component of
chili peppers, enhances adiponectin secretion and improves hippocampal plasticity in
obese models [252,253]. These diverse compounds highlight that multiple phytochemical
classes converge on the adipokine axis. Mechanistically, their effects intersect with key AD
pathologies. By boosting adiponectin and suppressing resistin, polyphenols, terpenoids,
and bioactive lipids enhance AMPK and PPARα signaling in neurons, improving mitochon-
drial biogenesis and synaptic energy supply. Simultaneously, they inhibit TLR4/NF-κB
activation, reducing microglial-driven neuroinflammation. Furthermore, adipokine mod-
ulation indirectly influences amyloid and tau pathology: adiponectin activation reduces
BACE1 expression and tau kinase activity, while resistin suppression prevents upregu-
lation of GSK3β. Together, these mechanisms support a more resilient neuro-metabolic
environment. Despite compelling preclinical evidence, clinical translation remains limited.
Human trials of resveratrol, curcumin, and omega-3s show modest cognitive benefits,
but adipokine modulation is rarely measured as a primary endpoint. Inter-individual
variability, bioavailability challenges, and differences in obesity phenotypes complicate
interpretation. Nanoparticle-based delivery systems and intranasal formulations are being
developed to overcome these limitations [254,255]. Furthermore, combinatorial approaches
integrating natural compounds with conventional anti-amyloid or anti-diabetic therapies
may offer synergistic benefits. In conclusion, natural compounds targeting adipokine
signaling offer a unique opportunity to address the metabolic–inflammation axis linking
obesity and AD. By restoring adiponectin activity, suppressing resistin-driven inflamma-
tion, and overcoming leptin resistance, these agents support both systemic and central
resilience. However, rigorous human trials are urgently needed to validate adipokines as
mechanistic biomarkers of natural compound efficacy. Future research should integrate
adipokine endpoints into clinical trials, stratify participants by metabolic status, and opti-
mize delivery systems to ensure central bioavailability. Given the global rise in obesity and
AD, harnessing natural compounds to modulate adipokines represents a promising and
multifaceted strategy for prevention and therapy.

Key points for Natural Compounds and Adipokines in AD:

1. Phytochemicals shift the adipokine axis toward higher adiponectin and lower re-
sistin activity.

2. Mechanistically: activate AMPK/PPAR signaling and suppress TLR4–NF-κB path-
ways, improving insulin sensitivity and neuronal energetics while dampening neu-
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roinflammation. These effects can indirectly reduce Aβ/tau stress and support synap-
tic function.

3. Evidence is preclinically strong but mixed in humans. Next steps: stage-/metabolic-
stratified trials with adipokine endpoints and improved bioavailability/delivery strategies.

9. Therapeutic Modulation of Adipokines in AD: Antidiabetic Agents
and Natural Compounds

Antidiabetic agents impacting adipokines and cognition, Glucagon-like peptide-1
receptor agonists reduce systemic inflammation, tend to increase adiponectin and lower re-
sistin, and may improve central insulin signaling [256]. Evidence from metabolic and early
cognitive studies suggests potential benefits on memory and neuroinflammation, although
weight loss and improved vascular–metabolic status are important confounders [257].
Safety in older adults requires monitoring for excessive weight loss, dehydration, and
gastrointestinal symptoms. Metformin activates AMPK, improves insulin sensitivity, and
may modulate neuroinflammation and adult neurogenesis [258]. Epidemiological sig-
nals are mixed, possibly due to confounding by indication and heterogeneity in exposure
duration and B12 status; routine monitoring of vitamin B12 is advisable in older adults.
Thiazolidinediones (e.g., pioglitazone) activate PPARγ, robustly increase adiponectin, and
exert anti-inflammatory actions; mixed cognitive outcomes likely reflect dose, duration,
and patient selection [259,260]. Edema and heart-failure risk must be weighed in frail
patients. SGLT2 inhibitors show systemic anti-inflammatory and hemodynamic effects
and may shift brain fuel utilization; direct evidence in AD is still limited. DPP-4 inhibitors
indirectly enhance incretin tone and can lower pro-inflammatory cytokines; cognitive data
remain preliminary.

Intranasal insulin has shown modest, short-term cognitive benefits in people with
amnestic MCI and mild AD, with response heterogeneity linked to patient biology. Acute
studies using regular human insulin report improvements in episodic and working memory,
without measurable changes in peripheral glucose or insulin [261]. By contrast, small
trials with insulin detemir suggest benefits in ε4 carriers, highlighting that genotype and
formulation may shape efficacy [262]. Through studies, treatment is generally well tolerated,
with mostly mild local adverse events and no meaningful hypoglycemia. Overall, effects
appear transient and variable, implying that sustained benefit will likely require careful
patient stratification and optimization of dose, formulation, and delivery device.

In the past year, multiple studies have reported that natural compounds modulate
adipokine levels and are associated with effects on brain function (Table 4). Nonetheless,
most of these observations require confirmation in well-powered clinical trials to deter-
mine their true impact on humans. For example, Resveratrol activates SIRT1/AMPK,
can increase adiponectin and reduce inflammatory signaling; oral bioavailability is low,
formulations and dosing schedules matter [263]. Curcumin down-modulates NF-κB and
pro-inflammatory adipokines; limited brain penetration and rapid metabolism necessitate
enhanced-bioavailability formulations [255]. Berberine improves insulin sensitivity via
AMPK and may reduce resistin; watch for GI intolerance and drug interactions (CYPs/P-
gp) [250]. Quercetin exhibits anti-inflammatory and potential anti-amyloid actions; tol-
erability and liver safety at higher doses require attention [230]. Overall, variability in
preparations, doses, and endpoints explains inconsistent results; standardization and
head-to-head trials are needed.
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Table 4. Natural compounds that modulate adipokines and brain outcomes in Alzheimer’s disease.
(↑: increase; ↓: decrease).

Compounds Primary Adipokine Effect Reported Brain Effect Reference

Resveratrol
(polyphenol)

↑ Adiponectin;
↓ inflammatory tone

↓ Aβ/tau stress;
↓ microglial activation;
improved memory and

glucose metabolism
in models

[264,265]

Curcumin
(polyphenol)

↑ Adiponectin;
↓ Resistin (preclinical)

↓ Neuroinflammation; ↓ Aβ;
support synapses in models [266]

Quercetin
(flavonol)

↑ Adiponectin
signaling (AdipoR↑)

↓ Aβ deposition; ↑ synaptic
plasticity; antioxidant

neuroprotection
[267]

Berberine
(alkaloid) ↑ Adiponectin; ↓ Resistin

↑ Glucose uptake;
↓ oxidative stress; cognitive

benefit in models
[268,269]

Astaxanthin
(carotenoid)

↑ Adiponectin; ↓
Resistin (models)

↑ Aβ clearance; ↓ BBB
inflammation; memory

benefit (models)
[270,271]

Omega-3
PUFAs

(EPA/DHA)

↑ Adiponectin; ↓ Resistin
(immune cells)

↓ Aβ; ↑ synaptic integrity;
better cognition (models);
mixed human cognition

[272]

Capsaicin
(vanilloid) ↑ Adiponectin secretion ↓ Aβ generation; improved

plasticity in models [253,273]

Key points for Therapeutic Modulation of Adipokines in AD:

1. Antidiabetic agents slope the adipokine/insulin axis.
2. Cognitive benefits to date are modest/heterogeneous and often confounded by weight

loss and vascular–metabolic improvements.
3. Intranasal insulin yields short-term memory gains with genotype/formulation-

dependent responses.
4. Trial priorities: patient stratification (stage/metabolic profile), rigorous safety monitoring,

and standardized outcomes anchored to adipokine and insulin-signaling endpoints.

10. Future Directions
Obesity has emerged as a critical driver of AD progression, not only through its well-

known metabolic consequences but also via adipose tissue-derived hormones, adipokines,
that directly influence the brain’s pathological cascades. While rodent and in vitro studies
consistently illustrate that adipokines such as leptin, adiponectin, and resistin modulate
Aβ and tau accumulation, enhance or impair neuroinflammation, and affect neuronal
metabolism, translation to human data remains inconsistent. Several cohort studies high-
light significant divergences between preclinical mechanistic clarity and the complexity of
human physiology, revealing crucial gaps that must be addressed if adipokine-centered
therapies are to be realized in clinical practice [191,274].

Obesity induces chronic low-grade systemic inflammation, insulin resistance, and
dysregulated adipokine secretion, creating a milieu that promotes neurodegeneration.
Adipokines cross the BBB or act peripherally to prime microglia, disrupt neuronal signal-
ing, and alter proteinopathy dynamics. In animal models, adiponectin enhances AMPK and
PPAR-α signaling, mitigating Aβ aggregation and tau phosphorylation, whereas resistin
triggers neuroinflammation via TLR4/NF-κB pathways, fostering amyloidogenesis. Lep-
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tin, under physiological low-fat conditions, activates hippocampal PI3K-Akt and MAPK
cascades to support synaptic plasticity and reduce amyloidogenic processing. However, in
obesity, leptin resistance, marked by elevated circulating leptin but impaired BBB transport
and receptor desensitization, blunts this neuroprotective axis, accelerating both amyloid
and tau pathology. Rodent and cell models offer strong mechanistic proof: adiponectin
administration lowers Aβ42 burden in AD mice, improves cognition, and partially re-
stores glucose metabolism; resistin increases pro-inflammatory cytokines and small Aβ

aggregates; leptin reduces Aβ plaques and tau phosphorylation while enhancing synap-
tic function, effects that are significantly blunted by obesity-induced dysfunction. These
models inform potential therapeutic pathways, such as selective AdipoR1/R2 agonists or
resistin inhibitors. However, human data present a more complex picture [144,274].

Several human cohort studies yield contradictory adipokine associations with AD.
Has been described that leptin’s protective correlation against cognitive decline is observed
in non-obese individuals but lost in overweight ones, reflecting midlife leptin resistance
in obesity. JAMA Network data show plasma leptin inversely correlates with amyloid
and tau PET load in older adults, yet this protective signal diminishes when leptin resis-
tance confounds central action [275,276]. Similarly, resistin is elevated in obese individuals
but clinical associations with dementia differ depending on age, obesity phenotypes, and
comorbidities, reflecting uncertainties around human secretory dynamics. Adiponectin,
though decreased in obesity and promising in preclinical studies as insulin-sensitizing
and anti-inflammatory, shows inconsistent links with human cognitive decline, variably
associated with both protective and risk profiles across studies. These human–animal dis-
crepancies may stem from: (1) species differences in adipokine expression and function, e.g.,
resistin originates from adipocytes in rodents but from immune cells in humans; (2) vari-
ability in adipose distribution (visceral vs. subcutaneous) and differing BBB integrity in
obesity, altering transport; (3) genetic and epigenetic diversity; (4) coexisting comorbidities
such as type 2 diabetes mellitus, cardiovascular disease, and depression; and (5) sex and
hormonal modulations, particularly postmenopausal estrogen loss enhancing resistin and
lowering adiponectin, worsening adipokine balance [277–279].

Notably, in older adults and preclinical dementia states, higher adiponectin may
track with weight loss and frailty rather than protection, a phenomenon likely reflecting
reverse causation and survival bias. This underscores the need to interpret adipokine
levels considering longitudinal weight trajectories and inflammatory burden. Furthermore,
cohort studies show paradoxical findings on weight: mid-life obesity increases AD risk,
but unintentional late-life weight loss often precedes clinical dementia, complicating the
interpretation of adipokine levels. This temporal variability underscores that a single
adipokine measurement may not reflect dynamic central signaling [280]. Given these
discrepancies, more focused human-relevant models are essential. iPSC-derived neurons,
brain organoids, or humanized mouse models could capture adipokine signaling within
human-like neuronal and glial environments. Clinical studies must stratify participants
by obesity phenotypes, leptin resistance status, metabolic comorbidities, and genetic risk
factors such as APOE-ε4 to assess context-dependent adipokine effects. Therapeutically,
weight-loss interventions, insulin-sensitizers, and GLP-1 agonists can improve adipokine
profiles but lack specificity. Novel targeted agents, like adiponectin receptor agonists
(e.g., AdipoRon) or resistin pathway inhibitors, demonstrate benefits in preclinical models,
restoring central insulin sensitivity and dampening neuroinflammation [280]. However,
human trials are lacking, and optimal delivery modalities, such as intranasal systems,
nanoparticles, or exosome carriers, must be explored to bypass systemic resistance and
focus action within the CNS.
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Longitudinal, well-powered clinical trials are needed to correlate peripheral adipokine
levels, central CSF or PET biomarkers of Aβ and tau, and cognitive endpoints. These stud-
ies should include obese and non-obese individuals across age spans to determine whether
adipokine modulation can delay progression from metabolic dysfunction or MCI to AD.
Additional readouts, such as fluid biomarkers (neurofilament light, inflammatory markers),
neuroimaging, and adipokine gene expression, will enrich mechanistic understanding.
Precision medicine frameworks leveraging adipokine biology represent an important fron-
tier. Genetic polymorphisms in related adiponectin, leptin, or resistin signaling genes may
predict responsiveness to adipokine-targeted therapies. AI-driven stratification models
integrating metabolic, genetic, imaging, and biochemical data could identify subsets likely
to benefit. Sex-specific effects must also be integrated: postmenopausal women with obesity
may be particularly vulnerable due to adipose and inflammatory shifts affecting leptin
and resistin. Interventions tailored to hormonal profiles may yield better outcomes. Public
health strategies are similarly relevant. With rising global obesity rates, especially in aging
populations, recognizing adipokines as mediators of AD risk could inform screening pro-
grams. Simple assays of leptin/adiponectin ratios, resistin levels, or composite adipokine
panels might identify individuals at metabolic risk for cognitive decline. Educational
campaigns linking metabolic and cognitive health could encourage earlier lifestyle inter-
ventions. Also, systems biology technologies, such as single-cell transcriptomics, spatial
proteomics, and CRISPR models, are crucial to dissect cell-type–specific adipokine action
in human brain tissue. Gut microbiota–adipokine–brain axes also offer promising insights,
as obesity-driven microbiome changes influence adipokine production and may exacerbate
neurodegenerative processes.

Key points for Future Directions:

1. Strong preclinical effects of leptin/adiponectin/resistin on Aβ/tau, neuroinflamma-
tion, and metabolism do not consistently replicate in humans due to species, obesity
phenotype, leptin resistance, comorbidities, and sex/hormonal factors.

2. Run longitudinal, powered studies linking peripheral adipokines with CSF/PET
Aβ/tau, imaging, fluid biomarkers, and cognition, stratified by obesity phenotype,
leptin resistance, APOE, and age.

3. Use genetics, multimodal AI models, and sex-specific approaches; evaluate simple
screening panels and integrate microbiome and single-cell/spatial omics to map
cell-specific actions.

11. General Conclusions
The convergence of obesity and AD highlights adipokines as critical mediators linking

metabolic dysfunction, inflammation, and neurodegeneration. Among them, adiponectin,
resistin, and leptin play opposing roles in shaping brain resilience and vulnerability, posi-
tioning adipokine signaling at the forefront of therapeutic innovation.

Preclinical studies provide strong evidence that adipokines modulate insulin sensi-
tivity, neuroinflammation, and amyloid/tau pathology. However, translation to humans
remains inconsistent, with contradictory findings across observational studies. These dis-
crepancies, likely influenced by sex, age, ethnicity, genetic background, and comorbidities,
underscore the urgent need for rigorous, longitudinal, and stratified human studies. Bridg-
ing this gap is fundamental if adipokine-targeted strategies are to evolve into effective and
safe treatments. From a therapeutic standpoint, adipokines embody the themes of this
Special Issue by intersecting emerging pharmacological strategies and natural compounds.
AdipoR agonists, resistin inhibitors, and advanced delivery systems illustrate the potential
of precision pharmacology, while phytochemicals such as quercetin, EGCG, resveratrol,
and curcumin demonstrate the capability of multi-target metabolic modulators. Equally rel-
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evant are lifestyle-based approaches, exercise, caloric restriction, and dietary interventions,
which modulate adipokine balance and may synergize with pharmacological therapies.

Ultimately, adipokines hold dual value as both biomarkers and therapeutic targets, of-
fering opportunities for early detection, patient stratification, and combinatorial approaches
that integrate metabolic and cognitive benefits. Moving forward, well-designed human
studies are indispensable to validate preclinical findings and resolve current inconsistencies.
Only by strengthening this translational bridge will it be possible to harness adipokine
biology for the development of effective therapies against obesity-associated AD, aligning
with the mission to highlight innovative and sustainable treatment paradigms. Clinically,
integrating simple metabolic panels with adipokine profiling may help identify patients
most likely to benefit from combined lifestyle, antidiabetic, and nutraceutical strategies.
Prospective, well-phenotyped trials that co-track adipokines, insulin resistance, vascular
function, and cognition are now essential to clarify who benefits, from what, and when.

Key points for General Conclusions:

1. Closing the translational gap: There is strong preclinical evidence that adipokines
shape insulin signaling, neuroinflammation, and Aβ/tau which does not translate
consistently to humans, demanding rigorous, longitudinal, stratified trials to define
who benefits, from what, and when.

2. Dual clinical utility: Adipokines are both biomarkers and targets; integrating
adipokine profiling with precision therapeutics (AdipoR agonists, resistin inhibitors,
advanced delivery) plus lifestyle/nutraceutical strategies can enable early detection,
patient stratification, and combinatorial treatment.
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