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Abstract

The discovery of the glymphatic system (GS) transformed understanding of central nervous
system homeostasis by revealing a brain-wide network that facilitates cerebrospinal and
interstitial fluid exchange along perivascular pathways. This system clears metabolic waste
and maintains the precise ionic environment required for neuronal function through the
coordinated action of astrocytic aquaporin-4 channels and intact perivascular architecture.
Glioblastoma multiforme (GBM), the most aggressive primary brain tumor in adults, alters
physiological barriers through pathological angiogenesis, compression of perivascular
spaces, depolarization of aquaporin-4 at astrocytic endfeet, and obstruction of venous and
lymphatic drainage. This narrative review synthesizes current experimental and clinical lit-
erature identified through targeted searches of PubMed and Scopus to examine interactions
between glioblastoma, glymphatic system dysfunction, and tumor microenvironmental
changes. To minimize selection bias, studies were categorized according to evidence
source and experimental design. Evidence from rodent models and advanced imaging
demonstrates as tumor growth impairs glymphatic function, the resulting dysfunction
promotes tumor progression by enabling accumulation of pro-tumorigenic growth factors,
inflammatory mediators, and acidic metabolites, while elevated interstitial fluid pressure
limits drug delivery. Impaired antigen drainage further diminishes immune surveillance,
contributing to the immunosuppressive microenvironment that limits immunotherapy
efficacy. A critical evaluation of these mechanisms highlights how the glymphatic system
influences disease progression and suggests novel avenues for diagnostic imaging and
therapeutic intervention. Although significant challenges remain in modeling human fluid
dynamics, understanding these hidden networks offers a promising frontier for strategies
aimed at restoring cerebral clearance and improving clinical outcomes.

Keywords: glymphatics; glioblastoma; tumor microenvironment

1. Introduction
Glioblastoma multiforme (GBM) is a World Health Organization (WHO) grade 4 as-

trocytic glioma and represents the most common and aggressive primary malignant tumor
of the adult central nervous system (CNS). GBM accounted for 54% of all malignant CNS
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tumors diagnosed in U.S. adults between 2013 and 2017 [1]. Despite decades of research,
GBM continues to carry a dismal prognosis and remains one of the deadliest CNS malignan-
cies, with marginal improvement in overall survival (OS) over the past 30 years and fewer
than 5% of patients living beyond five years after diagnosis [1,2]. Current standard-of-care
therapy consists of maximal safe surgical resection followed by adjuvant radiation therapy
and chemotherapy, yet even this multimodal approach provides limited long-term survival
benefit. Advances in immuno-oncology, including immune checkpoint inhibitors, oncolytic
virotherapy, non-replicating viral vectors, and CAR-T cell approaches, may offer additional
therapeutic benefit as adjuncts or future alternatives to the current standard of care [3,4].

GBM therapy remains limited by several major obstacles, including the blood–brain
barrier and the highly infiltrative nature of tumor cells, both of which restrict effective
drug delivery and prevent complete surgical resection [5,6]. Tumor heterogeneity and
dynamic genetic evolution further contribute to resistance against chemoradiation and
targeted therapies, leading to rapid recurrence despite aggressive treatment [5]. Addi-
tionally, the profoundly immunosuppressive tumor microenvironment (TME) and low
immunogenicity of GBM hinder the effectiveness of emerging immunotherapies such as
checkpoint inhibitors and CAR-T cells [4]. The complex TME, which consists of glioma
stem cells, neuronal and glial cells, stromal elements, and diverse immune cell populations,
fosters tumor growth, invasion, and therapeutic resistance [3]. One recent development in
understanding the TME includes the newly discovered glymphatic system (GS), implicated
in regulating the blood–brain barrier, immune regulation, and access to therapeutic agents.
This review integrates current knowledge of GS physiology with emerging evidence of
its dysfunction in brain disease, establishing a foundation for understanding its relevance
to GBM.

2. Literature Search Strategy
This narrative review was conducted to synthesize current evidence on the role

of aquaporin-4 (AQP4), glymphatic dysfunction, and astrocyte–vascular interactions in
glioblastoma and related brain tumor pathophysiology. The review was not designed as a
systematic review, but rather as a qualitative, hypothesis-driven synthesis of experimental
and clinical literature with a focus on key studies.

A literature search was performed using PubMed and Scopus databases to identify
relevant peer-reviewed articles published primarily in English. Searches covered studies
published up to the time of manuscript preparation. Key search terms included combina-
tions of “aquaporin-4,” “AQP4,” “glymphatic system,” and “glioblastoma”. Reference lists
of relevant articles were also manually screened by authors to identify additional studies
of relevance.

Both experimental and clinical studies were considered, including in vivo animal mod-
els, in vitro cellular studies, and human imaging or pathological investigations. Review
articles were used selectively to provide contextual background and to identify founda-
tional or highly cited primary studies. To improve interpretability, the reviewed literature
was stratified into three evidence categories, which were preclinical experimental stud-
ies, including rodent models of glioblastoma and aquaporin-4 manipulation experiments;
human imaging or clinical studies, including MRI-based glymphatic assessments and
patient-derived observations; and conceptual or secondary analyses, including review
articles synthesizing mechanistic insights from multiple experimental systems. Findings
derived directly from primary experimental data were clearly differentiated from hypothe-
ses or interpretations proposed in secondary literature. This framework allows clearer
evaluation of the strength and translational relevance of the available evidence.
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Study selection and thematic organization were performed by the lead author, with in-
put from co-authors to ensure accuracy and balance. The included literature was analyzed
qualitatively and organized into thematic sections addressing changes in AQP4 expres-
sion and polarity in tumor and peritumoral regions, functional consequences for edema
formation, tumor growth, and invasion, and implications for glymphatic dysfunction and
therapeutic targeting.

3. The Glymphatic System: Physiology and Function
The discovery of the GS in 2012 fundamentally transformed our understanding of brain

fluid movement. Using in vivo two-photon imaging, Iliff and colleagues demonstrated that
cerebrospinal fluid (CSF) travels from the subarachnoid space into periarterial channels,
exchanges with interstitial fluid (ISF), and drains along perivenous pathways, establishing a
brain-wide clearance network dependent on glial regulation [7]. The GS, named to reflect its
reliance on glial cells, is organized around perivascular spaces (PVS), astrocytic endfeet, and
the water channel AQP4, which collectively facilitate bulk flow movement of CSF and ISF
(Figure 1) [8]. AQP4 polarization at astrocytic endfeet appears essential for efficient solute
transport, as disruptions to AQP4 localization markedly reduce glymphatic flow and waste
clearance [9]. The astrocytic endfeet form a tunnel-like structure that separates the PVS
from the brain tissue, thus enabling the directional flow of fluid [8]. One of the mechanisms
that drives the flow of fluid through the PVS is the contraction and dilation of the heart
during the cardiac cycle [8]. The deep veins within the brain located in the perivenous
system play a major but incompletely understood role in drainage. The neurovascular unit
(NVU) conceptually defines the neuronal, astrocytic, endothelial, vasomotor apparatus and
microglia maintaining the blood–brain barrier and contains the astrocyte-driven GS.

Beyond its architectural components, the GS dynamically responds to physiologi-
cal and mechanical conditions. Studies demonstrate that circadian rhythm, particularly
slow-wave sleep, particularly non-rapid-eye movement (NREM) 1–4 Hz sleep, enhances
glymphatic inflow, increases interstitial space volume, and promotes clearance of neuro-
toxic proteins such as amyloid-β [8,10]. Fluid velocity is strongly related to the depth of the
stage of sleep and AQP4 expression, with glymphatic flow being highest specifically during
the NREM3 stage and reduced during sleep disruption, REM sleep and wakefulness [8,11].
Conversely, aging, vascular dysfunction, and neuroinflammation are associated with im-
paired glymphatic transport, suggesting that this system plays a critical role in maintaining
neuronal homeostasis across the lifespan and in multiple CNS pathologies [8,9,12]. Glym-
phatic activity is also linked to cardiovascular activity and dynamics. Hypertension has
been shown to decrease glymphatic function in rats [13]. Similarly, other cardiovascular
diseases such as congestive heart failure and arrhythmias impact vascular activity and
ultimately change the pulsations of the arterial walls, leading to reduced perivascular flow.
Together, these findings establish the GS as a fundamental regulator of cerebral waste
clearance, solute exchange, and fluid homeostasis.

The GS may influence the brain TME by modulating fluid flow, metabolite clearance,
and solute distribution. Several studies demonstrate that tumors, particularly GBM, distort
perivascular pathways, alter AQP4 expression, and elevate interstitial fluid pressure, all
of which are predicted to impair glymphatic transport [14]. Experimental models show
reduced CSF tracer influx and delayed clearance in tumor-bearing brains, indicating that
neoplastic tissue may mechanically and functionally disrupt glymphatic circulation [12].
Such impairment could lead to accumulation of inflammatory byproducts, altered nutrient
gradients, and reduced penetration of therapeutic agents and alter the TME. By regulating
solute transport, interstitial fluid composition, and clearance of metabolic or signaling
molecules, GS dysfunction may contribute to tumor growth, invasion, and resistance to
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therapy. Despite this progress, a substantial gap remains regarding how glymphatic flow
behaves in the context of brain tumors, where tissue architecture, vascular integrity, and
interstitial pressure are profoundly altered.

 

Figure 1. Overview of the glymphatic system and neurovascular unit. The glymphatic system
contributes to the transport of nutrients and signaling molecules into the brain parenchyma while
promoting the clearance of proteins and interstitial waste solutes out of the brain. Subarachnoid
CSF enters the brain parenchyma via para-arterial spaces and then mixes with the interstitial fluid
(ISF) and waste solutes in the parenchyma. Whether this occurs through convective bulk flow or
diffusion remains debated. The resulting CSF–ISF exchange and the interstitial waste solutes enter
the paravenous space through gaps between the astrocytic end-feet to be drained either back to the
CSF-dural sinus-meningeal lymphatic vessels or to the deep cervical lymph nodes. Green arrows
and shades indicate the CSF and CSF–ISF fluid transport, while black stars indicate the interstitial
waste solutes that exit the parenchyma via the paravenous efflux pathway. The insert depicts the
main components of the NVU at the level of intraparenchymal capillaries, including perivascular
astrocytes with their end-feet, neurons, microglia, pericytes, endothelial cells (ECs), and basement
membrane (basal lamina). Capillary ECs are held together by tight junctions forming the blood–brain
barrier (BBB), where the different transport routes are represented, including transcellular lipophilic
transport, carrier protein-mediated transport, paracellular aqueous transport, and receptor-mediated
transcytosis, as well as adsorptive and cell-mediated transcytosis. Reproduced from Natale et al.,
Glymphatic System as a Gateway to Connect Neurodegeneration From Periphery to CNS. Front
Neurosci 2021 under a CC BY 4.0 license [15]. The figure is included to illustrate the canonical
structural organization of the glymphatic system described in foundational literature.
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3.1. Cellular Organization

Despite lacking a traditional lymphatic system, the significant energy expenditure of
the brain suggests a need for cellular waste clearance offered by the GS [16]. Historically,
brain fluid movement was considered a largely passive process driven by diffusion and
hydrostatic forces. However, advances in imaging, molecular characterization, and com-
putational modeling have revealed that CSF–ISF exchange is an active, regulated process
with significant implications for neurological hemostasis [17]. The GS consists of PVS that
drive the bidirectional movement of bulk fluid through the brain [8]. In the periphery,
ultrafiltrate enters lymphatic capillaries that eventually form lymphatic ducts that return
filtrate to the venous system. In contrast, filtrate from capillaries in the CNS cannot pene-
trate the blood–brain barrier. To overcome this, fluid moves along PVS to enter the brain
parenchyma alongside arteries [8]. Perivascular pumping from transmitted kinetic energy
of cardiac contraction and pulsation pressure waves as well as respiration movements
facilitates CSF absorption into PVS [11]. From here, the CSF leaves the brain through a
system of channels consisting of perivenous and perineuronal spaces as well as cranial and
spinal nerves [11].

Astrocytes are the most numerous glial cells and have important functions in maintain-
ing the overall health of neurons, maintaining blood–brain barrier integrity, and regulating
cerebral fluid flow. The end feet of astrocytes change in response to arterial tone. As the
arterial diameter decreases, the astrocyte endfeet decrease in size [8]. Protein complexes,
such as the dystrophin-associated complex, anchor the AQP4 channel at the membrane
and are enriched at the astrocytic endfeet.

In the CNS, the AQP4 water channels play a major role in the functioning of the
GS. It is the most abundant aquaporin in the central nervous system and regulates the
CSF-interstitial fluid exchange in the perivascular spaces. AQP4 is localized around blood
vessels, and its role in regulated fluid balance has been identified. AQP-4-deficient mice dis-
played decreased CSF interstitial influx and a 70% reduction in solute clearance, suggesting
that fluid movement through the glymphatic system is AQP-4-dependent [7].

3.2. Metabolic Regulation

The GS plays a major role in maintaining CNS homeostasis. The first role is nutrient
transport to the brain, including glucose, lipids, amino acids, and certain lipoproteins (e.g.,
apolipoprotein E) [18]. The second role is the clearance of metabolic products such as lactate,
soluble proteins amyloid-β (Aβ), and tau, and foreign bodies from brain parenchyma
into CSF [18]. The third role is immune regulation via transport of immune cells and
antigens through the meningeal lymphatics to provide continuous immune surveillance.
Despite extensive investigation, the mechanisms by which immune cells and inflammatory
mediators access the brain parenchyma and trigger neuroinflammation remain incompletely
understood [18]. Increases in PVS have been linked to inflammatory disease infiltration
and diseases, including multiple sclerosis [19–23].

4. Evidence for Glymphatic Involvement in Glioblastoma
Direct experimental evidence linking glymphatic dysfunction to GBM pathophysiol-

ogy has emerged primarily from rodent tumor models and in vivo imaging studies over
the past decade (Figure 2) [24]. GS visualization of CSF movement in living brain tissue
has been performed using tracer-based imaging, where fluorescent or contrast-enhanced
molecules injected into the CSF can be tracked as they flow through perivascular channels
into the brain parenchyma [24,25]. When this approach was applied to orthotopic rat
glioma models, CSF tracers distributed poorly within tumor-bearing hemispheres and
accumulated instead in contralateral healthy tissue [24]. Moreover, tracers in mice models
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lingered abnormally before draining into systemic circulation, indicating that both inflow
and outflow arms of the glymphatic circuit were compromised [25]. Together, these findings
indicate that both the inflow and outflow arms of the glymphatic circuit are disrupted in
the presence of gliomas.

 

Figure 2. Schematic of glioblastoma disruption of the glymphatic system. (A) Normal function of the
glymphatic system is depicted with important roles in absorption and regulation of cerebrospinal
fluid (CSF) and interstitial fluid (ISF). The role of aquaporin 4 (AQP4), concentrated at the astrocytic
endfeet, is critical. (B) Glioblastoma disruption includes local mass effect as well as disruption of
AQP4 expression and localization, resulting in (C) metabolite accumulation, pro-tumor cytokines, and
impaired antigen drainage, resulting in vasogenic and cytotoxic edema. (D) Therapeutic modalities
aiming to target glymphatic system disruption, including imaging of the system, therapeutic targets
to improve AQP4 repolarization, anti-vascular endothelial growth factor (VEGF) targeting, osmolality
regulation, sleep enhancement and intrathecal drug delivery. Figure generated using AI-assisted
tools (ChatGPT-5.2/DALL-E) and reviewed by the authors.

Glioma demonstrates structural disruption at the NVU. Close examination of tumor-
infiltrated brains revealed that glioma cells actively invade the PVS, physically displacing
the astrocytic endfeet that normally line vascular walls [26]. This displacement destroys the
polarized architecture essential for directional fluid movement. Instead of being confined
to perivascular membranes where they facilitate bulk flow, AQP4 channels scatter across
glial cell surfaces in a disorganized pattern [26,27]. In classic rat glioma models, this
reorganization is visually apparent. In fact, tumor cells themselves express abundant AQP4,
but the protein no longer assembles into the orthogonal arrays of particles that characterize
normal perivascular membranes [28].

4.1. Changes in AQP4 Expression/Polarity in Tumor and Peritumoral Zones

Disruption of AQP4 expression and localization is evident in GBM. In healthy brain
tissue, AQP4 displays a highly organized expression pattern within the astrocytic endfeet in
contact with blood vessels and forming a high-capacity interface for water exchange [7,29].
By contrast, astrocytic membranes facing the neuropil express relatively little AQP4, which
is actively maintained by molecular scaffolding systems, most notably the dystrophin-
associated protein complex [30]. In tumor-infiltrated regions, the normal perivascular
enrichment of AQP4 collapses, and the channel redistributes across cell membranes in a dif-
fuse, nonpolarized pattern [28]. Quantitative studies in rodent glioma models demonstrate
this shift directly, as immunohistochemistry shows loss of AQP4 localization at astrocytic
endfeet with redistribution across tumor cells and reactive astrocytes throughout the tumor
microenvironment. Notably, this change often occurs without a reduction in total AQP4
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expression. AQP4 translation has been noted in tumor-bearing tissue, particularly within
reactive astrocytes responding to tumor-associated injury [28,31]. This apparent paradox
reveals that the effectiveness of glymphatic flow depends on the spatial distribution of
AQP4, not its overall abundance. Tumor-driven inflammation, extracellular matrix remod-
eling, and reactive astrocyte transformation likely disrupt the same molecular scaffolds
that preserve AQP4 polarity in healthy tissue [31–36]. This suggests that tumor-associated
glymphatic dysfunction arises not from AQP4 deficiency itself, but from failure of the cellu-
lar architecture that positions the channel to support directional fluid transport. Restoring
this architecture, rather than simply increasing AQP4 expression, may, therefore, represent
a more promising therapeutic strategy [37,38].

The mechanisms underlying this depolarization have been partially elucidated
through genetic studies that dissociate protein expression from protein localization. Mice
lacking alpha-syntrophin, a key component of the dystrophin-associated protein complex,
express normal total levels of AQP4, but without the anchoring scaffold, the channels fail
to concentrate at the astrocytic endfeet; consequently, CSF influx into the brain parenchyma
decreases markedly, and interstitial solute clearance is greatly reduced [37,38]. By exten-
sion, the loss of perivascular AQP4 polarization in glioma likely explains much of the
functional impairment observed in tumor-bearing rodents, even when total protein lev-
els remain unchanged [39]. Recent work also identified dystrophin 71 as a key anchor
that maintains AQP4 localization at perivascular membranes, where, during ischemia,
degradation of dystrophin 71 results in AQP4 redistribution away from astrocytic endfeet,
diminished glymphatic clearance, and worsened brain edema despite unchanged total
AQP4 expression [40].

4.2. Manipulations of AQP4 Affecting Tumor Growth and Edema

AQP4 functions in seemingly contradictory roles in GBM due to disruption of nor-
mal NVU homeostasis. Animal models show that AQP4 plays different roles depending
on the type of edema. In cytotoxic edema models, such as acute water intoxication and
ischemic stroke where the blood–brain barrier remains intact, mice overexpressing AQP4
develop severe brain swelling due to increased intracellular water uptake by astrocytes [41].
AQP4 knockout mice are protected from cytotoxic edema because water entry into the
parenchyma is reduced. In vasogenic edema models, such as cortical cold injury or intra-
parenchymal fluid infusion that disrupts the blood–brain barrier and leads to extracellular
fluid accumulation, AQP4-deficient mice accumulate more extracellular fluid and exhibit
higher intracranial pressure. This indicates that AQP4 normally facilitates the clearance of
vasogenic edema fluid from the brain [42,43].

In gliomas with mixed cytotoxic and vasogenic edema, AQP4 upregulation may exac-
erbate cytotoxic swelling through increased astrocytic water influx while also playing a role
in vasogenic edema clearance. Tumor masses disrupt blood–brain barrier integrity, causing
vasogenic edema, while surrounding reactive tissue experiences metabolic stress that can
trigger cytotoxic swelling. This mixed pathology may explain why AQP4 expression in
glioma correlates with poor prognosis in some studies but appears protective in others [42].
At the cellular level, AQP4 influences both glioma invasion and survival. In vitro AQP4
knockdown reduces water permeability, impairs migration, alters cytoskeletal organization,
and diminishes osmotic stress responses [44]. AQP4 silencing in GBM cell lines decreases
proliferation and induces apoptosis through cytochrome c release and altered Bcl-2 expres-
sion [45]. When these AQP4-deficient GBM cells are implanted in mice, they form smaller
tumors than control cells. This suggests that AQP4 plays a role in multifunctional mediator
glioma dissemination and cell survival.
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As discussed in Section 3.1, loss of perivascular AQP4 polarization is a defining feature
of glioblastoma and has important functional consequences for edema formation, tumor
invasion, and therapeutic resistance. Experimental and imaging studies further substantiate
this depolarization phenomenon in glioblastoma [46].

5. Mechanistic Insights and Hypotheses
Current understanding of glymphatic dysfunction in GBM derives predominantly

from preclinical experimental studies, particularly rodent glioma models, whereas human
evidence remains limited and is largely based on advanced neuroimaging approaches that
indirectly assess glymphatic activity.

5.1. How Glioblastoma Disrupts Glymphatic Function

Through hypoxia-inducible factors and vascular endothelial growth factor (VEGF)
signaling, GBM is able to direct pathological angiogenesis that entirely modifies the cerebral
vasculature [6]. GBM can induce neoangiogenesis that lacks the need for physiological
perivascular flow, creating vessels that are dilated, tortuous, and overall architecturally
disorganized [6]. GBM vessels demonstrate disrupted tight junctions leading to leakage of
plasma proteins into the interstitial space as a result of blood–brain barrier breakdown. The
physiological osmotic and hydrostatic gradients are essential for the normal functioning of
CSF–ISF exchange; by creating a permeable BBB, GBM is able to alter these gradients and
thus reverse or deteriorate this flow that is needed for the functioning of the GS [14].

5.2. Structural Distortion of Perivascular Spaces by Tumor Mass

Experimental studies in rodent glioblastoma models demonstrate that glymphatic
fluid flow is maintained through PVS channels but becomes mechanically disrupted in
the presence of a GBM tumor mass. The expansion and infiltration of GBM contributes
to the compression and distortion of these PVS conduits, which not only diminishes their
efficacy but also potentially completely obliterates them in areas of condensed tumor
infiltration [14]. The PVS of the brain infiltrated by GBM shows reduced volume and per-
turbed morphology on advanced imaging relative to healthy tissues. The cerebral edema
associated with the tumor only magnifies this structural distortion further, constricting
the space available for fluid circulation. Beyond these cellular and molecular disruptions,
the expanding tumor mass imposes mechanical constraints on fluid circulation. Elevated
intracranial pressure caused by tumor growth and edema compresses venous outflow
pathways, creating a bottleneck in which fluid entering through periarterial routes cannot
exit efficiently and progressively accumulates [24,25,47]. The result is a vicious cycle in
which structural, molecular, and mechanical factors reinforce one another to produce the
profound glymphatic dysfunction characteristic of tumor-bearing brains. These observa-
tions are primarily derived from preclinical imaging and histological studies in murine
glioma models, which demonstrate structural compression of perivascular pathways and
altered CSF–interstitial exchange.

Meningeal lymphatic vessels serve the purpose of being the terminal drainage cir-
cuit for fluid derived from the brain. Although the exact mechanisms remain unclear,
these meningeal lymphatic vessels may undergo functional deterioration in patients with
GBM [8,25]. Studies of other neurological conditions have shown that chronically elevated
intracranial pressure, modifications of CSF composition, and tumor inflammatory signaling
adversely affect the functioning of meningeal lymphatic vessels, suggesting that the same
could be true of GBM as well [8,25]. This overall impairment of drainage via venous and
lymphatic vessels results in the accumulation of fluid, a dramatic increase in interstitial
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pressure, and a reduction in elimination capacity. Collectively, these mechanisms diminish
the overall efficiency of glymphatic circulation.

5.3. How Glymphatic Impairment May Promote Tumor Progression

Various mechanisms govern how GBM-mediated disruption of the GS can also pro-
mote tumor progression.

5.3.1. Impaired Drainage of Protumor Growth Factors

Impaired regulation of solubles through interstitial fluid, such as VEGF, can induce
angiogenesis [14]. Impediment of normal pro-inflammatory cytokine clearance results
in accumulation of interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), which
promote tumor growth [3,48–50]. The recruitment and polarization of M2-phenotype
macrophages and regulatory T cells due to increased IL-6 can lead to suppression of
antitumor immunity.

5.3.2. Accumulation of Lactate and Acidic Metabolites Enhancing Invasion

The Warburg effect applies in GBM, with elevated lactate production playing a role in
GBM where the GS fails to eliminate lactate and other metabolic byproducts [17]. Thus,
glymphatic dysfunction causes the buildup of these acidic metabolites in the tumor mi-
croenvironment, resulting in a lowered extracellular pH inhibiting proteolytic matrix
metalloproteinases (MMPs) as well as inducing expression of acid-sensing ion channels and
pH-dependent signaling pathways that promote the movement of GBM cells [5,7,51,52].
The consequence of these effects is an overall environment that stimulates infiltration and
invasion by GBM.

5.3.3. Modulation of Immune Surveillance Due to Altered Antigen Drainage

The GS also expedites and maintains the drainage of antigens and immune mediators
from the brain parenchyma during immune surveillance [25]. Normally, the GS allows
immune cells in the periphery to inspect antigens derived from the CNS and appropriately
mount immune responses. By impeding the drainage of antigens associated with GBM
tumors, these alterations lead to a reduction in the passage of such molecules to draining
lymph nodes. This prevents the priming and activation of tumor-specific T cells, potentially
contributing to the poor immunogenicity of GBM and the ineffectiveness of immune
checkpoint inhibitors as a therapeutic agent [4]. Further, alterations in the flow of fluid
may negatively impact the circulation of dendritic cells and other antigen-presenting
cells, diminishing their ability to leave the tumor microenvironment and initiate adaptive
immune responses.

5.3.4. Enhanced Interstitial Pressure and Therapy Resistance

GBM and other solid tumors are known to cause elevated interstitial fluid pressure
(IFP) due to a combination of aforementioned effects, including vascular leakiness, impaired
lymphatic drainage, and compact cellular packing. When the GS is dysfunctional, this
problem is exacerbated due to reduced fluid drainage from the tumor and peritumoral
regions [14]. This has significant implications for therapeutic efficacy and delivery.

The resultant elevated IFP causes a reduction in the pressure gradient separating
blood vessels and surrounding tissue, which restricts the extravasation of therapeutic
agents from the circulation into the tumor mass. This problem is magnified for large
molecules, such as monoclonal antibodies and nanoparticle-based drug carriers, that are
already limited by their relative difficulty in penetrating the BBB. Even for therapeutic
agents that are able to successfully cross the BBB, they are then unevenly distributed
throughout the tumor due to the elevated IFP, leaving untreated regions that can give rise
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to recurrence [6,53–55]. Blood vessels could also become compressed within the tumor
because of this increase in IFP, leading to hypoxic regions that are resistant to radiation
therapy and certain chemotherapeutic agents.

6. Therapeutic and Diagnostic Implications
6.1. Imaging the Glymphatic System in Glioblastoma

While it can be a unique challenge to visualize the functioning of the glymphatic
system in a non-invasive manner for patients with GBM, it can also be a critically advanta-
geous way to assess CSF–ISF flow. The most common approach of doing so thus far has
been the utilization of intrathecal gadolinium-based tracers with contrast-enhanced MRI,
allowing for the visualization of both the flow of CSF tracer along perivascular spaces and
its clearance [8,56]. Regions where there appears to be diminished tracer uptake or delayed
elimination are indicative of impairment of glymphatic transport. This subsequently allows
for not only an indirect measure of overall glymphatic function but also reveals variations
in different brain regions. An alternative approach to non-invasive imaging without the use
of contrast is diffusion tensor imaging along the perivascular space (DLTI-ALPS), which
evaluates the directionality of water diffusion along perivascular pathways [12,57–59]. CSF
pulsatility and flow dynamics can be further assessed with the use of other approaches,
such as PET imaging with novel tracers and advanced MRI sequences.

Molecular biomarkers can be used in conjunction with these methods of imaging to
better assess glymphatic integrity in patients with GBM. Analyzing the expression of AQP4
and the patterns of polarization on surgical specimens may function as prognostic indicators
of astrocytic dysfunction [14]. Emerging computational models of fluid dynamics could
potentially serve as a profoundly advantageous way of not only simulating glymphatic
flow but also predicting the effects of tumor mass, edema, and vascular abnormalities
on CSF–ISF exchange. Such models could therefore guide surgical decision-making and
identify the patients that are most likely to benefit from glymphatic-based interventions.

6.2. Predictive Value and Targeting AQP4 and Astrocytic Polarization

Preclinical edema studies have demonstrated the efficacy of TGN-020, a selective AQP4
inhibitor, but further research is needed to reveal its effects on tumor development [60].
The rationale behind this therapeutic novel strategy appears to be paradoxical, though;
inhibiting AQP4 causes a reduction in vasogenic edema but could also hamper glymphatic
clearance even further. Other approaches emphasize reestablishing physiologic AQP4
polarization through the use of dystrophin-associated protein complex modulators, anti-
inflammatory agents, or gene therapy. Further, there is also potential for agents that
diminish the permeability induced by VEGF or stabilize endothelial tight junctions, leading
to the restoration of normal pressure gradients and perivascular transport [6].

6.2.1. Physical Methods (Osmotherapy, CSF Diversion)

Another promising approach for therapeutic interventions is attempting to reduce in-
creased interstitial fluid pressure. The use of osmotherapy through mannitol or hypertonic
saline can withdraw fluid from the brain parenchyma and thus diminish IFP and augment
drug penetration [12]. Although CSF diversion procedures are not frequently utilized in
the management and treatment of GBM, they could restore the pressure gradients that
drive glymphatic flow and thus benefit patients with elevated intracranial pressure.

6.2.2. Sleep Enhancement, Respiratory Control, and Lifestyle Interventions That Enhance
Glymphatic Clearance

Sleep is critical in the maintenance of normal glymphatic functioning; hence, attempts
to enhance sleep quality could also be beneficial in the management of GBM [10,61].
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The already diminished functioning of the glymphatic system in patients with GBM is
potentially compounded by sleep disturbances due to corticosteroids, seizures, and anxiety.
Attempts to educate patients on sleep hygiene, utilize pharmacological aids, and treat sleep
apnea could improve glymphatic function. Preliminary clinical evidence suggests that
lymphatic transport may also be regulated by respiratory patterns and body positioning
during sleep, highlighting another potential target for lifestyle interventions.

6.2.3. Glymphatic Pathways as Routes for Enhanced Drug Distribution

The far-reaching distribution of the GS also highlights its utility as a promising drug
delivery conduit. The administration of convection-enhanced delivery could allow ther-
apeutic agents to utilize perivascular pathways and subsequently attain more extensive
distribution [8,62,63]. Moreover, other methods of administration, such as intrathecal or
intraventricular, can allow drugs to bypass the blood–brain barrier by leveraging glym-
phatic flow pathways. This could be particularly useful for large molecular agents such as
monoclonal antibodies that face challenges in penetrating the BBB [4,64,65].

6.2.4. Implications for Nanoparticle and Antibody Delivery

The optimization of glymphatic transport may be dependent on the use of specific
nanoparticle sizes that effectively enable both perivascular flow and interstitial penetra-
tion [64]. By improving glymphatic clearance, there can be enhanced trafficking of tumor
antigens to lymph nodes, which can allow therapeutic antibodies to more successfully
respond to checkpoint blockades [4,66,67]. A better understanding of these dynamics could
help guide dosing strategies and improve patient selection.

6.2.5. Interaction with Immune Checkpoint Inhibitors and Oncolytic Viruses

Preclinical investigations, particularly in rodent tumor models, suggest that glym-
phatic pathways may facilitate broader distribution of therapeutic agents such as oncolytic
viruses, allowing their spread to infiltrative tumor cells [68]. There is also potential for
immune checkpoint inhibitors to improve systemic immune responses via the enhancement
of antigen drainage. However, the efficacy of such checkpoint inhibitors may ultimately
be restricted by the immunosuppressive GBM microenvironment. Thus, approaches that
are aimed at simultaneously improving glymphatic clearance and also modifying the
immunosuppressive environment could be more effective.

6.2.6. Synergies Between Radiotherapy, Antiangiogenic Agents, and
Glymphatic Modulation

Evidence regarding the impact of standard therapies on glymphatic function is largely
indirect and derived from both preclinical models and clinical observations. Glymphatic
function is likely to be affected by the effects of standard radiotherapy, which include
endothelial impairment, astrocyte reactivity, and decreased tumor burden [2]. By reducing
edema and IFP, antiangiogenic agents such as bevacizumab could allow for improved drug
delivery through the improvement of glymphatic flow [6].

7. Future Directions and Outstanding Questions
Although emerging studies highlight meaningful interactions between GBM and the

glymphatic system, major knowledge gaps remain. Current rodent models and small-
animal imaging techniques demonstrate altered tracer transport, AQP4 depolarization,
and perivascular distortion, yet they lack the anatomical fidelity and methodological
precision needed to replicate human glymphatic dynamics [69]. Imaging limitations further
constrain interpretation, as available modalities still cannot fully resolve CSF–ISF movement
or perivascular flow at tumor invasion fronts [55]. Additionally, it remains unclear how
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closely GBM invasion aligns with perivascular pathways, the extent to which tumor growth
perturbs meningeal lymphatic outflow [70], and whether molecular features such as AQP4
depolarization or altered cytokine composition correlate with tumor aggressiveness. The
impact of impaired antigen drainage on T-cell priming and systemic immune responses also
remains poorly defined, reinforcing the need for integrative models of glymphatic–immune
interactions [71].

Translational progress will depend on developing imaging approaches that quantify
glymphatic impairment and computational models capable of capturing patient-specific
CSF–ISF transport dynamics [72]. These tools may allow glymphatic metrics to function as
biomarkers of tumor progression, therapeutic response, or risk of recurrence. They may
also guide emerging strategies aimed at restoring perivascular architecture, improving
AQP4 polarization, reducing interstitial pressure, or exploiting glymphatic pathways
for drug and immunotherapy delivery. Drug distribution could be further enhanced by
integrating glymphatic modulation along with temozolomide through osmotherapy or
sleep optimization, which can be especially helpful within the infiltrative boundaries that
give rise to tumor recurrence.

From a translational standpoint, the most pressing experimental needs include longi-
tudinal imaging studies combining intrathecal MRI tracers or ALPS-DTI with clinical out-
comes, mechanistic models integrating glymphatic transport with immune trafficking, and
interventional studies testing whether sleep optimization, osmotherapy, or anti-angiogenic
therapy can partially restore glymphatic flow. Clinically, early-phase trials incorporating
glymphatic imaging as an exploratory biomarker are urgently warranted.

8. Conclusions
The GS has emerged as a critical yet underexplored regulator of cerebral homeostasis,

and growing evidence indicates that its integrity is disrupted in GBM. Beyond passive
impairment, recent findings point to a bidirectional relationship where the GS serves not
only as a victim of tumor-induced structural and physiological alterations but also as a mod-
ulator of tumor growth, treatment response, and peritumoral microenvironment through
fluid transport, waste clearance, and immune trafficking. Glymphatic alterations may yield
metrics, such as novel biomarkers, for early detection, therapeutic monitoring, and prognos-
tication. Strategies aimed at restoring or manipulating glymphatic flow could complement
existing GBM treatments by improving drug delivery, reducing interstitial pressure, and
modulating immune and metabolic landscapes. Experimental studies, advanced imaging
approaches, computational modeling, and well-designed clinical investigations are essen-
tial to integrate glymphatic physiology into GBM treatment. Ultimately, advancing this
field will require coordinated efforts across neuro-oncology, vascular biology, immunol-
ogy, advanced MRI physics, and fluid mechanics to determine whether modulation of
glymphatic function can meaningfully alter the clinical trajectory of GBM.
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