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Abstract

The glymphatic system is a brain-wide waste clearance network responsible for eliminating
metabolic byproducts, including amyloid-beta (AB) and tau, two major pathological
hallmarks of Alzheimer's disease (AD). This review synthesizes current evidence indicating
that glymphatic dysfunction, driven by structural and molecular impairments in meningeal
lymphatic vessels, perivascular spaces, and aquaporin-4 (AQP4) channels, plays a critical
role in the pathogenesis and progression of AD. Multiple contributing factors, including
aging, sleep disturbances, and genetic susceptibility such as apolipoprotein E4 (APOE4),
further aggravate glymphatic impairment, thereby promoting AP accumulation,
neuroinflammation, and cognitive decline. Emerging therapeutic strategies aimed at
restoring glymphatic function include pharmacological interventions, such as melatonin,
cilostazol, and vascular endothelial growth factor C (VEGF-C), as well as traditional
Chinese medicine approaches, including Borneol and VYuanzhi Powder, and
neuromodulation-based therapies such as focused ultrasound and electroacupuncture. In
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addition, lifestyle interventions, particularly physical exercise and sleep optimization, may enhance cerebrospinal
fluid (CSF) dynamics and preserve AQP4 polarization, thereby facilitating metabolic clearance. Preclinical studies
have demonstrated that these interventions can reduce AP and tau deposition, suppress neuroinflammation, and
improve cognition. However, substantial clinical validation remains necessary before these findings can be translated
into effective therapeutic applications. Collectively, this review highlights the glymphatic system as a promising
therapeutic target for AD and provides an integrated perspective linking mechanistic insights with emerging
therapeutic strategies.

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the accumulation of
amyloid-beta (AB) plaques and tau neurofibrillary tangles, ultimately leading to cognitive impairment and
demential). The discovery of the glymphatic system in 2012 identified a brain-wide waste clearance pathway
that facilitates the removal of neurotoxic metabolites through perivascular channels, cerebrospinal fluid
(CSF) circulation, and astrocytic aquaporin-4 (AQP4) water channels'™”. Increasing evidence indicates that
glymphatic dysfunction, driven by structural and molecular impairments in meningeal lymphatic vessels
(mLVs), perivascular spaces, and AQP4 mislocalization, contributes to the accumulation of Ap and tau,
exacerbates neuroinflammation and synaptic injury, and thereby accelerates AD progression'*..

Recent studies further suggest that restoration or enhancement of glymphatic function may represent a
promising therapeutic strategy for AD. Preclinical evidence demonstrates that pharmacological agents,
traditional Chinese medicine (TCM) formulations, neuromodulation approaches, and lifestyle interventions
can improve glymphatic transport, reduce pathological protein aggregation, and mitigate cognitive
deficits"" "l This review summarizes current advances in understanding glymphatic dysfunction as a central
contributor to AD pathogenesis and critically evaluates emerging therapeutic strategies targeting this
glymphatic system, highlighting opportunities and challenges for clinical translation.

METHODOLOGY

A systematic literature search was conducted in Medline, the Cochrane Library, Web of Science, SCOPUS,
and PsycINFO from database inception through March 2026. Search terms related to AD (“Alzheimer’s
disease” OR “Alzheimer disease”) were combined with terms associated with brain lymphatic clearance
pathways (“glymphatic system” OR “meningeal lymphatic” OR “lymphatic drainage”) using Boolean
operators and database-specific search syntax.

Two reviewers independently screened titles, abstracts, and full-text articles for eligibility. Studies were
included if they: (1) were original preclinical or clinical investigations examining glymphatic or meningeal
lymphatic function in AD; (2) evaluated interventions targeting these systems; and (3) were published as
peer-reviewed articles in English. Editorials, conference abstracts, case reports, non-English publications, and
studies lacking direct relevance to glymphatic or meningeal lymphatic mechanisms in AD were excluded.
Data extraction was independently performed by two reviewers using a standardized form, which included
study design, experimental model, intervention strategy, principal findings, and outcome measures. Any
discrepancies between reviewers were resolved through consensus discussion or, when necessary,
consultation with a fourth reviewer. Therapeutic strategies were subsequently classified according to their
underlying mechanisms of action and potential clinical applicability. To ensure the inclusion of the most up-
to-date evidence, the literature search was updated in March 2026.
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Figure 1. A timeline outlines key milestones in the research of the GS in AD. The discovery of the brain waste clearance system
represented a major breakthrough in understanding the pathophysiology of AD. Since its identification, accumulating evidence has
increasingly implicated glymphatic dysfunction as a critical contributor to AD development and progression. The timeline presented in
Figure Tillustrates key advances in this field and highlights the emerging importance of the glymphatic system in both the pathogenesis
and theraputic targeting of AD. This figure was designed by the authors using BioRender. https://BioRender.com/ex09cg6. AD:
Alzheimer's Disease; GS: glymphatic system; MRI: magnetic resonance imaging; AP: amyloid-beta; AQP4: aquaporin-4; rTMS: repetitive
transcranial magnetic stimulation.

THE GLYMPHATIC AND MENINGEAL LYMPHATIC SYSTEMS

The central nervous system (CNS) was historically considered devoid of a conventional lymphatic drainage
system until the discovery of the glymphatic system in 2012 identified a specialized pathway responsible for
cerebral solute clearance®. Subsequent studies further demonstrated the presence of mLVs, establishing that
these structures function in concert with the glymphatic system to constitute an integrated brain lymphatic
drainage network". Major milestones in glymphatic system research relevant to AD are illustrated in Figure
1.

The glymphatic system consists of perivascular spaces, astrocyte endfeet enriched with AQP4 water channels,
CSF, and interstitial fluid (ISF)""?. CSF enters the periarterial spaces primarily through arterial pulsation, a
process facilitated by AQP4-mediated water transport, and subsequently circulates through the brain
parenchyma under the influence of vascular and respiratory dynamics, thereby promoting the clearance of
metabolic wastes products, including Ap and tau proteins>'?. Waste-laden fluid is then drained through the
perivenous spaces into the mLVs and ultimately transported to the deep cervical lymph nodes. Additional
clearance pathways have also been identified along the cranial, olfactory, and spinal nerves [Figure 2]

Glymphatic activity is dynamically regulated by a wide range of physiological, behavioral, and pathological
factors. Lifestyle-related variables, including physical exercise, sleep posture, dietary habits, and alcohol
consumption, have all been shown to influence glymphatic transport efficiency">'**’!. Sleep markedly
enhances glymphatic clearance, increasing solute removal by approximately two to threefold through
expansion of the interstitial spaces, whereas aging impairs glymphatic function as a consequence of brain
atrophy, reduced vascular compliance, and arterial stiffening"*. In addition, cardiovascular status and
lifestyle behaviors, particularly exercise, dietary patterns, and alcohol intake, further modulate glymphatic
dynamics!"*'*). Current evidence suggests that the glymphatic system operates through four highly
coordinated mechanisms. (1) arterial pulsation-driven CSF flow along periarterial spaces, maintained by
parenchymal border macrophages that maintain extracellular matrix homeostasis through degradative
remodeling; (2) sleep-associated neuronal activity generates rhythmic oscillations that facilitate ISF-CSF
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Figure 2. Glymphatic and meningeal lymphatic pathways. (A) CSF influx via periarterial spaces; (B) Metabolic waste drainage into the
meningeal lymphatic vessels; (C) Outflow toward the deep cervical lymph nodes. This figure was designed by the authors using BioRender.
https://BioRender.com/8449jme. CSF: Cerebrospinal fluid; ISF: interstitial fluid; CAV: cerebral arteriovenous.

exchange; (3) neurovascular coupling regulates cerebral blood flow and thereby influences CSF movement
within the brain parenchyma; (4) mLVs collect metabolic waste products and mediate their drainage to the
deep cervical lymph nodes"!. Furthermore, lymphatic valve-mediated unidirectional transport and vascular
endothelial growth factor receptor 3 (VEGFR3) signaling are essential for maintaining glymphatic and
lymphatic homeostasis'*.

mLVs in the dura mater drain a substantial proportion of CSF and facilitate clearance of neurotoxic waste via
the deep cervical lymph nodes. Functionally, mLVs comprise specialized subtypes, including dorsal vessels
involved in immune modulation, basal vessels that serve as the primary CSF drainage route, and ethmoidal
mLVs. Critically, mLVs serve as key neuroimmune conduits by transporting CNS-derived antigens and
immune cells, thereby mediating bidirectional central-peripheral immune communication. Dysfunction of
the mLV system has been closely associated with aging and the pathogenesis of neurodegenerative
disorders™'.

THE GLYMPHATIC AND MENINGEAL LYMPHATIC DYSFUNCTION IN AD

Emerging research implicates glymphatic system dysfunction as a key contributor to AD pathogenesis. In
AD mice models, structural and functional impairments of mLV’s, such as reduced vessel density, luminal
narrowing, and diminished drainage capacity, compromise the clearance of neurotoxic proteins such as
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A", This impairment establishes a self-amplifying pathogenic loop, whereby reduced waste clearance
accelerates Ap aggregation, which in turn further exacerbates neurodegenerative processes. Notably, clinical
studies in humans support these findings. Magnetic resonance imaging (MRI)-based analyses in individuals
with mild cognitive impairment or AD have revealed abnormalities in perivascular spaces, indicative of
glymphatic dysfunction. These structural alterations are strongly associated with Ap deposition, neuronal
injury, and the severity of cognitive decline, underscoring the relevance of the glymphatic system in AD
progression!**?l. Collectively, by linking impaired brain waste clearance to Ap accumulation and
neurodegeneration, these insights position glymphatic dysfunction as both a potential biomarker and a

4,23]

therapeutic target in AD!

Physiological factors affecting glymphatic and meningeal lymphatic function in AD

Aging is a primary driver of glymphatic function and represents the strongest risk factor for AD, with the
prevalence of AD and other dementias approximately doubling every 5.5 years after the age of 60"*". During
aging, choroid plexus function declines, resulting in reduced CSF production, decreased arterial pulsatility,
and slower CSF circulation, collectively impairing the efficient clearance of metabolic waste™!. Consistently,
aged mice exhibit significantly reduced CSE-lymphatic outflow compared with young counterparts'®. In
parallel, aging is associated with increased brain tissue stiffness, disrupted ISF dynamics, and structural
alterations in mLVs, including reduced junctional integrity and impaired drainage capacity, all of which
compromise glymphatic clearance*.

Transcriptomic analyses further corroborate these findings, revealing age-dependent alterations in lymphatic
endothelial cell gene expression profiles in mLVs®. The function of astrocytic water channels, such as
AQP4, declines with age, further obstructing ISF flow. Additionally, chronic neuroinflammation
progressively intensifies during aging, and pro-inflammatory mediators further disrupt glymphatic system
integrity. Moreover, the age-related decline in microglial phagocytic capacity reduces the clearance of
metabolic waste, thereby further compromising glymphatic system®”.

Sleep is a critical physiological regulator of glymphatic function. During natural sleep, the brain’s interstitial
space expands, thereby facilitating CSF-ISF exchange and enhancing the clearance of AB. In sleep states, the
exchange between CSF and ISF is markedly increased compared with wakefulness"®. In mice, Ap clearance
approximately doubles during sleep compared with the awake state!'*). Conversely, sleep deprivation
significantly reduces the clearance of various CSF metabolites in mice!"****!. In humans, poor sleep quality is
a well-established risk factor for cognitive decline and dementia™. In older adults, sleep is characterized by
reduced duration and quality, increased fragmentation, impaired sleep maintenance, and alterations in rapid
eye movement sleep architecture”". Both clinical and experimental evidence suggests that sleep regulates the
extracellular clearance of AD-related proteins®. Preclinical studies demonstrate that interstitial Ap levels
decrease by approximately 25% during sleep, while tau clearance increases by up to 90%, underscoring the
regulatory role of sleep in AD-related protein homeostasis"*”.

Cardiac pulsation, respiration, and vascular pulsatility are key physiological drivers of glymphatic flow and
subsequent meningeal lymphatic drainage. Studies have demonstrated that CSF convection within the
glymphatic system is driven not only by cardiac pulsations but also by respiratory activity and very low-
frequency vascular oscillations. These physiological forces shape CSF flow through unique spatiotemporal
patterns and have enabled novel imaging approaches for the early detection and intervention of
neurodegenerative diseases””*. Clinical studies have shown that intrathecally administered MRI contrast
agents can distribute throughout the entire brain, confirming direct communication between subarachnoid
CSF and the perivascular spaces of brain tissue. These findings underscore the pivotal role of cardiac and
respiratory influences in regulating glymphatic flow in humans/.
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Enhancement of glymphatic function in AD improves the clearance of Ap and tau, attenuates
neuroinflammation and oxidative stress, and restores ISF homeostasis. These effects contribute to the
preservation of blood-brain barrier (BBB) integrity, maintenance of cerebrovascular function, and facilitation
of neuronal recovery, thereby ultimately delaying cognitive decline. Accordingly, strategies aimed at
optimizing glymphatic function, including sleep modulation, improvement of cardiovascular health, and
pharmacological interventions, represent promising approaches to slow AD progression and improve clinical
outcomes.

Immunological mechanisms underlying glymphatic and meningeal lymphatic dysfunction in AD

AD is characterized by profound immune dysfunction involving both central and peripheral immune
systems. This pathological process is closely associated with impaired clearance function of the glymphatic
system and mLVs. The primary manifestations include dysregulated activation of microglia and astrocytes",
which contribute to chronic neuroinflammation, impaired clearance of pathological proteins, and
subsequent neuronal injury®”. In tauopathy mouse models and AD brains, tau pathology correlates with
increased infiltration of cytotoxic T cells, which exacerbate neuroinflammation through the release of pro-
inflammatory cytokines, such as interleukin-1p (IL-1p), interleukin-6 (IL-6), and tumor necrosis factor-a
(TNF-a). These cytokines suppress anti-inflammatory mediators such as IL-10, thereby exacerbating
neuronal loss"”. Activated cluster of differentiation 8-positive (CD8") T cells further recruit interferon (IFN)-
responsive microglia via chemokine signaling, establishing a feedforward inflammatory loop”®. Infiltrating
CDs+ T cells secrete cytotoxic effector molecules, including perforin and granzymes, which further amplify
microglial activation and promote increased production of pro-inflammatory cytokines such as IFN-y, IL-18,
and TNF-q. Critically, this inflammatory milieu disrupts Ap clearance while promoting its aggregation,
thereby directly linking immune dysregulation to amyloid pathology™*". Additionally, pro-inflammatory
cytokines alter synaptic and neuronal gene expression in APP/PS1 transgenic mice, thereby accelerating
cognitive decline!.

Beyond CDs8" T cells, CD4" T cells also contribute to the progression of AD and regulate glymphatic and
meningeal lymphatic drainage through various mechanisms, with their dysfunction increasing the risk of
ADP7*l Immune-related factors, including pro-inflammatory cytokines, apolipoprotein E4 (APOE4),
triggering receptor expressed on myeloid cells 2 (TREM2), and cluster of differentiation 22 (CD22), play
critical roles in regulating neuroinflammation and lymphatic drainage. Dysregulation of these factors
compromises BBB integrity, enabling peripheral immune cell infiltration and exacerbating
neurodegeneration””*. Impaired glymphatic and meningeal lymphatic drainage exacerbates Ap
accumulation and neuroinflammation, while Ap deposits further obstruct glymphatic pathways, forming a
self-reinforcing pathogenic loop that drives disease progression*”. Chronic meningeal lymphatic dysfunction
disrupts cortical excitatory-inhibitory balance via microglial IL-6 signaling, contributing to cognitive deficits,
whereas restoration of lymphatic function reverses aging-related synaptic and behavioral impairments'*.
Besides, enhancement of lymphatic function [e.g., via vascular endothelial growth factor C (VEGEF-C)
therapy] enhances AB clearance and synergizes with anti-amyloid immunotherapies, highlighting
combinatorial strategies targeting neurovascular-immune crosstalk’”"*”. Collectively, these findings elucidate
lymphatic-immune interactions as critical therapeutic nodes for mitigating AD pathology [Figure 2].

The impact of AQP4 on glymphatic and lymphatic drainage in AD

AQP4, a water channel highly enriched at astrocyte endfeet, plays a pivotal role in maintaining fluid
homeostasis and glymphatic function, thereby facilitating cerebral waste clearance. In AD, AQP4 loses its
polarized localization at astrocyte endfeet and redistributes to non-perivascular regions. Although this
redistribution may initially exert neuroprotective effects by promoting astrocyte plasticity and promoting the
formation of protective glial barriers around AB plaques, persistent AQP4 mislocalization ultimately disrupts
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fluid dynamics and accelerates neuropathological changes!**!. Consistently, AQP4 deficiency markedly
aggravates AD pathology. AQP4-null mice exhibit a 70% reduction in lymphatic drainage volume and a 55%
decline in interstitial solute clearance, leading to enhanced AB accumulation and progressive cognitive
impairment*!, Collectively, these findings underscore the indispensable role of AQP4 in preventing AB-
driven neurodegeneration.

Notably, AQP4 function declines with aging, further compromising glymphatic efficiency. In aged mice, AB
clearance is reduced by approximately 40% compared to young mice, paralleled by impaired perivascular
AQP4 polarization along cerebral arteries and diminished CSF-ISF exchange®. Similarly, in AD mouse
models, AB deposition correlates with AQP4 redistribution away from astrocyte endfeet, disrupting water
transport and ionic homeostasis®”. Human studies further support these observations, demonstrating an
age-dependent reductions in perivascular AQP4 localization. Such alterations may increase the susceptibility
of the aging brain to pathological protein aggregation, particularly A accumulation. Taken together, these
observations identify AQP4 mislocalization as a critical contributor to glymphatic dysfunction and AD
progression'™".

The impact of APOE on glymphatic and meningeal lymphatic drainage in AD

The APOE ¢4 allele, the strongest genetic risk factor for late-onset AD, disrupts glymphatic and meningeal
lymphatic drainage through multiple pathological mechanisms. APOE4 impairs AB clearance, compromises
BBB integrity, induces cerebrovascular dysfunction, and exacerbates neuroinflammation and oxidative stress,
collectively hindering CSF and ISF circulation***. In transgenic mouse models, APOE4 expression triggers
BBB breakdown by activating inflammatory signaling pathways in pericytes, which are critical for
maintaining vascular stability"™.

Accumulating evidence further suggests that APOE directly regulates glymphatic and lymphatic system
function. One study found that the APOE4 genotype significantly enhances the association between
glymphatic dysfunction, as assessed by the along the perivascular space (ALPS) index, and cerebral Ap
deposition. Specifically, a lower ALPS index correlated with a greater A burden exclusively in APOE4
carriers, whereas no significant correlation was observed with tau pathology*. Additionally, ApoE derived
from the choroid plexus and CSF enters the brain through the glymphatic pathway along perivascular spaces
and is subsequently distributed to neurons. Notably, this distribution occurs in an isoform-dependent
manner (apoE2 > apoE3 > apoE4) and is regulated by AQP4. Notably, sleep deprivation markedly disrupts
this glymphatic transport process'””’. Furthermore, APOE4 has been hypothesized to induce premature
shrinkage and sclerosis of mLVs, a pathological process termed meningeal lymphosclerosis, leading to
lymphatic dysfunction. Impaired meningeal lymphatic drainage may reduce the clearance of Ap, cellular
debris, inflammatory mediators, and immune cells from the CNS, ultimately accelerating AD progression
and cognitive decline. Supporting this hypothesis, RNA-Seq analyses have shown that induced pluripotent
stem cells (iPSCs) carrying the APOE4 allele exhibit significantly reduced expression of genes associated with
lymphatic endothelial cell markers and hereditary lymphedema-related pathways'*?'[Figure 3].

THERAPEUTIC STRATEGIES TARGETING GLYMPHATIC AND LYMPHATIC SYSTEMS IN AD

Current U.S. Food and Drug Administration (FDA)-approved therapies for AD, such as acetylcholinesterase
inhibitors and N-methyl-D-aspartate receptor antagonists, provide only limited symptomatic benefits but fail
to halt disease progression'**’. More recently, monoclonal antibodies targeting Ap pathology, such as
Aducanumab and Lecanemab, have shown potential in reducing Ap burden. However, their long-term
clinical efficacy and safety remain controversial®. Similarly, Sodium Oligomannate (GV-971), approved in
China in 2019, has encouraging therapeutic potential in preliminary studies, although additional large-scale
clinical validation is still required®”. These limitations underscore the urgent need for therapies that target
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Figure 3. Glymphatic and meningeal lymphatic pathways involved in brain waste clearance in AD. (A) Homeostatic microglia become
activated in response to neurotoxic protein accumulation, accompanied by the involvement of CD8* and CD4* T cells; (B) Aberrant loss of
perivascular AQP4 polarization in astrocytes impairs CSF-ISF exchange and glymphatic flow; (C) Effects of the APOE genotype on
meningeal lymphangiectasia (vessel dilation) and edema formation; (D) Schematic illustration of glymphatic and meningeal lymphatic
waste clearance pathways, showing increased CSF influx associated with microglial activation and neuronal activity; (E) lllustration of the
meningeal lymphatic system, including arteries, increased CSF influx, the posterior vein with AQP4, and impaired meningeal lymphatic
efflux. This figure was designed by the authors using BioRender. https://BioRender.com/adw2nwf. AD: Alzheimer's Disease; Af: amyloid-
beta; APOE: apolipoprotein E; AQP4: aquaporin-4; CCL2: C-C motif chemokine ligand; CXCL 10: C-X-C motif chemokine ligand 10; CD8* T
cell: cluster of differentiation 8-positive T cell; CSF: cerebrospinal fluid; ISF: interstitial fluid; INF: interferon; TNF-o.: tumor necrosis factor-
o; IL-1B: interleukin-1p.

the root causes of AD, particularly impaired Ap clearance and accumulation. Emerging evidence has
identified the glymphatic system and mLVs as promising therapeutic targets. By enhancing endogenous
brain waste clearance pathways, future interventions could facilitate the removal of A and other neurotoxic
metabolites, thereby slowing or modifying AD progression [Figure 4]

Pharmacological therapies

Pharmacological drug therapies

Age-related declines in melatonin secretion have been closely associated with AD progression, and reduced
CSF melatonin levels correlate with increased pathological severity'*’. Emerging evidence indicates that
melatonin is also involved in regulating glymphatic and lymphatic drainage function. Specifically, melatonin
enhances glymphatic clearance and promotes the removal of AB aggregates. In Tg2576 transgenic mice,
melatonin treatment increased soluble Ap levels in cervical lymph nodes while reducing oligomeric A
accumulation in the brain, suggesting improved glymphatic-mediated waste clearance!*”. Furthermore, in
patients with mild-to-moderate AD, adjunctive treatment with prolonged-release melatonin improved
cognitive function and significantly alleviated sleep disturbances, highlighting its dual therapeutic roles in
sleep regulation and AB clearance!®”. A recent study examining alterations in AB deposition following
pharmacological modulation of AQP4 demonstrated that administration of the AQP4 facilitator N-[3-
(Benzyloxy)pyridin-2-yl] benzenesulfonamide (TGN-073) significantly enhanced Ap clearance, reduced
amyloid deposition, and improved cognitive performance in mice. In contrast, treatment with the AQP4
inhibitor N-(1,3,4-thiadiazol-2-yl)pyridine-3-carboxamide dihydrochloride (TGN-020) exacerbated A
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Figure 4. Multimodal therapeutic strategies targeting glymphatic and meningeal lymphatic function in AD. This schematic summarizes
multiple therapeutic approaches designed to enhance brain clearance through modulation of the glymphatic and meningeal lymphatic
systems. The central illustration depicts fluid dynamics (CSF/ISF flow) within these clearance pathways, whereas the surrounding
concentric rings classify the interventions into pharmacological therapies, neuromodulation-based approaches, and other therapeutic
strategies. These approaches augment key clearance processes, such as AQP4 polarization, CSF influx, and interstitial fluid drainage. In
AD models,improved glymphatic and meningeal lymphatic function has been associated with attenuated A deposition and improved
cognitive impairment, highlighting the therapeutic potential of targeting brain clearance pathways in AD. This figure was designed by the
authors using BioRender. https://BioRender.com/u5q9as0. AD: Alzheimer's Disease; Af3: amyloid-beta; AQP4: aquaporin-4; CBM: cranial
bone maneuver; CSF: cerebrospinal fluid; DBS: deep brain stimulation; ISF: interstitial fluid; LVA: lymphovenous anastomosis; FUS: focused
ultrasound; PBM: photobiomodulation therapy; rTMS: repetitive transcranial magnetic stimulation; tDCS: transcranial direct current
stimulation; VNS: vagus nerve stimulation.

accumulation and behavioral deficits. Collectively, these findings indicate that modulation of AQP4
represents a promising therapeutic strategy for augmenting Ap clearance and mitigating AD pathology'**..
Notably, melatonin may also exert neuroprotective effects through additional mechanisms, including anti-
inflammatory activity and circadian rhythm regulation, both of which could independently influence Ap and
tau pathology. However, within the scope of this review, particular emphasis is placed on the role of
melatonin in promoting glymphatic clearance!* .
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Recent studies have demonstrated that glucagon-like peptide-1 receptor (GLP-1R) signaling significantly
enhances AB clearance in AD models by modulating the subcellular localization of astrocytic AQP4. Chronic
administration of the GLP-1R agonist liraglutide in AD mice activates the protein kinase A (PKA) signaling
pathway and induces phosphorylation of AQP4 at Ser276, thereby reversing the depolarized distribution of
AQP4 in reactive astrocytes and restoring its localization to perivascular endfoot membranes. These findings
indicate that the GLP-1R-PKA-AQP4 axis constitutes a critical molecular pathway involved in AB clearance
and reveal a novel mechanism by which GLP-1R agonists restore AQP4-mediated glymphatic function to
counteract AD pathology. These findings provide a mechanistic foundation for the development of
metabolism-based therapeutic strategies for neurodegenerative diseases'.

Recent studies have revealed that Butylphthalide (NBP) exhibits potential neuroprotective effects in mouse
models of AD. Short-term administration of NBP enhances the pulsatility of both superficial and penetrating
cerebral arteries, thereby accelerating glymphatic clearance and subsequent lymphatic drainage, ultimately
reducing parenchymal Ap accumulation in APP/PS1 mice!*. A preclinical study further demonstrated that
the novel small-molecule compound OAB-14 enhances glymphatic function, promotes cerebral A
clearance, and alleviates cognitive impairment in AD mouse models by upregulating AQP4 expression and
preserving its polarized localization through the PPARy-P2X7r-AQP4 signaling pathway'*”.

Oxytocin (OT), a neuropeptide with anti-inflammatory properties, has shown potential therapeutic effects in
improving cognitive function in AD. Recently, OT enhances intracranial lymphatic drainage in AD mouse
models by improving cerebral blood flow, inhibiting edema-associated proteins, and promoting
lymphangiogenesis. These effects restored the structural integrity and drainage efficiency of the lymphatic
system, thereby facilitating AB clearance in middle-aged APP/PS1 mice'*".

Cilostazol, a vasoactive agent, promotes AB clearance in AD mouse models'® and induces the proliferation
and stabilization of lymphatic endothelial cells through the activation of the PKA/p-CREB signaling
pathway, thereby accelerating waste clearance!™’. Based on these findings, researchers designed a long-acting
hydrophilic liquid crystal implant encapsulating cilostazol and Donepezil hydrochloride, which was
administered through injection into the deep cervical lymph nodes of mice. This experimental delivery
method increased lymphatic vessel coverage in the meninges and cervical lymph nodes, enhanced
macromolecular drainage, and reduced Ap deposition. Additionally, treated mice exhibited significant
improvements in learning ability and cognitive performance'.

VEGF-C is critical for the development of mLVs in the brain’s membranes”. In mice, VEGF-C intervention
induces meningeal lymphangiogenesis and increases luminal diameter””. To investigate the synergistic
effects of enhanced meningeal lymphatic drainage combined with anti-AB monoclonal antibodies on plaque
clearance in AD mice, researchers combined the mAb158 antibody with VEGE-C to explore its therapeutic
potential. The results showed that in 5xFAD mice, AB deposition and microglial activation were reduced, and
lymphatic vessels surrounding the transverse sinus were significantly expanded™'..

Studies have found that a hyperosmolar plasma state significantly enhances the delivery and distribution of
Ap antibodies in the brain by reversing glymphatic drainage impairment in AD mice, thereby improving
brain dysfunction”. Additionally, high doses of the a2-adrenergic receptor agonist dexmedetomidine can
enhance CSF glymphatic influx and promote the delivery of Ap antibodies to the brain”*. These strategies
enhance therapeutic antibody efficacy, providing a novel strategy to optimize immunotherapy for AD.

Beyond AB, glymphatic-targeted interventions also show promise in addressing tau pathology. Chronic
inhibition of AQP4 using TGN-020 in tauopathy models reduces tau aggregation and propagation,
underscoring the role of the glymphatic system in tau clearance!”. This emerging focus on tau pathology
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highlights the potential of dual-target therapies for addressing the multifactorial nature of AD. However,
these pharmacokinetic and pharmacodynamic considerations, together with the inherent complexity of
human glymphatic physiology, warrant caution in interpreting preclinical efficacy. The stark reality of AD
drug development, with failure rates exceeding 99%, underscores the limited predictive validity of current
transgenic models in recapitulating human disease pathology. Furthermore, critical pharmacological
parameters, including BBB penetration, optimal dosing, and target engagement, remain largely unaddressed
for most of these compounds, emphasizing substantial barriers to clinical translation?"*-¢>77+72],

TCM therapies

TCM, grounded in holistic principles and personalized treatment strategies, offers multi-target therapeutic
potential for AD. Emerging research highlights that TCM can enhance glymphatic clearance, reduce A
deposition, and improve cognitive function through diverse mechanisms'".

Borneol, a natural compound, improves meningeal lymphatic drainage by enhancing vessel permeability and
expanding luminal diameter in mice. This effect reduces nitric oxide levels in the meninges, decreases A
accumulation, and ameliorates cognitive deficits in KM mice!””. Similarly, Yuanzhi Powder, a classical TCM
formula, restores AQP4 polarization, inhibits reactive astrogliosis, and boosts interstitial waste transport,
thereby facilitating AB clearance from CSF to deep cervical lymph nodes in APP/PS1 mice. These effects
correlate with reduced cerebral Ag burden and improved memory performance!”.

Liu et al.” investigated the modified Jiawei Xionghuang Decoction in AD by establishing a model of
impaired meningeal lymphatic drainage through ligation of the deep cervical lymph nodes in APP/PS1 mice.
Jiawei Xionghuang Decoction restores cervical lymphatic drainage in AD mice by suppressing inflammatory
pathways associated with arachidonic acid metabolism, thereby enhancing Ap clearance and alleviating
cognitive impairment”. Xueshuantong, a therapeutic agent for stroke®”, also improves lymphatic vessel
function and mitigates neuroinflammation in AD mice®". Additionally, ischemia-reperfusion injury
following stroke can induce rapid cerebral Ap deposition, thereby exacerbating cognitive impairment!*).
Tongxinluo, a commonly prescribed formula for cardiovascular and cerebrovascular diseases, has been
reported to block inflammatory cell death (pyroptosis), restore AQP4 expression, and reduce A
accumulation after cerebral ischemia-reperfusion in rats'*.

The Yizhi Formula further demonstrates the versatility of TCM by restoring the interactions between the
BBB, glymphatic system, and meningeal lymphatic system. It inhibits inflammatory glial activation, reduces
AB oligomer formation, and enhances waste clearance in preclinical models"**. Collectively, these findings
underscore the ability of TCM to target AD through complementary mechanisms, including attenuation of
neuroinflammation, optimization of fluid dynamics, and preservation of vascular integrity. By leveraging
natural compounds to enhance glymphatic function and modulate Ap pathology, TCM represents a
promising adjunct to conventional AD therapies. Further clinical studies are warranted to validate these
preclinical insights and refine TCM-based interventions [Table 1]. Moreover, current evidence is derived
exclusively from preclinical studies, with no randomized controlled trials (RCT's) evaluating TCM-mediated
glymphatic enhancement in AD patients. The absence of placebo-controlled, double-blind designs, coupled
with insufficient pharmacokinetic and toxicological data, limits the interpretability and generalizability of
these findings. Future research should prioritize rigorous quality control, systematic identification of
bioactive constituents, and well-designed clinical trials to validate the efficacy and safety of TCM-based
interventions”s7>*"%,
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Neuromodulation therapies

Neuromodulation therapies, ranging from ultrasound and magnetic stimulation to acupuncture and
photobiomodulation, represent promising strategies to enhance glymphatic and meningeal lymphatic
drainage in AD. By modulating fluid dynamics, neuroinflammation, and cellular metabolism, these
interventions target multiple dimensions of AD pathology.

Focused ultrasound (FUYS) is a non-invasive therapeutic modality that utilizes ultrasonic energy to precisely
target specific brain regions, achieving therapeutic effects via thermal or mechanical mechanisms®. In vitro
experiments have demonstrated that 400 kHz FUS with a pulse duration of 75 ms maximally enhances solute
and fluid transport in porous materials mimicking brain tissue. Preclinical studies show that low-frequency
FUS enhances fluid and solute transport in brain tissue®/, improves Ap and tau clearance, and boosts
lymphatic drainage in AD mice®”). By transiently disrupting the BBB, FUS combined with microbubble
technology increases CSF efflux and venous permeability, thereby facilitating brain waste clearance®.

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive neuromodulation technique being
investigated for its potential to enhance brain waste clearance processes in AD. Researchers have investigated
high-frequency rTMS in an AD mouse model to evaluate its effects on cognitive function and disease-related
neuropathological changes. The study utilized 4-5-month-old 5xFAD mice, which exhibit AD-like
symptoms, including memory deficits and Ap plaque accumulation. Findings revealed that rTMS preserved
recognition memory and spatial memory for novel objects and their locations over time. Importantly, rTMS
significantly enhanced the efficiency of brain clearance pathways, including the glymphatic system within the
brain parenchyma and mLVs. Significant reductions in AB deposition, along with suppression of microglial
and astrocyte activation and elevated cellular proto-oncogene Fos (c-FOS) expression, were observed in the
prefrontal cortex and hippocampus of rTMS-treated 5xFAD mice". Besides, our team found that cerebellar
intermittent theta-burst stimulation (iTBS) enhances glymphatic clearance in AD patients, as evidenced by
an increased diffusion tensor image analysis along the perivascular space (DTI-ALPS) index, and is
associated with improved cognitive performance!’.

Electroacupuncture (EA) is a non-pharmacological intervention that combines electrical stimulation with
traditional acupuncture and is commonly used in clinical practice’”. Accumulating evidence suggests that EA
improves cognitive performance, alleviate neuropsychiatric symptoms, and enhances daily functioning in
patients with dementia®>*". A study in 7-month-old SAMPS8 mice revealed that EA enhances lymphatic
drainage and improves the structural organization of AQP4-related cellular functions"”. Similarly, another
study found that EA attenuates inflammatory responses, suppresses the activation of astrocytes and
microglia, and upregulates the expression of specific hippocampus markers in APP/PS1 transgenic mice.
Additionally, EA promotes lymphatic system activity*”.

Photobiomodulation therapy (PBM) is a non-invasive treatment that utilizes specific wavelengths of low-
intensity light to stimulate cellular activity!”. PBM primarily utilizes light within 400-1,300 nm range to
activate mitochondrial cytochrome c oxidase, triggering a photobiochemical cascade involving Nitric Oxide
(NO) release, enhanced adenosine triphosphate (ATP) production, reactive oxygen species (ROS)
modulation, and activation of redox-sensitive signaling pathways that ultimately regulate cellular metabolism
and function through gene expression changes'”**). PBM has been widely explored for the treatment of
neurodegenerative diseases'®. A pilot study demonstrated that transcranial PBM (tPBM) at 1,267 nm
significantly reduces AB plaque burden, improves cognitive function in AD mice, and enhances brain
clearance via the lymphatic system, suggesting its potential as a non-pharmacological therapeutic strategy for
AD™). One study demonstrated that a 9-day course of 1,267 nm tPBM (32 J/cm?) significantly improves
neurocognitive function (P < 0.05) and cerebral oxygenation in Ap-injected AD mice by enhancing
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Table 1. Pharmacological therapies improve glymphatic/lymphatic drainage in AD
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New
OAB-14 small
molecule
Oxytocin Chem{cal
medicine
C|Iostazq| and Chemical
donepezil medicine
hydrochloride
Dexmedetomidine Cher.n{cal
medicine

APP/PS1 mice (6-8

months)

middle-old-aged
APP/PS1 mice

C57BL/6 mice

C57BL/6 mice

N =
150-200
(total),
n=3-15
per group

N =
80-120
(total),
n=3-18
per group

N=
80-120
(total),
n=4-7
per group

AP deposition;
Ineuroinflammation;
Ineuronal damage

TCSF inflow; 1ISF solute
clearance

1CSF drainage into
DCLNs; 1meningeal
lymphatic vessel
generation

AP deposition;
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TLYVE-1 coverage in

meningeal lymphatic LAPB deposition;
vessels/DCLNs; 1AQP4 | neuroinflammation
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1CSF inflow /

TCSF tracer influx into brain
parenchyma (P <
0.05-0.01); 1CSF tracer
distribution in dcLNs (P <
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tracer in brain parenchyma
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injection (P < 0.05-0.01)

tLearning
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140%-60% lymphatic
drainage to dCLNs (P <
0.01); 125%-50% CBF and
RBC velocity (P <
0.05-0.01); |50%-60%
AQP4 depolarization
(M1/M23 ratio, P < 0.01);
140%-60% AP burden in
brain (P < 0.01);
130%-40% CSF AB (P <
0.05); 120%-50% cognitive
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TLYVE-T1" lymphatic
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tMacromolecule clearance
(Cy5-OVA, FITC-AB) from
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0.01-0.001); | A deposition
in hippocampus and cortex
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concentration ratios in

multiple brain regions (P <
0.05-0.01); 1Amyloid-p /
antibody delivery to brain
surfaces vs. vehicle: ~2x
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OAB-14 activates the
Nrf2/HO-1 signaling
pathway, reducing oxidative
stress and restoring
astrocytic AQP4
polarization. This dual action
enhances glymphatic influx
(CSF entry) and efflux (ISF
clearance), accelerating AB
removal and suppressing
neuroinflammation

Enhances cerebrovascular
pulsation, inhibits AQP4
depolarization, promotes
VEGF-C-mediated
lymphangiogenesis;
regulates meningeal
immune pathways to restore
intracranial lymphatic
structure and AP clearance

Activates cAMP/PKA/p-
CREB pathway to promote
lymphangiogenesis;
donepezil inhibits AChE,
synergistically reduces Af
deposition and improves
synaptic plasticity

Reduces norepinephrine
release, increases interstitial
fluid volume, lowers fluid
flow resistance, and
enhances CSF inflow

Zhang et al., (2023).
Neurochemistry
Internationalt”)

Yeetal., (2024).
Theranostics'®®

Shanetal., (2024). ACS
Nanot®!

Lilius et al., (2019). Journal
of Controlled Release*
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lymphatic drainage (ICG-
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12-2.5% lymphatic vessel
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(P < 0.001); |35% brain AB
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neurodegeneration

Improves lymphatic
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lymphatic contraction,
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meningeal lymphatic
transport, promotes AB
clearance from brain
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Inhibits arachidonic acid
metabolism (|COX-2,
LTD4, PGE2), reduces
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cerebral blood flow and
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promotes A clearance and
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Alzheimer's Research
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Lietal., (2024). Journal of
Ethnopharmacology®

Liuetal, (2024).
Phytomedicinel?®}
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10%-25% lymphatic vessel
diameter/area (P <
0.05-0.01); |30%-50% AB

in meninges/dCLNs (P < Modulates lymphatic

. N=104 . . . . structure, potentially by
; A ; .01); 125%-359 lial
ki ) (total), TAQPA poIar|zat|on,‘ LAB dep05|t|on, . 0 O % l >%-35% microglia tLearning  reducing MMP-9 and Zheng et al., (2021).
Xueshuantong herbal APP/PS1 mice - tmeningeal lymphatic Ineuroinflammation; activation at 15 days (P < . . o
L n=3-9 & memory increasing GLT-1levels to Frontiers in Pharmacology'®"
medicine vessel morphology Ineuronal damage 0.05); 140%-50% GLT-1 (P . . :
per group improve lymphatic drainage
< 0.01); |40%-50% and cognitive function
MMP-9 (P < 0.01);
120%-30% AQP4 polarity
(P<0.01)
130%-50% neurological
deficit P < 0.05);
° ICOI Scoges ( ) Inhibits caspase-11/1
140%-60% R
caspase-11/GSDMD activation and GSDMD
N=35 cleavage, reduces astrocyte  Wang et al., (2021).

Chinese pathway proteins (P <

Tongxinluo herbal  SD rats (totah), A QP4 polarization LAB deposition; 0.01); |30%-50% NLRP3,  / pyroptosis, restores AQP4 - Evidence-Based
. n=10 Ineuroinflammation polarization, mitigates AB Complementary and
medicine caspase-1, IL-1B, IL-6 (P < . . . -
per accumulation, alleviates Alternative Medicine!®
grou 0.01-0.05); restored AQP-4 neuroinflammation and BBB
P polarity; |30%-40% Ap b
accumulation and Ap1-42 &
oligomers (P < 0.05-0.01)
135%-50% neurological
deficit scores (P < 0.01);
130%-40% BBB integrity
(SMI171) (P< 0.05); Protects BBB integrity and
. N =285 I 120%-30% AQP-4 density AQP4 polarization,
Yi-Zhi-Fang-Dai Chinese (total), - LAB deP05|t|on, . (P<0.01); |40%-50% Ap promotes AP clearance and  Lyu et al., (2021). Frontiers
herbal SD rats - TAQP4 polarization Ineuroinflammation; . / A~ L .
formula . n=8-15 accumulation and AB 1-42 blocks toxic oligomerization, in Pharmacology'®*
medicine Ineuronal damage A -
per group oligomers (P < 0.01); mitigates
140%-50% neuronal neuroinflammation

damage (P < 0.01);
130%-40% NeuN (P <
0.01)

1 Increased/enhanced/promoted; | decreased/reduced/inhibited. AB: Amyloid-beta; AD: Alzheimer's disease; AQP4: aquaporin-4; AChE: acetylcholinesterase; AT8: tau antibody 8; BBB: blood-brain barrier; cAMP/PKA: cyclic
adenosine monophosphate/protein kinase A; p-CREB: phosphorylated cAMP response element-binding protein; CBF: cerebral blood flow; COX-2: cyclooxygenase-2; CSF: cerebrospinal fluid; Cy5-OVA: Cy5-labeled ovalbumin;
dCLNs: deep cervical lymph nodes; FITC: fluorescein isothiocyanate; GLP-1R: glucagon-like peptide-1receptor; GLT-1: glutamate transporter-1, GSDMD: gasdermin D; ICG-NPs AUC: indocyanine green-loaded nanoparticles area
under the curve; IHC: immunohistochemistry; LTD4: leukotriene D4; LYVE-1: lymphatic vessel endothelial hyaluronan receptor-1, MLVs: meningeal lymphatic vessels; MMP-9: matrix metalloproteinase-9; MWM: morris water
maze; NeuN: neuronal nuclei; NLRP3: NLR family pyrin domain containing 3; NOR: novel object recognition; Nrf2/HO-1: nuclear factor erythroid 2-related factor 2/heme oxygenase-1; OF: open field; RBC: red blood cell; PGE2:
prostaglandin E2; SMI 71: a monoclonal antibody clone targeting endothelial barrier antigen; TGN-073: N-[3-(Benzyloxy)pyridin-2-ylJbenzenesulfonamide; VEGF-C: vascular endothelial growth factor-C; WM: working memory.

meningeal lymphatic clearance of Ap and alleviating cerebral hypoxia (72% + 6% to 97% + 2%, P < 0.001)""". Another study found that PBM enhances mitochondrial
metabolism and intercellular connectivity in meningeal lymphatic endothelial cells, which may underlie its beneficial effects on glymphatic drainage"*”). Low-intensity
40 Hz blue light has showed therapeutic potential in 5xFAD mice by restoring astrocytic AQP4 polarity, improving brain drainage efficiency, and reducing
hippocampal lipid accumulation. When combined with anti-Ap antibodies, it further enhances A clearance and improves cognitive function"*.
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Deep brain stimulation (DBS) involves the delivery of electrical pulses to specific brain regions, such as the
subthalamic nucleus or globus pallidus, via implanted electrodes. It’s used to treat conditions such as
Parkinson’s disease, essential tremor, and obsessive-compulsive disorder!*?. DBS has been shown to
promote neuroprotection, reduce inflammation, and potentially increase cerebral blood flow and stimulate
lymphatic system activity**'*”. However, whether these changes translate into improved CSF-ISF exchange
or Ap clearance has not been demonstrated. Thus, the proposed link between DBS and glymphatic
enhancement remains speculative and requires systematic investigation in dedicated preclinical models"***”),

Vagus nerve stimulation (VNS) is an FDA-approved neuromodulation therapy used to treat epilepsy,
depression, and cluster headaches"". An animal study demonstrated that VNS may enhance glymphatic
drainage by increasing CSF penetration into the brain, thereby potentially modulating CSF/ISF exchange!”..

Transcranial direct current stimulation (tDCS) delivers a weak direct current to the scalp to modulate
cortical neuronal excitability, thereby influencing brain function"'”’. An animal study found that tDCS
enhances glymphatic influx and efflux through astrocytic IP3/Ca** signaling and modulation of brain
oscillatory activity, thereby promoting brain metabolic waste clearance"". Although the studies summarized
below demonstrate promising effects, many of these modalities are supported by a limited number of
preclinical investigations, often with small sample sizes and incomplete mechanistic characterization.
Furthermore, optimal stimulation parameters (e.g., frequency, intensity, duration) for glymphatic
enhancement have not been systematically established, and substantial heterogeneity in experimental
protocols, together with a lack of standardization, complicates cross-study comparisons and impedes clinical
translation. Critically, long-term safety and efficacy in humans remain largely unexplored. Future research
should prioritize independent replication, rigorous dose-response analyses, and mechanistic studies
leveraging advanced imaging and genetic tools to address these gaps!®*>'°*>*'1[Table 2].

Exercise enhances glymphatic and lymphatic drainage in AD

Physical exercise is a well-established non-pharmacological strategy for the prevention and management of
neurological disorders, including AD"">'**). Tt is widely recognized as one of the most effective methods to
enhance cognitive function'*. Clinical meta-analyses consistently demonstrate that higher levels of physical
activity are associated with reduced AD incidence and slowed disease progression!'*\. Preclinical studies
further suggest that exercise enhances the clearance of pathological proteins such as Ap, potentially by
improving glymphatic system function, a key pathway for brain waste removal>""*,

Animal studies provide additional mechanistic insights into these effects. For example, studies in aged mice
demonstrated that voluntary exercise enhances astrocytic AQP4 expression and polarization without
affecting BBB integrity. These changes correlated with reduced inflammation, fewer Ap plaque burden, and
strengthened glymphatic drainage in the brain"'”. Similar findings were observed in young mice following
five weeks of voluntary wheel running, where exercise increased CSF movement and waste clearance
efficiency across brain regions, suggesting a direct association with improved cognitive performance!**. A
recent study demonstrated that aerobic exercise training enhances recovery of learning and memory function
in an AD mouse model by modulating glymphatic system activity"'..

Accumulating evidence demonstrates that polarized distribution of astrocytic AQP4 is critical for exercise-
induced enhancement of glymphatic function. Liu et al.'* revealed that AQP4-knockout APP/PS1 mice
exhibit exacerbated impairments in glymphatic function, increased Ap deposition, and more severe cognitive
deficits, which could not be ameliorated by exercise intervention. Besides, genetic ablation of AQP4 in AD
experimental models may abolish exercise-induced improvements in spatial learning and memory!2°’.
Conversely, recent studies show that exercise in aged mice restores physiological AQP4 polarization by
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Table 2. Neuromodulation therapies enhance glymphatic drainage function in AD

Neuromodulation Animal Sample Impact on Neurophysiological Cognitive
. amp lymphatic PRy 8 Effect size behavioral Mechanism of action Author/Year/Journal
therapies model size . changes
drainage changes
PBM
N =140 . Cohen's d = 2.5-3.0 for AP reduction; . . . .
tPBM C57 mice  (total),n=7 .TCSF drainage LA deposition Cohen's d = 3.0-4.5 for increased TLearning and Not investigated Z|n§henko et al. 2019). Biomedical
into DCLNs . memory Optics Expressto®)
per group lymphatic clearance
AB pl P < 0.001); 1GNR
N =40 . \ABp a?ugs (A dO 00D; 16 . . Improved oxygen Semyachkina-Glushkovskaya et al.
{PBM C57mice  (total).n= 1CSF drainage | AB deposition accumulation in dCLNs (AAS, P < 0.001); tLearningand  consumption and enhanced (2021). Advances in Experimental
10 erl rou into DCLNs 1Sp02 (72%—85%, P < 0.001); |NSS memory mitochondrial production of Medicir;e and Biologyto"
per group (3.67—2.03,P < 0.05) adenosine triphosphate 9y
= i i < :
(5xFAD N I lemph§t|c drainage (P < 0.001); Improving mitochondrial
150-200 |AB deposition; tcognitive performance (NOR, P < . h -
. . and _ . : . L tlearningand  metabolic function of Wang et al. (2024). Nature
near-infrared light (total),n= 1CSF infux Ineuroinflammation; 0.001); |AB deposition (P < 0.001); - . S
APP/PST) . ) . memory meningeal lymphatic Communicationst°
. 5-21 per Ineuronal damage tmitochondrial length in mLECs (P < .
mice endothelial cells
group 0.001)
N = tcognitive performance (Y-maze, NOR, P
150-200 . I < 0.05-0.001); tglymphatic drainage . Activation of the vLGN/IGL-
40HZ blue light DD (ota,n= TS draneee iﬁfﬁjﬁﬁzx’;a o (dCLNs, P < 0.01-0.00); 1AQP4 polarity -1 o mediated visual pathway (oo ¢t & (2025, Nature
6-21 per (P < 0.05-0.001); |soluble Ap42 (P < Y restores AQP4 polarity
group 0.05).
tcognitive performance (NOR/NOL, P <
N'=80-100 LA deposition; 0.05-0.01); LAB deposits (P < . Lin et al,, (2021). Acta
5xFAD (total), n = . : . 0.05-0.001); 1glymphatic/meningeal tLearning and . . .
TMS ) TCSF infux Ineuroinflammation; . . . Not investigated Neuropathologica
mice 7-13 per Ineuronal damage lymphatic drainage (P < 0.05-0.01); |glial memory Communicationst™®
group e activation (P < 0.05-0.007); tneuronal
activity (c-FOS, P < 0.05-0.001).
1Diffusion
tensor image Change in CDR-SB score from baseline to
AD . analysis along . . week 4: Active-iTBS group: -0.60. Sham- . . Zhang et al. (2025). Journal of
™S patients 20 patients the Not investigated iTBS group: +0.15. Adjusted 3 = 0.73 tMemory Not investigated Alzheimer’s Disease!®”
perivascular (95%Cl: 0.17-1.26)
space
| AB deposits (IHC, P < 0.05-0.005);
N =60-80 LAB deposition: 1CSF AB1-42 after dCLN ligation + FUS-
FUS 5xFAD (total),n= 1CSF drainage lneuroizflamm’ation' MB (P < 0.005); tworking memory in tLearning and Not investieated Lee et al., (2020). Scientific
mice 6-10 per into DCLNs ! ligated mice (Y-maze, P < 0.05); memory g Reportst®”
Ineuronal damage . ;
group tmeningeal vascular amyloid

accumulation (P < 0.05)
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100% success in BBB opening and

N=8 . .
_ . . . perivenous enhancement; 100% venous Not . . Mehta et al., (2023). Fluids and
FUS / (tortalr), n=3 7CSFinfux Not investigated permeabilization (24-48 h); 100% CSF investigated Not investigated Barriers of the CNS'e#!
per group effusions (size 11.2-5.3 cm)
Tcognitive performance (MWM, P <
N=45 0.05-0.001); tneuronal survival (Nissl, P
- _ . < 0.05); |Ap1-40/1-42 (ELISA, P < ) .
EA SAMP8 (total),n= 1CSF infux 1A deposition; |neuronal 0.05-0.01); |Gd-DTPA retention (MRI, P tlearning and Restore AQP4 polarity L|ang gt al., (2021). Neural
mice 3-6 per damage o memory Plasticity®?
rou < 0.05-0.01); |astrocyte reactivity
group (GFAP, P < 0.05-0.01); 1AQP4 polarity (P
<0.05)
tpreference index (P < 0.05);
N =40 . LAB1-40/1-42 (P < 0.01-0.05); | GFAP, ) .
EA C57BL/6 (total), n = Not ' |AB deposition; |neuronal lba-1 (P < 0.01-0.05): |IL-1B, IL-6, TNF-a tlLearning and Restore AQP4 polarity Wang etal., (2020). Zhen Ci Yan
mice investigated damage memory Jiyt3!

10 per group (P < 0.01-0.05); 1AQP4 polarity (P <

0.05)

1 Increased/enhanced/promoted; | decreased/reduced/inhibited. Ap: Amyloid-beta; AD: Alzheimer's disease; AAS: atomic absorption spectroscopy; AQP4: aquaporin-4; CDR-SB: Clinical Dementia Rating Scale Sum of Boxes;
Cl: confidence interval; CSF: cerebrospinal fluid; dCLNs: deep cervical lymph nodes; EA: electroacupuncture; ELISA: enzyme-linked immunosorbent assay; FUS-MB: focused ultrasound with microbubbles; FUS: focused
Ultrasound; Gd-DTPA: gadolinium-diethylenetriamine pentaacetic acid; GFAP: glial fibrillary acidic protein; GNR: gold nanorods; IHC: immunohistochemistry; IL-1B: interleukin-1p; IL-6: interleukin-6; iTBS: intermittent theta-burst
stimulation; mLECs: meningeal lymphatic endothelial cells; MRI: magnetic resonance imaging; MWM: morris water maze; NOL: novel object location; NOR: novel object recognition; NSS: neurological severity score; tPBM:
transcranial photobiomodulation therapy; TMS: transcranial magnetic stimulation; TNF-a: tumor necrosis factor-alpha; vLGN/IGL: ventral lateral geniculate nucleus/intergeniculate leaflet.

modulating TRPV4-mediated calcium signaling in brain cells, thereby reducing amyloid accumulation and protecting against cognitive decline!"*!\.

High-Intensity Interval Training (HIIT), an efficient and time-saving exercise modality, has been reported to enhance hippocampal-dependent memory and
neurogenesis in rodents'®!. Notably, HIIT has also been shown to ameliorate cognitive deficits in AD"*?. A foundational study demonstrated that 8 weeks of HIIT
promotes redistribution (depolarization) of phosphorylated and non-phosphorylated AQP4 in the cerebral cortex and hippocampus of streptozotocin-induced AD rat
models. Furthermore, HIIT modulates AQP4 polarization by facilitating astrocytic phenotypic transition from the neurotoxic A1 state to the neuroprotective A2 state.
Restored AQP4 polarization enhances the clearance of AB and tau proteins via the glymphatic system and renal pathways, ultimately improving cognitive deficits and
neuronal damage in AD rats"*’. These findings highlight the dual role of exercise in supporting brain health through both structural and molecular mechanisms.

Sleep modulation improves glymphatic drainage in AD

Sleep disturbances are strongly linked to AD progression, with population studies revealing a direct relationship between disrupted sleep patterns and accelerated
cognitive decline**). More than half of patients with AD experience sleep disturbances, making sleep disorders a significant risk factor for disease development and
progression"””). Emerging evidence underscores the critical role of sleep in maintaining brain homeostasis through activation of the glymphatic system, which is
essential for the clearance of neurotoxic proteins such as Ap and tau""*. Disruption of circadian rhythms directly impairs y-secretase activity, which itself exhibits
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circadian oscillations, leading to aberrant processing of amyloid precursor protein (APP) and increased
production and accumulation of A peptides. Concurrently, AB accumulation further disrupts sleep-wake

[126

regulation, establishing a bidirectional and self-reinforcing pathological feedback loop"*. Accordingly,

maintaining healthy sleep habits is crucial for brain health and may play a key role in preventing AD.

Ju et al. reported that disruptions in slow-wave sleep (SWS) increase CSF A levels, whereas subacute sleep
disturbances are associated with elevated CSF tau levels!"'. This is likely because the glymphatic system,
responsible for brain waste clearance, is most active during sleep!®. Sleep deprivation significantly impairs
glymphatic system function. Both clinical and preclinical studies indicate that sleep regulates levels of
neurotoxic AD-related proteins in the brain. The sleep-wake cycle modulates A levels in both ISF and CSF,
whereas chronic sleep deprivation exacerbates tau accumulation and promotes tau propagation®.

Notably, enhancing slow-wave activity (SWA) during non-rapid eye movement (NREM) sleep has emerged
as a potential therapeutic strategy. By enhancing glymphatic clearance, interventions targeting sleep quality,
such as optimizing sleep duration or modulating specific sleep stages, may reduce Ap deposition and slow
neurodegeneration””. Although sleep modulation influences multiple physiological processes, including
synaptic homeostasis, hormone secretion, and inflammation, its effects on glymphatic function represent a
key mechanism underlying reduced Ap and tau accumulation. This review focuses on the glymphatic-
mediated effects of sleep, while acknowledging that additional pathways may also contribute to its
therapeutic potential ),

Other methods enhance glymphatic drainage in AD

Epidemiological evidence suggests that lifestyle and dietary factors significantly influence AD risk and
disease progression"*. Nutritional supplementation, particularly high-dose n-3 polyunsaturated fatty acids
(PUFAs), has shown promise in preclinical studies"*. In fat-1 transgenic mice, PUFAs significantly enhance
interstitial Ap clearance in the brain. Notably, the same intervention fails to produce effects in AQP4-
knockout mice, further validating that n-3 PUFAs modulate glymphatic function by suppressing astrocyte
activation and preserving AQP4 polarization in affected brain regions, thereby reducing Ap deposition"*".
Meanwhile, a recent animal study demonstrated that high-dose fish oil supplementation significantly
reduced Ap accumulation in retinal vessels. This effect is potentially mediated by regulation of key proteins
involved in transcytosis, including Mfsd2a, as well as aquaporin AQP4, suggesting its potential as an adjunct

131

therapeutic strategy for AD-related retinopathy"*'". Conversely, long-term high-fat diet, a known risk factor
for AD, impairs glymphatic system function by disrupting the polarization of AQP4. This results in reduced

clearance and accelerated AB deposition in the brain"”.

Cervical deep lymphovenous anastomosis (LVA) has emerged as a novel surgical approach for moderate-to-
severe AD. This procedure involves anastomosing bilateral deep cervical lymphatic vessels to veins, thereby
redirecting glymphatic and meningeal lymphatic outflow from the brain to deep cervical veins for
extracranial drainage. By decompressing the lymphatic outflow pathway, LVA facilitates lymphatic fluid
drainage from high-pressure lymphatic vessels into the low-pressure venous system, enhancing CSF

132

dynamics and promoting clearance of AD-related toxic proteins, including Ap and tau"*?. A clinical case
report showed that, five weeks postoperatively, patients exhibited improved cognitive function and
alleviation of mood symptoms, such as depression. Besides, tau-positron emission tomography (PET)
imaging revealed reduced global brain tau accumulation"*. A recent preclinical study established the first rat
model of deep cervical lymph node-venous anastomosis (LNVA) using high-magnification microsurgical
techniques to perform bilateral cervical LNVA, providing a standardized platform for investigating
glymphatic system function and its regulatory mechanisms**. A single-arm exploratory study demonstrated

that deep cervical LVA is a safe and feasible procedure for patients with AD, significantly improving
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Table 3. Other Therapies to Improve Glymphatic/Lymphatic Drainage in AD

Intervention Animal Impact on Neurophysiological Cognitive
Therapies Sample size lymphatic phy g Effect size behavioral Mechanism of action Author/Year/Journal
method model . changes
drainage changes
140%-50% cognitive performance
(MWM, P < 0.001); 11.5- to 2-fold
1ISF solute glymphatic clearance (tracer in )
Voluntary N=36(total), clearance  |AP; dCLNs, P < 0.01); 120%-86% AQP4 _ Enhances AQP4 expression and -
. . . _ . . . ; tLearning &  polarization at perivascular He et al. (2017). Frontiers in
Exercise wheel running  Aged mice n =6 per rate; 1CSF Ineuroinflammation; expression/polarity (P < 0.05-0.001); . o, .
. : . . S memory endfeet; increases dendritic Molecular Neuroscience™”!
exercise group drainage into  |neuronal damage 135%-44% glial activation (GFAP, <pine densit
dCLNs Ibal, P < 0.05-0.001); |49%-70% Ap P ¥
accumulation (ELISA/IHC, P <
0.01-0.001)
Awake mice: Long-t . h
1CSF inflow; 12-fold glymphatic influx in awake ONg-1erm Exercise ennances
. . ) . lymphatic activity via
Young _ Acute . exercised mice (P < 0.05); ftracer in . . .
N =38 (total), - No change in cardiovascular regulation and von Holstein-Rathlou et al.
Exercise Voluntary female n = 3-6 per exercise. GFAP/AQP4 expression; hypothalamus, ventral/lateral cortex / reduced noradrenergic (2018). Neuroscience
wheel running  C57BL/6) rou P | CSF inflow AQP4 olarizatisn trend, (P < 0.01-0.001); |10% heart rate (P inhibition: acute exe%cise Letters[;“ﬂ
mice group inhibition; No P = 0.006); |50%-60% tracer influx fibrtion, acute
; : inhibits due to increased
effect under during acute running (P < 0.05) . S .
. norepinephrine signaling
anesthesia
SwimmingtLamal/Dp71
Male |Escape latency in Barnes maze (days expression—stabilizes AQP4
‘ Aerot?|c APP/PS] N= 80-10_0 1CSF-ISF |Hippocampal Ap 2—5)'(P<' 0.901); 1AB plaque area TLearning & polanzalhon at perivascular Liang et al. (2025).
Exercise exercise mice (4 (total),n= exchange plagues; fraction in hippocampus (IHC) (P < memor endfeet; Enhanced AQP4 water Brain Research Bulletin ™
training months) 3-10 per group  efficiency Ineuroinflammation 0.001); 1TR-d3 tracer diffusion area in y flux—1CSF-ISF
brain parenchyma (P < 0.01-0.001) exchange—promotes
Apclearance.
Large effect in 5-month APP/PS1
mice: 120%-40% cognitive
performance (MWM, Y-maze, NOR, P
< 0.05-0.001); 140%-50%
glymphatic influx (P < 0.05-0.01);
APP/PS1 N =144-156 1AQP4 polarization; 130%-60% AP deposition (IHC, . .
Exercise Voluntary . mice (3 (total),n = 1CSFinflow  fsynaptic proteins; |[AB;  ELISA, P < 0.05-0.001); |20%-35% TLearning & Improves AQP4 polarization Liu et al. (2022)' Neural
wheel exercise . : . - memory Regeneration Researcht20}
months) 4-13 per group Ineuroinflammation glial activation and

neuroinflammation (P < 0.05-0.01);
130%-40% AQP4 polarity (P <
0.05); 130%-60% BDNF signaling
and synaptic proteins (P <
0.05-0.001)
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. High-intensity AEP/PS1
Exercise interval training ¢ a
€ months)
Old
. Voluntary C57BL/6J
Exercise .
wheel exercise  female
mice
Sleep Sleep )
Modulation  deprivation SD mice
Dietary n-3 PUFAs {f;nl e
Modulation  (DHA) . g
mice
5xFAD
Dietary . female
Modulation High-doseFO mice (4
months)

N =112-128
(total),n=

No significant
change in

6-16 per group CSF inflow

N =80-100
(total), n =
3-11 per group

N =80-100
mice (total) +
6 human
participants, n
= 4-16 per
group

N =80-120
mice (total) +
6 human
participants, n
= 3-6 per
group

N =33-44
(total), n =
4-7 per group

LISF-CSF
convective
exchange

1CSF outflow;
TISF solute
clearance

LAap4
mRNA and
protein
expression

No change in AQP4
polarization, synaptic
proteins, AB, or
neuroinflammation

1AQP4 polarization;
LAB;

Ineuroinflammation

1AB & tau;
Tneuroinflammation

LAB;
Ineuroinflammation;
Ineuronal damage

tMfsd2a; |AB

130%-50% cognitive performance ( P
< 0.05); |45%-60% neuronal
degeneration/apoptosis (P < 0.05);
125%-45% synaptic/structural
proteins (MAP2, MBP, synaptophysin,
spinophilin, P < 0.05); |25%-40%
glial activation (GFAP, Iba-1, P <
0.05); 140%-60% A2/M2 phenotype
(S100A10, CD206, P < 0.05);
135%-50% A1/M1 phenotype (C3d,
CD86, P < 0.05); 135%-50% AQP4
polarity (P-AQP4, n-AQP4, P < 0.05);
135%-50% brain AB/p-tau (P <
0.05)

1CSF tracer (FITC-dextran) influx and
clearance (P < 0.01); |AB1-40
fluorescence in cortex and
hippocampus (P < 0.01); |Ap1-42
fluorescence in cortex and
hippocampus (P < 0.01-0.05)

190%-100% mouse ISF tau during
wakefulness/SD (P < 0.01); 151.5%
human CSF tau during SD (P < 0.001);
136.4% CSF a-synuclein (P < 0.01);
150%-70% tau spreading to LC (P <
0.01); 130% ISF AB and 140% ISF tau
via chemogenetic wakefulness (P <
0.05); 150%-90% ISF lactate (P <
0.05-0.001)

1CSF tracer (FITC-d3) influx and
clearance in brain parenchyma (P <
0.05); | AP deposition in CA3 region
(P<0.05)

12.46-fold Mfsd2a mRNA (P <
0.001); 11.8-fold Mfsd2a vascular
coverage (P < 0.001); |5.8-fold Agp4
mRNA (P < 0.01); |3.2-fold Aqp4
protein (P < 0.001); |8.3-fold Lxrf (P
< 0.0001); |2.3-fold ABCAT (P <
0.01); |21% AP accumulation in
retinal vessels (P < 0.05); Srebp1-c
normalized to control levels (P <
0.001)

No significant
cognitive
change

1Cognitive
decline &
anxiety-like
behavior

1Cognition

tLearning &
memory

/

AQP4 deficiency

Inhibits TRPV4 expression and
TRPV4-associated calcium
hyperactivity, promoting AQP4
polarization and modulating
astrocyte phenotypes

Enhances synaptic activity,
promotes extracellular tau
release, shortens tau half-life,
and accelerates pathological
deposition

Improves AQP4 polarization

FO-mediated upregulation of
Mfsd2a and downregulation of
AQP4, enhancing transcytosis
and glymphatic drainage to
reduce AP deposition. Mfsd2a
restoration promotes DHA
transport and inhibits caveolae
formation, improving BRB
integrity and AP clearance via
transcytosis

Feng et al. (2023).
Theranostics'?!

Li et al. (2024) Experimental
Neurologyt?1

Holth et al. (2019).
Science3?

Ren et al. (2017). The FASEB
Journal=0!

Jovanovic et al. (2024).
International Journal of
Molecular Sciences™"?
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Dietary
Modulation

Surgical
Therapy

Surgical
Therapy

High-fat diet
(HFD)

LVA

CBM

male
C57BL/6)
mice (3
weeks)

Adult male
5xFAD
mice

6 AD patients

N =150-200
(total), n=
5-16 per group

|CSF
inflow; |ISF
solute
clearance
rate

1CSF outflow

Tmeningeal
lymphatic
vessel
generation;
1CSF
drainage into
DCLNs

TAB;
Tneuroinflammation;
tneuronal damage

LAB; | Tau

LAB;

Ineuroinflammation

Preliminary improvements in single
case: 12 points MMSE (5—7); |2
points CDR-SB (10—8); |10.7% AD
region T-sum (PET); 15.4% SUVmax;
lglobal tau deposition; 190% ALPS
index (1.19—2.26);

130%-50% cognitive performance
(NOR, Barnes maze, P < 0.05-0.001);
125%-50% AP deposition (P <
0.05-0.001); 130%-60% meningeal
lymphangiogenesis (LYVE-1+ area, P
< 0.05-0.001); 150%-80% lymphatic
drainage to dCLNs (P < 0.01-0.001)

|Learning &
memory

tCognition &
memory;
ldepression

tLearning &
memory

Long-term HFD disrupts the
polarized distribution of AQP4
on astrocytic endfeet. This
disruption directly impairs the
function of the glymphatic
system, leading to reduced
clearance efficiency of AB and
other waste products from the
brain interstitium, thereby
accelerating AB deposition and
cognitive decline

/

Through mechanical stress-
induced cranial bone
inflammation (IL-6 and VEGF-C
upregulation) and meningeal
lymphangiogenesis, which
depend on the VEGF-
C/VEGFR3 pathway to promote
lymphatic endothelial cell
proliferation and migration

Peng et al. (2025).
Molecular Neurobiology™

Lietal. (2024). General
Psychiatryt33

Lu et al. (2025). Alzheimer's
& Dementiat®7!

1 Increased/enhanced/promoted; | decreased/reduced/inhibited. AB: Amyloid-beta; ABCAT: ATP-binding cassette transporter Al; AD: Alzheimer's disease; ALPS: analysis along the perivascular space; Aqp4: aquaporin-4;
AQP4: aquaporin-4; BRB: blood-retinal barrier; CBM: cranial bone maneuver; CD206: cluster of differentiation 206; CSF: cerebrospinal fluid; dCLNs: deep cervical lymph nodes; DHA: docosahexaenoic acid; ELISA: enzyme-linked
immunosorbent assay; FITC-d3: fluorescein isothiocyanate-labeled dextran 3 kDa; FO: fish oil; GFAP: glial fibrillary acidic protein; HFD: high fat diet; GFAP: glial fibrillary acidic protein; Ibal: ionized calcium-binding adapter
molecule 1; IHC: immunohistochemistry; IL-6: Interleukin-6; ISF: interstitial fluid; LC: locus coeruleus; LVA: lymphovenous anastomosis; Lxrf3: liver X receptor beta; LYVE-1: lymphatic vessel endothelial hyaluronan receptor 1;
Mfsd2a: major facilitator superfamily domain-containing protein 2a; MMSE: Mini-Mental State Examination; mRNA: messenger RNA; MWM: morris water maze; n-3 PUFAs: omega-3 polyunsaturated fatty acids; NOR: novel
object recognition; PET: positron emission tomography; SIO0A10: S100 calcium-binding protein A10; SD: sprague-dawley (rat); TR-d3: texas red-labeled dextran 3 kDa; TRPV4: transient receptor potential vanilloid 4, VEGF-C:
vascular endothelial growth factor-C; VEGFR3: vascular endothelial growth factor receptor 3.

cognitive function as measured by the Mini-Mental State Examination (MMSE) at one month postoperatively, although other neuropsychological outcomes and CSF

biomarkers did not reach statistical significance""*!. More recently, a prospective single-arm study evaluated the therapeutic potential of deep cervical lymphatic-venous

anastomosis in patients with severe AD. This intervention was associated with slowed cognitive decline and improvements in core biomarker profiles (e.g., CSF Ap42,

p-tau 181), suggesting that surgical enhancement of lymphatic drainage may directly facilitate clearance of neurotoxic proteins in humans!*.
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Another innovative approach involves mechanical modulation through cranial bone maneuver (CBM) in
mouse models of AD. This technique stimulates de novo mLV formation at key sinus regions (superior
sagittal and transverse sinuses) and enhances lymphatic clearance. It also primes the skull-meninges interface
for inflammatory activation and subsequent lymphangiogenesis. Sustained improvements in cognitive
deficits and amyloid pathology at 60-day follow-up demonstrate the long-lasting neuroprotective potential of
CBM. These approaches highlight the therapeutic potential of modulating brain fluid dynamics through
structural or mechanical interventions [Table 3].

CONCLUSION AND FUTURE PERSPECTIVES

The glymphatic system plays a pivotal role in AD by facilitating the clearance of neurotoxic proteins such as
AB and tau. Its dysfunction, driven by aging, sleep disturbance, and genetic factors such as APOE4,
accelerates neurodegeneration through impaired waste clearance, chronic neuroinflammation, and synaptic
dysfunction.

Preclinical studies have identified multiple strategies to enhance glymphatic function, including
pharmacological agents, TCM, neuromodulation, and lifestyle interventions. These approaches reduce
pathological protein aggregation and improve cognitive outcomes in animal models. However, clinical
translation remains challenging due to high failure rates in AD drug development, limitations of transgenic
models, lack of standardized experimental protocols, and a scarcity of RCTs.

Despite these challenges, early-phase clinical studies have begun to explore the therapeutic potential of
lymphatic-targeted interventions. A prospective single-arm trial evaluated deep cervical lymphatic-venous
anastomosis in patients with severe AD, representing the first surgical approach directly targeting the
lymphatic system in this context. The study reported preliminary evidence of cognitive stabilization and
improvements in disease-related biomarkers (e.g., CSF Ap42, p-tau181). In parallel, our group demonstrated
that cerebellar iTBS, a non-invasive neuromodulation technique, enhances glymphatic clearance in AD
patients. This effect was reflected by a significant increase in the DTI-ALPS index, which correlated with
improved cognitive performance. Collectively, these findings offer initial clinical evidence supporting both
surgical and non-invasive strategies for glymphatic enhancement'®*>'*¢),

Building on this emerging evidence base, future research should prioritize: (1) the development and
validation of non-invasive imaging biomarkers for in vivo assessment of glymphatic function in humans; (2)
well-designed, adequately powered RCTs to establish clinical efficacy; and (3) mechanistic studies
investigating the interaction between glymphatic dysfunction and key neurodegenerative pathways.
Advancing the field through rigorous, evidence-based methodologies will be essential to fully realize the
therapeutic potential of glymphatic modulation in AD.
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