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Abstract

Alzheimer’s disease is the primary cause of dementia and imposes a significant socioeconomic burden
globally. Physical exercise, as an effective strategy for improving general health, has been largely
reported for its effectiveness in slowing neurodegeneration and increasing brain functional plasticity,
particularly in aging brains. However, the underlying mechanisms of exercise in cognitive aging
remain largely unclear. Adiponectin, a cell-secreted protein hormone, has recently been found to
regulate synaptic plasticity and mediate the antidepressant effects of physical exercise. Studies on the
neuroprotective effects of adiponectin have revealed potential innovative treatments for Alzheimer’s
disease. Here, we reviewed the functions of adiponectin and its receptor in the brains of human

and animal models of cognitive impairment. We summarized the role of adiponectin in Alzheimer’s
disease, focusing on its impact on energy metabolism, insulin resistance, and inflammation. We

also discuss how exercise increases adiponectin secretion and its potential benefits for learning

and memory. Finally, we highlight the latest research on chemical compounds that mimic exercise-
enhanced secretion of adiponectin and its receptor in Alzheimer’s disease.
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hippocampus; learning and memory; physical exercise; Tau

Introduction

Alzheimer’s disease (AD) is one of the most
common neurodegenerative illnesses that
causes dementia in older individuals. It is
characterized by the accumulation of amyloid-B
(AB) and tau pathology in the brain (Knopman
et al., 2021; Suresh et al., 2021). Although many
pharmacological and non-pharmacological
interventions have been implemented, no
treatments can halt the neurodegeneration
process, possibly owing to an insufficient
understanding of the key neuropathology
underlying AD.

Physical exercise not only is known to improve
mood disorders, metabolic dysregulation, such
as obesity, cardiorespiratory fitness, and general
health (van der Heijden et al., 2013; Vargas-
Terrones et al., 2019; O’Donoghue et al., 2021;
Fernandez-Rodriguez et al., 2022), but it is also
recognized as an effective non-pharmaceutical
therapy to treat/prevent AD-associated cognitive

impairment involving learning, memory, attention,
and executive functions (Russo-Neustadt et al.,
1999; Larson et al., 2006; Yau et al., 2014; Duzel et
al., 2016; De la Rosa et al., 2020). Emerging animal
studies have demonstrated that physical exercise
may play a role in reversing memory and learning
deficits, possibly through neuroprotective effects
promoting adult neurogenesis (Yau, et al., 2014),
increasing the levels of hippocampal neurotrophic
factors (Russo-Neustadt et al., 1999; Belaya et al.,
2020; Wang et al., 2020a), promoting synaptic
plasticity and dendritic complexity (Lourenco et
al., 2019; Belaya et al., 2020), and ameliorating
AB oligomer neurotoxicity or tau pathology
(Brown et al., 2019; Tan et al., 2021; Zhang et
al., 2021). However, how physical exercise elicits
neuroprotective effects in the brain remains
largely unclear.

The cognitive benefits of physical exercise are
linked to activated adiponectin (ADPN) signaling
in the brain. ADPN is an adipose-tissue-secreted

hormone that is expressed in multiple isoforms as
an endocrine messenger in other tissues (Fang and
Judd, 2018; Abou-Samra et al., 2020). Studies have
shown that ADPN mimetics significantly prevent/
treat neurocognitive disorders (Ali et al., 2015,
2021; Badshah et al., 2016; Ng et al., 2021). In
this review, we summarize the functions of ADPN
signaling in the brain, focusing on the effects of
ADPN on the regulation of cognition. We also
summarize the potential molecular mechanisms
of ADPN in mediating the neuroprotective effects
of physical exercise, providing insights into ADPN-
based applications in the treatment of AD.

Search Strategy

For this review, we conducted a search on Web of
Science and PubMed using keywords, including
“Alzheimer’s disease,” “adiponectin,” “exercise
or physical activity,” “Alzheimer’s disease and
hippocampus,” “adiponectin receptor,” “tau and
adiponectin,” “tau and Alzheimer’s disease,” “AB
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and Alzheimer’s disease,” “adiponectin receptor
agonists,” and terms related to “metabolism,”
“insulin resistance,” and “inflammation” in
conjunction with “Alzheimer’s disease,” or
“adiponectin,” or “exercise”. We included studies
deemed most relevant to our topic. Additionally,
we identified and incorporated seminal papers
contributing to recent advancements in this field.
By December 31, 2023, approximately 80% of the
references cited were published within the last 5
years.

Adiponectin and Its Receptors
Adiponectin

ADPN, also known as Acrp30, AdipoQ, apM1, and
GBP28, exists as three multimeric complexes:
a low-molecular-weight form (LMW), a middle-
molecular-weight form, and a high-molecular-
weight form (HMW). Full-length ADPN can
be proteolytically cleaved to a globular ADPN
isoform in plasma (Fruebis et al., 2001). These
isoforms play different roles in different tissues
(Kadowaki and Yamauchi, 2005; Fang and Judd,
2018). Interestingly, ADPN is produced mainly
from adipocytes, and its expression levels are
inversely proportional to total fat mass and are
decreased in type 2 diabetes (Fukuda et al., 2015),
cardiovascular diseases (Lei et al., 2022), AD
(Teixeira et al., 2013), stroke (llhan et al., 2019),
traumatic brain injury (Zhang et al., 2022), and
cancer (Macleod et al., 2023). At present, ADPN
possesses insulin-sensitizing, anti-diabetic, anti-
inflammatory, anti-fibrotic, anti-apoptotic, and
anti-atherosclerotic properties (Yamauchi et al.,
2003; Kadowaki and Yamauchi, 2005; Lihn et al.,
2005; Thundyil et al., 2012; Wang and Scherer,
2016) (Figure 1). We focus mainly on the functions
of ADPN in the brain in this review.

Adiponectin receptor 1

AdipoRs (AdipoR1 and AdipoR2) and T-cadherin
are known as ADPN receptors. AdipoRs possess
a seven-transmembrane topology with a
cytoplasmic N-terminus and an extracellular
C-terminus (Yamauchi et al., 2003). AdipoRs are
highly homologous and conserved in rodents and
humans (Yamauchi et al., 2003, 2007). In general,
they modulate the anti-diabetic effects and actions
of membrane homeostasis and fluidity (Yamauchi
et al,, 2014; Ruiz et al., 2022).

AdipoR1 is more prominent in activating AMP-
activated protein kinase (AMPK) and has higher
expression in skeletal muscle and cardiomyocytes
(Yamauchi et al., 2007; Iwabu et al., 2016; Zhu et
al., 2022). It is highly dependent on the adaptor
proteins Adaptor protein, which contains a
pleckstrin homology domain, phosphotyrosine
binding domain and leucine zipper motif (APPL1),
and endoplasmic reticulum protein 46 and
activates protein kinase C and protein casein
kinase 2B; therefore, it plays critical roles in lipid
oxidation, glucose uptake, insulin sensitivity, and
anti-inflammatory effects (Mao et al., 2006; Heiker
et al., 2009; Charlton et al., 2010). Additionally,
AdipoR1 and AdipoR2 are abundantly expressed in
the brain, including the hypothalamus (Kaminska
et al., 2020), striatum (Song et al., 2015), pallium
(Rastegar et al., 2019), thalamus (Rastegar et al.,
2019), brain stem (telencephalon, diencephalon,
cerebellum) (Thundyil et al., 2012; Rastegar et

al., 2019), hippocampus, and cortex (Thundyil et
al., 2012; Song et al., 2015; Bloemer et al., 2018;
Rastegar et al., 2019). Evidence has suggested
that AdipoR1, not AdipoR2, promotes adult
hippocampal neurogenesis (Yau et al., 2014).
Moreover, AdipoR1 is involved in the anti-
depressant action of ADPN by reducing 5-hydroxy
tryptamine transmission in the dorsal raphe
nucleus (Li et al., 2021) and the effect of ADPN
on dopaminergic neuron activity in the ventral
tegmental area (Sun et al., 2019).

Adiponectin receptor 2

The effects of AdipoR2 in the brain are still
largely unknown. AdipoR2 is involved mostly
in peroxisome proliferator-activated receptor
(PPAR)a activation and has high expression levels
in the liver (Yamauchi et al., 2007). AdipoR2 is
more highly expressed in obese children with
nonalcoholic fatty liver disease (Goyal et al., 2023).
In a rodent model of posttraumatic stress disorder,
AdipoR2 knockout mice presented increased
retrieval/expression of contextual fear memories
and a lower fear extinction rate (Zhang et al.,
2017), suggesting that AdipoR2 could be linked to
fear memory.

T-cadherin

Unlike AdipoRs, T-cadherin does not contain an
intracellular domain. ADPN binds to T-cadherin to
protect the cardiovascular system and promote
muscle regeneration by increasing exosome
secretion and decreasing cellular ceramides levels
(Fukuda et al., 2017; Obata et al., 2018; Tanaka
et al.,, 2019; Nakamura et al., 2020). Whether it
works in the brain remains largely unclear and
warrants future investigation.

Effects of Adiponectin on
Metabolism, Insulin Resistance,
Inflammatory Responses,

and Neuroprotection Against
Alzheimer’s Disease

The imbalance of energy metabolism and insulin
resistance are the two main causes of the
progression of AD pathologies (Steen et al., 2005;
Ng et al., 2021). Meanwhile, neuroinflammation
is another worthy considerable form of AD (Figure
2). They have overlapping pathologies, including
deficits in glucose availability, mitochondrial
dysfunction, oxidative stress, and low-levels of
chronic inflammation. All three pathological
changes are contributors to the B-amyloid and Tau
hyperphosphorylation in AD as described in Figure 2.

Intriguingly, ADPN is known for its role in the
regulation of energy metabolism and fatty acid
homeostasis, the development of diabetes/
obesity, and the modulation of insulin balance and
AB and Tau pathology in AD (Song and Lee, 2013;
Song et al., 2015; Horgusluoglu et al., 2022).

Energy metabolism

Early studies have shown that the peripheral
metabolic actions of ADPN rely on the AMPK and
PPAR-a pathways via the activation of AdipR1 and
AdipoR2, respectively (Yamauchi et al., 2007).
Further investigations have shown that ADPN
activates the APPL1-live kinase B1-AMPK and

CAMKK2-AMPK cascades to increase mitochondrial
function and lipid translocation in muscle cells,
respectively (Zhou et al., 2009). Adiponectin binds
to AdipoR1 mediating mitochondrial function,
insulin resistance and exercise endurance, which
is dependent on the activation of peroxisome
proliferator-activated receptor c coactivator-1a
(PGC-1a) and AMPK/ Sirtuin 1 (SIRT1) signaling
pathway. PGC-1a is a crucial mitochondrial
regulator because it interacts with different
transcription factors in different tissues (Rui,
2014; Miller et al., 2019; Rius-Pérez et al., 2020;
Suntar et al., 2020; Koh and Kim, 2021). SIRT1 is
one of the most studied sirtuins and is an NAD"-
dependent deacetylase and energy status sensor
(Chang and Guarente, 2014). In neurons, PGC-
la binds with PPARy via SIRT1 deacetylation to
reduce the expression of B-secretase (BACE1)
(Wang et al., 2013). Therefore, ADPN activates
AMPK and SIRT1 by increasing PGC-1a activity
to elicit its effects on energy metabolism and to
decrease toxic AB production via the ADPN/AMPK/
SIRT1/sterol regulatory element-binding protein 2
(SREBP2) pathway (Shah et al., 2017).

AdipoR levels are significantly decreased in the
cortex, hippocampus, and hypothalamus of
aged 5xFAD model mice with AD (Pratap and
Holsinger, 2020). Consistently, in obese and
diabetic human and animal models, the reduced
expression of AdipoRs has been verified to lead
to metabolic dysfunctions, glucose intolerance,
insulin resistance, and spatial learning and
memory impairment (Yamauchi et al., 2007;
Kim et al., 2017). A recent study revealed that
an ADPN receptor agonist has neuroprotective
effects on traumatic brain injury and promotes
sirtuin 3 transcription by activating the AMPK-
PGC-1a pathway (Zhang et al., 2022). The
benefits of ADPN in lipid metabolism involve two
pathways: (1) ADPN directly regulates acetyl-CoA
carboxylase to reduce fatty acid synthesis, and (2)
ADPN activates PPARa through AMPK signaling
(Schindler et al., 2017). PPARy is the primary
regulator of adipogenesis and controls adipokine
gene expression. In adipose tissue, adiponectin
mediates the metabolic effects of rosiglitazone in a
dependent PPARy manner (Guo et al., 2017).

Insulin resistance

ADPN regulates insulin resistance and metabolism
through various pathways (Figure 1). ADPN
activates PPARy effects by activating the AMPK/
endothelial nitric oxide synthase (eNOS) and
cyclic adenosine monophosphate/protein
kinase A signaling pathways to improve insulin
sensitivity in diabetic mice (Wong et al., 2011).
In skeletal muscle, ADPN depends on APPL1, a
central pleckstrin homology (PH) domain, and a
COOH-terminal phosphotyrosine-binding domain
1, which interacts with the insulin receptor
substrates IRS-1 and IRS-2 to decrease insulin
resistance via the phosphatidylinositol-3-kinase
(PI3K)/protein kinase B (AKT) pathway (Buechler
et al., 2010; Liu and Sweeney, 2014). One study
showed that ADPN modulates IRS-2 expression
and suppresses gluconeogenesis (Awazawa et al.,
2011). In brief, ADPN increases glucose uptake
and reduces insulin resistance indirectly through
the ADPN/APPL1/PI3K/AKT pathway or the ADPN/
AMPK/PPARa pathway (Fang and Judd, 2018).
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Figure 1 | The effects of ADPN on metabolism in peripheral organs and related signaling pathways.

ADPN has regulatory effects on glucolipid metabolism, insulin resistance, and anti-inflammatory effects. It is secreted
from adipocytes to blood vessels and then circulated to the brain, liver, kidney, heart, and skeletal muscle. ADPN exerts
vascular protective effects via stimulation of the PPARy pathway, eNOS activation, and AMPK pathways and inhibits
inflammatory responses by activating the NF-kB pathway, the IL-6-STAT3 signaling pathway, and some inflammatory
factors, such as TNF-a and IL-10. In addition, ADPN targets regulate brain energy metabolism as well as glucose and
lipid metabolism through the AMPK pathway, PPARa pathway, P38 MAPK pathway, ceramide pathway, IRS pathway,
and insulin/IGF1-PI3K pathway. They also affect skeletal muscle functions through the AdipoR-APPL1, Ca’-CAMKK2,
SIRT1-PGC-1a, and APPL1-PKCZ-PP2A pathways. Created with BioRender.com. ACC: Acetyl-CoA carboxylase; AdipoR1/2:
adiponectin receptor 1 and adiponectin receptor 2; AdipoRs: AdipoR1 and AdipoR2; ADPN: adiponectin; AKT: serine/
threonine kinase (also called protein kinase B); AMPK: Adenosine monophosphate (AMP)-activated protein kinase;
APPL1: adaptor protein containing pleckstrin homology domain, phosphotyrosine binding domain and leucine zipper
motif; cAMP: cyclic adenosine monophosphate; eNOS: endothelial nitric oxide synthase; FoxO1: forkhead box O1; IGF-
1: Insulin-like growth factor 1; IL-8/IL-10: interleukin-8/10; iNOS: inducible nitric oxide synthase; IRS-1/IRS-2: insulin
receptor substrate-1/2; LKB1: live kinase B1; NF-kB: nuclear factor kappa-B; p38MAPK: p38 mitogen-activated protein
kinase; PGC-1a: peroxisome proliferator-activated receptor-gamma coactivator-lalpha; PI3K: phosphatidylinositol-3-
kinase; PKA: protein kinase A; PKCZ: protein kinase C ; PPARa: peroxisome proliferator-activated receptor a; PPARy:
peroxisome proliferator-activated receptor-y; S1P: sphingosine 1-phosphate; SREBP/SREBP-c1: sterol regulatory
element-binding protein/-c1; SREBP2: sterol regulatory element-binding protein 2; STAT3: signal transducer and
activator of transcription 3; TLR4: Toll-like receptor 4; TNFa: tumor necrosis factor a.
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Figure 2 | The risk factors and mechanisms that could contribute to neuropathology and cognitive impairment in
AD.

Risk factors for developing AD include age, sex, family history, sedentary lifestyle, obesity, smoking, and diet. All these
potential risk factors could lead to metabolic disorders, insulin resistance, and inflammatory reactions. Eventually, they
promote amyloid-B accumulation, tau pathology (Tau protein is modified with phosphorylation and acetylation by
modifying enzymes, such as CDK5, GSK3B, PP2A, and Sirt1/3), and the release of excessive pro-inflammatory cytokines
(TNFa, IL-1B, and IL-6). As brain pathology continues to emerge, cognitive deficits consequently appear. Created
with BioRender.com. AD: Alzheimer’s disease; ADPN: adiponectin; APOE: apolipoprotein E; APP: amyloid precursor
protein; BDNF: brain-derived neurotrophic factor; CDK5: cyclin-dependent kinase 5; COVID-19: coronavirus disease
2019; GSK3B: glycogen synthase kinase 3B; IL-1B: interleukin-1p; IL-6: interleukin-6; PPAR: peroxisome proliferator-
activated receptor; PP2A: protein phosphatase 2A; Sirt1/3: sirtuin 1/sirtuin 3; TBI: traumatic brain injury; TNFa: tumor
necrosis factor a; TREM2: triggering receptor expressed on myeloid cells 2.
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Anti-inflammatory effects

ADPN exhibits pro-inflammatory and anti-
inflammatory properties, depending on the
context of various cells, tissues, and diseases
(Choi et al., 2020). As a member of the C1g tumor
necrosis factor (TNF) superfamily, ADPN is pivotal
for regulating immune responses and directly
affects inflammatory cells, such as classically
activated macrophages (M1) and alternatively
activated macrophages (M2) (Luo and Liu, 2016).
These actions act mainly through Toll-like receptor
(TLR)-mediated signaling pathways, including the
nuclear factor kappa-B (NF-kB) signaling pathway,
the interleukin (IL)-4 pathway, and the activation
of the extracellular regulated protein kinase (Erk)
pathway, the Akt/PI3K pathway, and the AMPK
pathway (Luo and Liu, 2016). In innate immune
cells, it can negatively regulate Group 2 innate
lymphoid cells to elicit anti-thermogenic effects
via the AMPK-NF-kB-IL 13/5 pathway (Wang
et al.,, 2021). It can activate plasma B cells and
induce the secretion of B-cell-derived peptide
(PEPITEM) to inhibit memory T-cell migration
(Chimen et al., 2015). In neutrophils, it negatively
regulates their function through the AMPK and
PI3K/protein kinase B pathways (Luo and Liu,
2016). ADPN can activate dendritic cells via the
phospholipase Cy/c-Jun N-terminal kinase/NF-kB
pathways (Luo and Liu, 2016). In adipose tissue,
ADPN shows an inverse relationship with TNF-a,
IL-6, and C-reactive protein (Devaraj et al., 2008;
Feijéo-Bandin et al., 2020; Zaidi et al., 2022). In
the cardiovascular system, ADPN suppresses the
expression of the inflammatory cytokine TNF-a
and induces the anti-inflammatory cytokine IL-10
to modulate inflammation in endothelial cells and
macrophages (Fantuzzi, 2008; Li and Wu, 2012;
Feijoo-Bandin et al., 2020).

In AD pathology, AR aggregation can trigger glial
activation, which in turn induces the release of
pro-inflammatory cytokines, e.g., IL-1B, IL-6, IL-
8, and TNF-a, leading to memory impairment
(Rosa et al., 2021; Sellami et al., 2021). ADPN
exerts its anti-inflammatory effects via direct and
indirect regulation of these inflammatory factors
associated with AD pathology. In addition, ADPN
can prevent cell death and inhibit the formation of
reactive oxygen species in brain endothelial cells
(Song et al., 2017). ADPN can also reduce soluble
AB oligomers and suppress the expression of TNF-a
and IL-1B in microglia by activating the AdipoR1/
NF-kB signaling pathway (Song et al., 2017; Jian
et al.,, 2019). A recent study revealed that ADPN
treatment increased IL-10 expression levels and
inhibited abnormal activation of microglia and
astroglia to improve memory deficits in 3xTg-AD
mice (Yan et al., 2022). The anti-inflammatory
effects of ADPN include the stimulation of NF-kB
signaling to decrease the expression of TNF-a (Zaidi
et al., 2022), pro-inflammatory IL-6 (Li and Wu,
2012), and C-reactive protein (Devaraj et al., 2008)
and the inhibition of Toll-like receptor-mediated
NF-kB activation (Devaraj et al., 2008; Li and Wu,
2012; Zaidi et al., 2022). ADPN also suppresses M1
macrophage activation, promotes M2 macrophage
proliferation (Luo and Liu, 2016), and induces the
production of the anti-inflammatory cytokine IL-10
(Luo and Liu, 2016; Fang and Judd, 2018).

Pro-inflammatory effects
Acting as a pro-inflammatory adipokine, ADPN
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can promote TNF-q, IL-6, and C-reactive protein
expression in asthma (Choi et al., 2020),
rheumatoid arthritis (Li and Wu, 2012; Choi et al.,
2020), and inflammatory bowel disease (Peng et
al., 2018). The relationships between ADPN, which
has pro-inflammatory effects, and AD pathology
have not been examined. In summary, ADPN exerts
diverse actions on target cells or tissues through
various signaling pathways (Figure 1). Additionally,
the adiponectin/adipoR axis can exert anti-
inflammatory properties contributing to neuronal
loss and inhibit microglia/macrophage activation
through PPARy (Miao et al., 2021).

Nutritional metabolism

The gut and the gut microbiome are key factors
in nutrient absorption and metabolism (Yassine
et al., 2023). Growing evidence has shown
that alterations in the composition of the gut
microbiota can lead to changes in brain function
and cognitive behavior (Liu et al., 2020). It is
now well established that the gut microbiota
regulates the profile of adipokines such as ADPN
(Polito et al., 2020). The microbiota—gut—brain
axis can influence the onset and progression of
AD and is involved in increasing the formation
of amyloids, stress granules, and trimethylamine
N-oxide and destroying the permeability of the
blood—brain barrier (Liu et al., 2020). For example,
lipopolysaccharide, a crucial immunoregulatory
component of the gut microbiota, significantly
induces emic inflammation and neuroinflammation
that contributes to the progression of AD
(Qian et al., 2021; Brown and Heneka, 2024).
Lipopolysaccharide triggers neuroinflammation
by activating inflammatory cytokines such as
NLRP3, IL-1B, and IL-6 from brain microglia, as
well as peripheral immune cells like monocytes,
neutrophils, and macrophages (Qian et al.,
2021). Consequently, elevated levels of LPS
promote the production of AB and accelerate tau
phosphorylation through these cytokines (Yin et
al., 2016). Thus, the microbiota—gut—brain axis
controls the degree of ADPN that results in AD via
metabolic and immune pathways (Figure 3).

Neuroprotection against Alzheimer’s disease

As described above, ADPN regulates metabolism,
improves insulin sensitivity, and modulates the
inflammatory response to reduce AD pathology.
ADPN may also prevent and delay the progression
of AD through its multiple downstream signaling
molecules (Figure 1). However, there are also
some facts that cannot be ignored. ADPN
accumulated in the heart, muscle, and vascular
endothelium due to binding to T-cadherin.
Therefore, ADPN/T-cadherin controls whole-body
glucose metabolism, metabolic inflammation, and
insulin sensitivity by exosome (Hug et al., 2004;
Kita et al., 2019). ADPN has also cardioprotective
functions depending on activating the T-cadherin
signaling cascade to regulate molecules in the
SMC phenotype and endothelial insulin resistance
(Philippova et al., 2012; Frismantiene et al., 2016).
ADPN/T-cadherin controls whole-body glucose
metabolism, metabolic inflammation, and insulin
sensitivity through stimulated exosome secretion
(Hug et al., 2004; Kita et al., 2019). Therefore,
ADPN has cardioprotective functions through
the activation of the T-cadherin signaling cascade
to regulate molecules associated with the SMC
phenotype and endothelial insulin resistance

(Philippova et al., 2012; Frismantiene et al., 2016).
T-cadherin alters SMC migration, proliferation,
and morphology in the phosphorylated state of
glycogen synthase kinase 3B (GSK3B) through
the kinase Akt (Frismantiene et al., 2016). It has
been suggested that T-cadherin modulates insulin
responsiveness and attenuates insulin-induced
eNOS activation and angiogenesis via PI3K/Akt/
mammalian target of rapamycin (mTOR) signaling
in endothelial cells (Philippova et al., 2012). In
brief, ADPN/T-cadherin is a noteworthy factor
influencing brain function and is worth exploring
as T-cadherin downstream signals.

To this end, a recent animal study demonstrated
that protein phosphatase 2A (PP2A) activation
through treadmill exercise improved cognitive
impairments in mice subjected to chronic restraint
stress (Zhang et al., 2021). As previously described,
physical exercise increases ADPN levels in the
hippocampus (Yau et al., 2014). ADPN inhibits the
effects of PP2A and subsequently inhibits eNOS
via pAMPK-induced forkhead box O1 activation
(Kim et al., 2022). In addition, it can also enhance
glucose uptake partly by modulating APPL1 and the
localization of protein kinase C T binding with PP2A
(Saito et al., 2016). PP2A plays a central role in tau
pathology in the brain (Taleski and Sontag, 2018).
Many studies have suggested that PP2A/GSK-3f or
PP2A/AKT could lead to tau dephosphorylation in
AD (Martin et al., 2013). When PP2A was silenced
in vivo, Tg2576 mice presented learning and
memory deficits, suggesting a critical role for PP2A
in AD (Liu et al., 2013). Moreover, PP2A may act on
AB generation by phosphorylating APP (Liu et al.,
2013; Javadpour et al., 2019). For these reasons,
interventions for ADPN levels affect brain function
and benefit AD patients.

Exercise
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Exercise, Adiponectin, and

Alzheimer’s Disease in Clinical
Studies

Many studies have shown that physical activity
can protect against cognitive decline and
decrease the risk of developing dementia and AD
(Kadowaki and Yamauchi, 2005; Yamauchi et al.,
2014; Abou-Samra et al., 2020). For example, in
school children, exercise can markedly increase
the level of ADPN in association with academic
performance (Diaz-Castro et al., 2021). Moreover,
one clinical study revealed that menopausal
women who are at increased risk for dementia and
cognitive decline have decreased plasma ADPN
levels and elevated amyloid levels (Wennberg et
al., 2016; Baek et al., 2021). Long-term functional
fitness could decrease the risk of dementia with
depression (Baek et al., 2021). Physical exercise
increases serum ADPN levels in humans (Table 1;
De Franciscis et al., 2017; Cezaretto et al., 2018;
Fujita et al., 2018; Gilbert et al., 2018; Trombetta
et al.,, 2018; Beyer et al., 2019; Caunca et al., 2019;
Mohorko et al., 2019; Letra et al., 2019; Li et al.,
2019, 2022; Sanz et al., 2019; Schoén et al., 2019;
Xie et al., 2019; Benavente et al., 2020; Feinkohl
et al., 2020; Ganguli et al., 2020; Grazioli et al.,
2020; Lis et al., 2020; Wen and Tsai, 2020; Baek
et al., 2021; Chen et al., 2021; Diaz-Castro et al.,
2021; Lopez-Vilaret et al., 2021; van Andel et al.,
2021; Alghadir et al., 2022; Liu et al., 2022; Quan
et al., 2022; Wittekind et al., 2022), although few
studies have shown the negative effects of ADPN
on cognitive functions (Table 1). In this context,
most studies have suggested that increasing ADPN
levels through exercise could be an intervention
for AD-associated cognitive decline.
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Figure 3 | The molecular mechanisms of exercise-enhanced brain neuroplasticity by enhancing various peripheral

factors.

Physical exercise significantly increases ADPN levels and inhibits inflammatory factors in the blood to regulate glucolipid
metabolism and insulin sensitivity. Exercise enhances mitochondrial function and oxidative stress by activating the
ADPN-SIRT1-PGC-1a signaling pathway in skeletal muscles. In addition, exercise can enhance metabolism and insulin
resistance by inducing ADPN signaling in the serum and increasing FGF21 sensitivity in the liver. Physical exercise
enhances hippocampal adult neurogenesis and synaptic density and functions through the ADPN-AMPK signaling
pathway and ADPN-Notch signaling pathway activation. In the hypothalamus, exercise promotes caloric restriction by
increasing APPL1 protein levels and attenuating Drosophila TRB3 levels. Moreover, exercise affects the microbiota and
cognition, which links the stimulation of the immune system (NLRP3, IL-1B, and caspase-1) and endocrine signaling,
such as the hypothalamus—pituitary—adrenal axis, with the secretion levels of ADPN and the brain—gut—microbiota axis
(Liu et al., 2013; Polito et al., 2020). Multiple actions could contribute to the pro-cognitive effects of physical exercise.
Created with BioRender.com. CNS: Central nervous system; FFAs: free fatty acids; FGDR1: fibroblast growth factor
receptor-1; FGF21: fibroblast growth factor 21; KLB: B-klotho; NLRP3: nucleotide-binding oligomerization domain-like

receptor protein 3; TRB3: tribble protein 3.
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Table 1 | Effects of different cognitive deficits models on ADPN levels in clinical studies

ADPN expression level and main Detection
Subject Gender  Age (yr) role method Highlight (correlation with cognitive function) Reference
Cognitive aging Men 69.3 No difference in terms of the Blood Positive association between high-molecular- van Andel et al.,
relationship between ADPN and age; weight ADPN and age-related cognitive decline 2021
Women  70.3 decreased with age increasing in women but not men
Frailty Men >70 lower levels Blood Negative between serum ADPN and the Sanz et al., 2019.
percentage of lean mass in men,
Women Positive association between serum ADPN and
anxiety cognitive decline
Obesity Men 37+7 ADPN was increased after being Blood ADPN increased associated with weight loss and Mohorko et al.,
Women treated with the ketogenic diet cognitive function 2019
Children’s cognitive Male 3to8 Increased with age increasing Blood Positively associated with children’s IQ Lietal., 2018,
abilities Female 2019
Neuro-cognitive Men > 65 Lower levels Blood Positive association between ADPN and AD or Gilbert et al.,
disorders Women AD-related disorders 2018
Diabetes and obesity Men >65 Decreased with age increasing in Blood Positive association between ADPN and cognitive Ganguli et al.,
with cognitive decline Women younger than 87 years without central decline 2020
obesity
Cognitive impairment Men 265 Higher leptin/ADPN ratio but not Blood Total ADPN and high-molecular-weight ADPN Feinkohl et al.,
Women ADPN changed concentrations were each not associated with 2020
impairment
WMLs Men 53t0 85 Lower levels Blood Positive association between ADPN and WMLs ~ Quan et al., 2022
Women and cognitive function
Fatigue Men 50to 85 Lower levels Blood Positive association between ADPN and cognition Alghadir et al.,
Women 2022
Ischemic stroke Men 65.15+9.12 Lower levels Blood Positive association between ADPN and ischemic Liet al., 2022b
Women stroke
Thoracic surgery Men 65 to 81 Higher levels in thoracic paravertebral Blood Positive association between ADPN and cognition Xie et al., 2019
Women block combined with general with thoracic paravertebral block combined with
anesthesia general anesthesia
Prediabetes Men 35to 54 lower levels in participants with Blood Positive association between ADPN and Cezaretto et al.,
Women prediabetes cognitive impairment 2018.
Healthy young Men 24.6 £5.1 After acute exercise, ADPN decreased CSF and blood Positive association between serum ADPN and ~ Schoén et al.,
individuals with acute  Women in the cerebrospinal fluid and cognitive impairment 2019
exercise increased in serum.
Postmenopausal Women 50 to 66 lower levels Blood Positive association between serum ADPN and  De Franciscis
women cognitive function etal., 2017
Older people with MCI Men, 60 to 93 High ADPN levels in elderly people Blood Negative association between serum ADPN and  Fujita et al., 2018
or dementia Women with MCl or dementia. cerebral WMLs in the elderly with cognitive
impairment
Practicing exercise in ~ Male, 11.21+0.17 and Higher levels in the exercise group Blood Positive association between serum ADPN and  Diaz-Castro et al.,
schoolchildren Female 11.16+0.18 academic performance 2021
Bipolar disorder and ~ Men, 24.6+4.2 and No difference Blood No relationship between ADPN and cognitive Chenetal., 2021
major depressive Women  24.5%3.2 function within Bipolar
disorder
Dementia Men, 70.88+9.48 No details stated? Blood Positive association between serum ADPN and  Benavente et al.,
Women cognitive function 2020
Multiple sclerosis Women  39; 4142 and 4043 Aerobic and resistance training can Blood Negative association between serum ADPN and  Grazioli et al.,
decrease ADPN levels Multiple sclerosis with cognitive psychological
parameters
Alzheimer’s disease Men, 67.3348.30 and Higher serum ADPN levels in AD CSF and blood Positive correlation between CSF levels ADPN Letra et al., 2019
Women  68.53+9.08 compared to MCl; No changes in CSF and AB,,
Spinal cord injury Men, 57.1+6.3 and Lower levels Blood Positive association between serum ADPN and  Liu et al., 2022
Women  57.6%6.7 cognitive function after SCI
Cognitively normal Men, 67.4+5.9 Lower levels Blood Positive association between serum ADPN and  Lopez-Vilaret
older adults with Women cognitive function etal., 2021
insulin resistance
Obesity Women  34.0415.66 and Lower levels Blood Positive association between serum ADPN and ~ Wen and Tsai,
34.44+5.77 cognitive function 2020
First-episode Men 34.2+12.5,37.3+11.2, No difference Blood No relationship between ADPN and first-episode Lis et al., 2020
psychosis Women  32.318.4 psychosis with cognitive function
Alzheimer’s disease Men 63+8.0 No difference Blood No relationship between ADPN and AD Caunca et al.,
Women 2019
Obesity Men 68.4+4.8 Lower levels Blood Positive association between serum ADPN and  Beyer et al., 2019
Women cognitive function
Dementia in older Women  72.5545.45 and Higher levels Blood Positive association between serum ADPN and ~ Baek et al., 2021
women with 72.40£3.81 dementia with depression
depression
Alzheimer’s disease ~ Men 70.10+6.89 Lower levels Cerebrospinal Positive association between serum ADPN and ~ Trombetta et al.,
Women fluid AD’s cognitive function 2018
Depression Men 57.07£16.26 No difference Blood No relationship between ADPN and depression ~ Wittekind et al.,
Women 2022

AD: Alzheimer’s disease; ADPN: adiponectin; CSF: cerebrospinal fluid; MCI: mild cognitive impairment; WMLs: white matter lesions.
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Possible Mechanisms of the
Cognitive Effects of Exercise
on Alzheimer’s Disease
Neuropathology

Amyloid-B accumulation

AR accumulation and hyperphosphorylated forms
of tau are recognized as the two main causes of AD
pathobiology. The AR theory has been applied to
the development of novel treatment approaches
for AD (Jeremic et al., 2021). A cohort study
indicated that physical activity reduced the plasma
levels of AB,_,, (Pedrini et al., 2022). It has been
reported that exercise can delay or reduce AR
deposition in the brain (Brown et al., 2019). The
beneficial effects of physical exercise could include
inhibiting the AB generation process, enhancing
brain-derived neurotrophic factor (BDNF)
production (Brown et al., 2019), modulating
APP-cleaved proteases (beta-site APP-cleaving
enzyme 1, metalloprotease-10, and sirtuin-1) and
increasing the levels of AB-degrading enzymes,
such as NEP and insulin-degrading enzymes
(Brown et al., 2019; Liang et al., 2022). Moreover,
physical exercise elicits neuroprotective effects
by increasing synaptic transmission, increasing
synaptic plasticity, and increasing synaptic growth
(Lu et al., 2013). Exercise can also affect the
glymphatic system (He et al., 2017), AR transport
proteins across the blood—brain barrier (Tan et
al., 2021), and autophagy (Xu et al., 2022), which
eventually decreases AR accumulation to protect
against the onset of AD (Lu et al., 2013; He et al.,
2017; Brown et al., 2019; Liang et al., 2022; Xu et
al., 2022).

Tau hyperphosphorylation

Tau is @ member of the microtubule-associated
protein family, which stabilizes the assembly and
function of microtubules (Tapia-Rojas et al., 2019).
Tau hyperphosphorylation in the brain leads to
neurofibrillary tangles. GSK3 and cyclin-dependent
kinase 5 are considered the two main signaling
molecules that regulate the phosphorylation
of tau protein (Dolan and Johnson, 2010; Li
and Gotz, 2017). Aerobic exercise activates the
PI3K/AKT/mTOR signaling pathway to suppress
the hyperphosphorylation of tau proteins (Xu
et al., 2022). GSK3B can be phosphorylated
by AKT kinase (Kang and Cho, 2015). A recent
animal study indicated that voluntary running
wheels increase the total dendritic length by
reversing GSK-3B overexpression in newborn
hippocampal granule neurons (Llorens-Martin et
al., 2016). Conversely, PP2A, the major serine/
threonine protein phosphatase, contributes to
abnormal phosphorylation of tau protein by
dephosphorylating tau (Liu et al., 2005). Exercise
can reverse cancerous inhibitors of protein
phosphatase 2A (CIP2A), which can inhibit PP2A
activity to reduce tau phosphorylation and reverse
cognitive deficits (Shentu et al., 2018). PP2A
activity is markedly reduced in the cortex and
hippocampus in AD patients (Sontag et al., 2004).
It is possible that enhancing PP2A activity via
exercise could be a promising way to prevent AD-
related tau hyperphosphorylation.

Neuroinflammation
Neuroinflammation is a common trigger

of AD pathology (Lee et al., 2021). IL-6 is
the first myokine discovered to modulate
central inflammatory processes that result in
neurodegeneration and impaired cognitive
function (Marsland et al., 2015). A recent study
revealed that regular exercise can reduce IL-6
in the plasma and cortex to improve cognitive
function (Belaya et al., 2021). Consistently,
resistance exercise decreases the number of AB
plaques by restoring the levels of IL-1a, IL-4, and
IL-6 in APP/PS1 mice (Hashiguchi et al., 2020). IL-
6, TNF-a, and IL-1B are other pro-inflammatory
factors that can induce neurotoxicity (Marsland et
al., 2015; Lee et al., 2021). Exercise can decrease
the levels of IL-1B and TNF-a to increase AB
clearance and increase anti-inflammatory IL-10 to
alter AD (Naghibi et al., 2021). Pro-inflammatory
NLRP3 is induced by AB in microglia both in vitro
and in vivo (Wang et al., 2019; Rosa et al., 2021).
Researchers have reported that exercise reduces
NLRP3 levels, thereby reducing or delaying the
progression of AD (Chimen et al., 2015; Hashiguchi
et al., 2020). In addition, physical exercise can also
increase anti-inflammatory factor clustering in the
brain to improve learning and memory in mice (De
Miguel et al., 2021).

Overall, ample evidence shows the pro-cognitive
effects of physical exercise. As shown in Figure
4, the main mechanisms include maintaining
cognitive functions by increasing adult
neurogenesis (Yau et al., 2014), restoring synaptic
plasticity (Choi et al., 2018a), reducing amyloid and
tau pathology, and decreasing neuroinflammation
(Valenzuela et al., 2020; Huuha et al., 2022).

Exercise Enhances Adiponectin
Signaling

Impaired brain energy metabolism potentially
contributes to AD (Cunnane et al., 2020). Exercise
and calorie restriction are known to regulate
energy metabolism (Cunnane et al., 2020). Exercise
regulates glucolipid metabolism and increases
angiogenesis and cerebral blood flow (Schon et al.,
2019; Cunnane et al., 2020). All of these factors
could be helpful in pro-cognitive action.

The hippocampus is the most important
anatomical structure for regulating learning,
spatial information, and memory processing
(Cholvin et al., 2021; Cossart and Khazipov, 2022).
ADPN enhances glucose uptake and the glycolytic
rate in hippocampal neurons by activating AMPK
(Cisternas et al., 2019). Notably, physical exercise
directly promotes adult hippocampal neurogenesis
through ADPN/AdipoR1/AMPK signaling (Yau et al.,
2014) and enhances synaptic function through the
ADPN-Notch pathway (You et al., 2021).

ADPN is a critical messenger for peripheral organ
cross-talk (Raichle and Mintun, 2006; Abou-Samra
et al., 2020). In muscle-specific AdipoR1-knockout
mice, ADPN rescues mitochondrial dysfunction
and enhances insulin sensitivity by activating
AMPK/SIRT1/PGC-1a signaling (Ilwabu et al.,
2016). Suppression of AdipoR1 decreases exercise
endurance (lwabu et al., 2016). It has also been
demonstrated that physical exercise improves
insulin resistance through the action of ADPN
on the APPL1-SIRT1-PGC-1a pathway, thereby
increasing the secretion of the mitochondrial open

reading frame of the 12S rRNA (Guo et al., 2020).
In addition, acute aerobic exercise increases ADPN
levels in serum and muscles and mediates the
muscle fatty acid—glucose shift by regulating AMPK
phosphorylation (Diniz et al., 2019). Geng et al.
(2019) reported that cross-talk among adipose
tissues, the liver, and skeletal muscle plays a role in
the improvement of metabolic dysfunction caused
by exercise.

In high-fat diet-fed mice, voluntary running
attenuates NLRP3 inflammasome signaling in
the aorta partly through the ADPN/AdipoR1
pathway (Lee et al., 2020). Physical exercise may
also restore vascular function by activating ADPN
signaling to reduce the level of the inflammatory
factor NLRP3 (Lee et al., 2020). Indeed, Rita Polito
et al. specifically reported the interplay between
exercise and nutrients, the gut microbiota, and
ADPN (Peng et al., 2018), suggesting that ADPN
could be a mediator of neuroprotection (Figure 3).

Effects of Adiponectin and
Its Receptor Agonists on
Alzheimer’s Disease

The process of adult-born neurons (adult
neurogenesis) in the hippocampal dentate
gyrus plays a crucial role in the cognitive
impairment associated with mood disorders and
neurodegenerative diseases (Yau et al., 2014).
Emerging data suggest that low-molecular-
weight ADPN can regulate neural progenitor cell
proliferation and differentiation (Yau et al., 2014),
dendritic and spine remodeling, and synaptic
plasticity (Yau et al., 2014; Ng et al., 2016; Wang
et al., 2020b). Targeting ADPN signaling could be a
way to improve neurodegeneration in AD.

In recent years, several ADPN agonists have been
examined, including ADP355 (Otvos et al., 2011;
Pepping et al., 2014), ADP399 (Otvos et al., 2014),
Pep 70 (Ma et al., 2017), PEGylated BHD1028
(Lee et al., 2021a), GTDF (Singh et al., 2014),
nonapeptide (Os-pep) (Ali et al., 2021), AdipoRon
(Choi et al., 2018b; Kim et al., 2018; Lee et al.,
2021c; KNg et al., 2021; handelwal et al., 2022),
osmotin (Narasimhan et al., 2005; Rawat et al.,
2009; Ali et al., 2015; Badshah et al., 2016), and
JTO03 (Narasimhan et al., 2005; Rawat et al., 2009;
Otvos et al., 2011; Otvos et al., 2014; Pepping et
al., 2014; Singh et al., 2014; Ma et al., 2017; Lee et
al., 2021a) as summarized in Table 2. All of these
compounds have antidiabetes (Choi et al., 2018b;
Kim et al., 2018; Ali et al., 2021), antifibrotic (Ma
et al., 2017; Kim et al., 2018), anti-inflammatory
(Badshah et al., 2016), and antiatherosclerotic
(Narasimhan et al., 2005) functions, as does ADPN.
ADP355, ADP399, Pep 70, and PEGylated BHD1028
are peptides that are potential treatments for
cancer, brain injury, liver fibrosis, and metabolic
disorders, such as type 2 diabetes, obesity, and
NAFLD (Otvos et al., 2011, 2014; Ma et al., 2017;
Lee et al., 2021a). GTDF and osmotin are plant
proteins (Narasimhan et al., 2005; Rawat et al.,
2009). GTDF is a natural analog of the flavonoid
quercetin, which was originally found in Ulmus
wallichiana, whereas osmotin is made from
tobacco (Ma et al., 2017). JTOO3 is the latest
peptide for treating nonalcoholic steatohepatitis
(Xu et al., 2020). Recent studies have shown that
ADPN receptor agonists, including AdipoRon,
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Figure 4 | Possible mechanisms by which physical exercise halts the progression of AD.

Exercise can delay the progression of AD and reverse the cognitive impairment associated with AD. Physical exercise
decreases amyloid plaque, inhibits tau hyperphosphorylation, and reduces neuroinflammation, thereby delaying the
progression of AD. AD: Alzheimer’s disease; CDK5: cyclin-dependent kinase 5; GSK3p: glycogen synthase kinase 38; IL:
interleukin; NLRP3: nucleotide-binding oligomerization domain-like receptor protein 3; PP2A: protein phosphatase 2A;

TNFa: tumor necrosis factor a.

Table 2 | ADPN and its receptor agonists

Compounds  Natures Target moleculars Tested subjects References
ADP355/399  Short peptides AdipoR1 Breast cancer cell lines; glioblastoma Otvos et al., 2011, 2014
cells; chronic myeloid leukemia cells;
Skh1 hairless mice
Pep 70 Short peptides AdipoR1 HSC-T6 cells; NIH-3T3 cells Ma et al., 2017
PEGylated Peptides AdipoR1 C2C12 myotubes Lee etal., 2021
BHD1028
JT003 Peptides AdipoR1 and NAFLD model; hepatoma carcinoma cell  Xu et al., 2020
AdipoR2 line
nonapeptide  Peptides AdipoR1 AB,_,-induced HT22 cells; Adipo™ mice; Alietal., 2021
(Os-pep) AD mice
GTDF Protein AdipoR1 HEK-293, CHO, C2C12, 3T3L-1 cell-lines; Singh et al. 2014
db/db or BKS-db/db mice
Osmotin Protein AdipoR1 and Adipo’/’ mice; AD mice Narasimhan et al., 2005;
AdipoR2? Shah et al., 2017;
Yoon et al., 2018
AdipoRon Small AdipoR1 and db/db mice; Adiporl™ and Adipor2”" Okada-lwabu et al., 2013
synthetic AdipoR2 double-knockout mice Abou-Samra et al., 2020
molecule

AD: Alzheimer’s disease; ADPN: adiponectin; CSF: cerebrospinal fluid; MCl: mild cognitive impairment; WMLs: white
matter lesions; GTDF: 6-C-B-d-glucopyranosyl-(2S,3S)-(+)-3',4',5,7-tetrahydroxyflavonol.

Osmotin, and Os-pep, have beneficial effects on
neurodegenerative diseases (Choi et al., 2016,
2018b; Amin et al., 2017; Shah et al., 2017; Yoon
et al., 2018; Schon et al., 2019; Lee et al.,, 2021c;
Ng et al., 2021).

AdipoRon

AdipoRon is an orally active synthetic small-
molecule AdipoR agonist that has significant
antidiabetic effects by activating the ADPN/
AdipoR pathway (Okada-lwabu et al., 2013; Kim
et al., 2018). Emerging data have suggested
that AdipoRon could be used as a potential
pharmacological inhibitor that reduces
neuroinflammation, enhances hippocampal adult
neurogenesis, enhances dendritic complexity, and
improves learning and memory function (Choi
et al, 2018b; Schon et al., 2019; Lee et al., 2021;
Chen et al., 2023). ADPN-KO mice exhibit learning
and memory deficits as well as increased anxiety-
like behaviors and neuroinflammation. AdipoRon
counteracts depression behaviors in ADPN-KO mice

and attenuates neuroinflammation by interacting
with BDNF/TrkB signaling and NF-kB signaling
(Li et al., 2022a; Wu et al., 2021). Moreover,
AdipoRon can ameliorate AB pathologies and
neuroinflammation in 5xFAD mice and APP/PS1
mice through the AMPK pathway, which can
activate the autophagic/lysosomal system (Ng et
al., 2021; Khandelwal et al., 2022). Convergent
evidence has suggested that AdipoRon can mimic
ADPN’s ability to rescue cognitive impairments and
elicit neuroprotective effects in AD.

Osmotin

Osmotin is an ADPN homolog from plants. Animal
studies have shown its preventive effects on
AD, such as ADPN (Shah et al., 2017; Ali et al.,
2021). Osmotin attenuates memory impairment,
synaptic deficits, tau hyperphosphorylation, and
hippocampal neuronal degeneration in AR, _,,-
induced and lipopolysaccharide-induced mouse
models (Ali et al., 2015; Badshah et al., 2016).
The possible neuroprotective mechanisms of
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osmotin could involve suppressing AB production
in an AMPK/SIRT1/SREBP2-dependent manner
(Shah et al., 2017), reducing neuroinflammation
stemming from the TLR4/NFkB signaling pathway
(Badshah et al., 2016) and enhancing neurite
outgrowth and synaptic complexity through
AdipoR1/NgR1 signaling (Shah et al., 2017; Yoon et
al., 2018). To date, few studies have indicated the
potential value of osmotin therapy in reducing the
pathophysiology of neurodegenerative diseases.

ADP355

ADP355, an ADPN-based short peptide, was
initially designed as a potential treatment for
cancer (Otvos et al., 2011). It is produced on the
basis of the beneficial effects of ADPN to prevent
obesity-related malignancies (Otvos et al., 2011).
ADP335 binds to AdipoRs to mimic the effects of
ADPN in the treatment of liver fibrosis, keloids,
and skin fibrosis by inhibiting the transforming
growth factor-/Smad and mitogen-activated
protein kinase (MAPK)/ERK signaling pathways and
activating the functions of macrophages through
signal transducer and activator of transcription 3
(STAT3) signaling (Pepping et al., 2014). It is also
effective in treating heart failure by preventing
cardiomyocyte apoptosis and oxidation and
slowing tumor growth by maintaining energy
balance and increasing AMPK and STAT3
phosphorylation (Pepping et al., 2014). In addition,
it can prevent human immunodeficiency virus
protease inhibitor-induced memory impairment in
C57BL/6 mice (Pepping et al., 2014). In summary,
the peptide ADP355 has antifibrotic, anti-
inflammatory, antioxidant, and antiatherosclerotic
effects, but there is no direct evidence of its effects
on AD. Its relevant biological activity in regulating
metabolic changes, lipid metabolism, and
neurodegeneration warrants future investigation.

Os-pep

Os-pep is a novel osmotin-derived novel
nanopeptide. As mentioned above, osmotin is a
plant protein with a homolog of ADPN. However,
in its full form, it cannot cross the blood—brain
barrier to the brain. Treatment with Os-pep can
rescue neuronal insulin resistance and restore
synaptic function by activating AdipoR1/AMPK
signaling (Ali et al., 2021). These findings suggest
that Os-pep is a potential drug for enhancing
synaptic impairment in the brain.

Limitations

In this review, there are some limitations that
need to be noted. Most of the evidence for
these molecular mechanisms is derived from
animal models, and sufficient clinical research is
lacking. Additionally, the studies and articles we
referenced, which were published primarily in
English over the past 5-10 years, may introduce
publication bias.

Conclusions

Physical exercise is recognized as one of the
most feasible and promising nonpharmaceutical
interventions to improve neuroplasticity and
could be linked to psychological and behavioral
changes in AD patients (Yanai and Yoshida,
2019). Although how physical exercise improves
the cognitive impairments associated with AD
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is still largely unknown, abundant evidence
has confirmed that an increase in ADPN levels
induced by physical exercise could play a role in
preventing AD pathologies. ADPN acts on various
peripheral organs and the brain to control the
insulin response, glucose and lipid metabolism,
and inflammatory reactions. Physical exercise
shows promise for decreasing AB production, Tau
hyperphosphorylation, and the anti-inflammatory
response. Because ADPN is the most abundant
plasma protein in the human body, the use of
recombinant ADPN as a treatment is not feasible
in clinical applications. Alternatively, exercise
mimetic drugs, such as ADPN-like peptides, may
have great potential to reduce tau pathology and
AB and promote the anti-inflammatory response
in the AD brain. However, more studies are
needed to demonstrate the promising effects of
the abovementioned ADPN mimetics on AD.
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