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Alzheimer’s disease (AD), the most prevalent neurodegenerative disorder, is traditionally at-

tributed to amyloid-beta (Aβ) accumulation and tau pathology. However, emerging evidence 

suggests that broader systemic dysfunctions may underlie or contribute to these hallmark 

features. Two biological systems—the glymphatic clearance pathway and mitochondrial energy 

metabolism—have independently gained attention for their roles in neurodegeneration. The 

glymphatic system facilitates cerebrospinal fluid (CSF) flow and waste clearance, including Aβ, 

while mitochondria regulate neuronal bioenergetics and redox homeostasis. By interlinking 

impaired clearance of neurotoxins and disrupted cellular energy metabolism, a vicious cycle 

may emerge that accelerates cognitive decline. We argue that integrated dysfunction could 

serve as an upstream event contributing to disease onset and progression. Understanding this 

combined pathology may not only redefine causality in AD but also offer novel therapeutic 

strategies targeting the neurovascular-energetic interface. 
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LZHEIMER’S DISEASE (AD) continues to impose a 

formidable burden on healthcare systems worldwide, 

not only due to its prevalence but also due to its com-

plex, multifactorial etiology (Han, 2025). For decades, the amy-

loid cascade hypothesis has dominated research and therapeutic 

design, positing that amyloid-beta (Aβ) accumulation initiates a 

pathogenic cascade leading to tau hyperphosphorylation, synap-

tic failure, and neuronal death (Fedele, 2023). Yet, despite robust 

efforts to target Aβ therapeutically, clinical trials have largely 

been disappointing, prompting a search for alternative or com-

plementary mechanisms. In this context, two systems—the 

glymphatic clearance network and mitochondrial bioenerget-
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ics—have emerged as critical but underappreciated contributors 

to the neuropathological landscape of AD(Gao et al., 2023). 

While each has been explored in isolation, it is the combined 

dysfunction of these two systems may serve as a more funda-

mental and perhaps causal contributor to disease pathogenesis. 

The glymphatic system, a brain-wide perivascular pathway 

driven by cerebrospinal fluid (CSF) flux, was only recently 

characterized, revolutionizing our understanding of how the 

brain clears metabolic waste (Corbali & Levey, 2025). This 

system relies heavily on the proper functioning of astroglial 

aquaporin-4 (AQP4) water channels and the regular pulsing of 

cerebral arteries (Ding et al., 2023). In healthy brains, the 

glymphatic pathway is particularly active during sleep, enabling 

the clearance of solutes such as Aβ and tau. In aging and neuro-

degenerative conditions, however, glymphatic flow is signifi-

cantly impaired. Reduced AQP4 polarization, vascular stiffening, 

and sleep disturbances—all common in elderly popula-

tions—can compromise glymphatic efficiency, resulting in the 

accumulation of neurotoxic proteins. 

Simultaneously, the mitochondria—crucial for ATP pro-

duction, calcium homeostasis, and reactive oxygen species 

(ROS) buffering—also undergo progressive dysfunction with 

aging (Silva et al., 2023). Mitochondrial deficits in AD are 

well-documented, encompassing impaired oxidative phosphory-

lation, increased mitochondrial DNA (mtDNA) mutations, and 

aberrant dynamics of fission and fusion. This energetic shortfall 

not only compromises synaptic function but also enhances neu-

ronal susceptibility to oxidative stress. Moreover, dysfunctional 

mitochondria can release damage-associated molecular patterns 

(DAMPs) that activate neuroinflammation, creating a milieu 

conducive to neurodegeneration (Dhariwal et al., 2025). 

Though the dysfunction of these systems has typically 

been studied in isolation, a growing body of evidence suggests 

their interdependence. The glymphatic system relies on adequate 

cerebrovascular health, which is intrinsically tied to mitochon-

drial energy production (Kylkilahti et al., 2021). Conversely, 

mitochondria are sensitive to the accumulation of toxic metabo-

lites, such as Aβ and tau, which glymphatic pathways are re-

sponsible for clearing. This bidirectional relationship may be the 

fulcrum upon which cognitive decline pivots. If either system is 

disrupted, the burden on the other increases; when both are im-

paired, the result may be a pathogenic synergy, wherein waste 

clearance and cellular energy metabolism collapse simultane-

ously (Jiang-Xie et al., 2024). 

Support for this integrated hypothesis comes from several 

domains. First, animal models with glymphatic impairment ex-

hibit not only elevated Aβ levels but also signs of mitochondrial 

dysfunction, including increased oxidative stress and ATP deple-

tion (Lin et al., 2022). Mice lacking functional AQP4 channels 

show accelerated Aβ accumulation and exacerbated 

neuroinflammation, which in turn hampers mitochondrial respi-

ration (Kopeć et al., 2023). Sleep-deprived mice—another mod-

el of glymphatic dysfunction—show increased Aβ burden and 

mitochondrial swelling, underscoring the link between clearance 

deficits and cellular energy crises (Voumvourakis et al., 2023). 

Second, mitochondrial dysfunction has been shown to im-

pair perivascular pumping mechanisms necessary for 

glymphatic flow. Cerebral arterial pulsatility, partially main-

tained by mitochondrial-derived ATP in vascular smooth muscle 

cells, is essential for driving CSF through the perivascular space 

(Mestre et al., 2018). In mitochondrially impaired vessels, re-

duced pulsatility leads to stagnant glymphatic flow, thereby 

compromising waste clearance (Jukkola et al., 2024). Addition-

ally, oxidative stress, which is a sign of problems with mito-

chondria, can cause issues in pericytes and astrocytes, making 

the glymphatic system work even worse (Kopeć et al., 2023). 

Third, both systems appear to converge on the 

neuroinflammatory axis. Dysfunctional mitochondria release 

pro-inflammatory DAMPs such as mtDNA and cardiolipin, 

while impaired glymphatic clearance leads to the accumulation 

of extracellular inflammatory mediators (Cai et al., 2024). These 

processes synergize to activate microglia and astrocytes, creat-

ing a chronic inflammatory environment that amplifies neuronal 

injury. Moreover, inflammatory cytokines such as IL-1β and 

TNF-α have been shown to downregulate AQP4 expression and 

inhibit mitochondrial respiration, forming a feedback loop of 

mutual deterioration (Xu et al., 2015). 

Clinically, this convergence could explain why AD mani-

fests with such diverse neuropathological features—amyloid 

plaques, tau tangles, neuroinflammation, vascular compromise, 

and synaptic loss—all within a single disease continuum. Tradi-

tional linear models of causality may fail to account for this 

complexity, but a systems-based approach recognizing the dual 

failure of clearance and bioenergetics might (Bredesen et al., 

2023). This integrated model also resonates with epidemiologi-

cal observations: sleep deprivation, chronic vascular disease, 

and metabolic syndrome are all risk factors for AD, and each 

can independently impair both glymphatic and mitochondrial 

function. 

From a diagnostic standpoint, this hypothesis encourages a 

broader set of biomarkers. For instance, MRI-based imaging of 

glymphatic flow (e.g., DTI-ALPS) and PET imaging of mito-

chondrial metabolism could together provide a more nuanced 

assessment of early AD risk (Johnson et al., 2023). Moreover, 

CSF analysis for mitochondrial DAMPs or impaired lactate 

clearance may offer additional clues. Importantly, these bi-

omarkers would reflect upstream dysfunction rather than down-

stream consequence, potentially allowing for earlier interven-

tion. 

Therapeutically, this perspective opens novel avenues. 

Most current AD therapies target amyloid deposition or neuro-

transmission, often too late in the disease course. Interventions 

aimed at enhancing glymphatic function—such as improving 

sleep quality, optimizing AQP4 function, or using low-frequency 

ultrasound to stimulate perivascular flow—may augment clear-

ance before pathological buildup (Kylkilahti et al., 2021). Sim-

ultaneously, therapies that bolster mitochondrial health—like 

NAD+ precursors, mitochondrial antioxidants, or metabolic 

modulators—could restore neuronal resilience (Shinn & 

Lagalwar, 2021). Combination therapies targeting both systems 

might synergistically halt or reverse early-stage disease. 

Moreover, lifestyle interventions gain a mechanistic ra-

tionale under this hypothesis. Regular exercise, intermittent 

fasting, and cognitive enrichment have all been shown to sup-

port both glymphatic function and mitochondrial health. Exer-

cise increases cerebral blood flow and AQP4 polarization, while 
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also stimulating mitochondrial biogenesis and mitophagy (Yoo 

et al., 2025). Sleep hygiene improves glymphatic clearance and 

reduces oxidative stress (Reddy & Werf, 2020). These findings 

suggest that non-pharmacological approaches, long known to 

mitigate cognitive decline, may be particularly effective because 

they simultaneously target both dysfunctional systems. 

Still, many questions remain. It is unclear whether 

glymphatic or mitochondrial dysfunction typically occurs first, 

or whether their deterioration is truly synchronous. Genetic fac-

tors, such as APOE4, may differentially influence each system. 

For instance, APOE4 has been associated with impaired AQP4 

distribution and mitochondrial respiratory chain deficits 

(Moreira et al., 2009). Does APOE4 confer risk precisely be-

cause it destabilizes the glymphatic-mitochondrial axis? Longi-

tudinal human studies integrating genetic, imaging, and molec-

ular data are needed to resolve these dynamics. 

Another important consideration is the heterogeneity of 

AD. Not all patients present with the same constellation of 

symptoms or pathology, and it is possible that 

glymphatic-mitochondrial dysfunction defines a particular sub-

type of the disease. For instance, individuals with prominent 

vascular comorbidities may exhibit more severe glymphatic 

impairment, while those with metabolic syndrome may show 

greater mitochondrial compromise (San-Millán, 2023). Person-

alized medicine approaches could benefit from stratifying pa-

tients according to their dominant pathophysiological profile. 

Finally, the concept of combined system failure also has impli-

cations for other neurodegenerative disorders. Parkinson’s dis-

ease, Huntington’s disease, and even normal aging may involve 

analogous glymphatic-mitochondrial disruptions (Gao et al., 

2023). The notion of a neurovascular-metabolic interface as a 

common denominator in neurodegeneration invites a rethinking 

of disease classification and cross-condition therapeutic strate-

gies. 

In conclusion, while Alzheimer’s disease remains a daunt-

ing clinical challenge, reframing its pathogenesis through the 

lens of combined glymphatic and mitochondrial dysfunction 

offers a more integrated and potentially causal model. Rather 

than viewing protein aggregation as the primary trigger, we 

propose that impaired waste clearance and cellular energetics 

form a vicious cycle that initiates and sustains 

neurodegeneration. This dual-system perspective harmonizes 

disparate findings across neuropathology, neuroimaging, and 

systemic physiology. It encourages a paradigm shift toward 

systems neuroscience, wherein interconnected biological net-

works—not isolated pathways—dictate health and disease. If 

validated, this model could pave the way for earlier diagnosis, 

multi-targeted therapeutics, and personalized prevention strate-

gies that strike at the core of the disease process.■ 
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