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Abstract 

Pseudoexfoliation glaucoma (PXG) is a unique cause of open-angle glaucoma with a more 

severe clinical course and higher intraocular pressure (IOP) than primary open-angle 

glaucoma (POAG). This reflects progressive structural failure of the trabecular meshwork 

(TM) driven by pseudoexfoliation (PXF) fibrillar material deposition, distinguishing PXG 

from POAG pathogenically. The TM, an active load-bearing filtration sieve, regulates IOP 

and is most affected by XFM deposition and extracellular matrix (ECM) dysregulation in 

PXG. Despite extensive research, the mechanism of trabecular dysfunction remains un-

clear, with both mechanical obstruction and ischemic/oxidative stress implicated. This 

narrative review amalgamates evidence across TM biology, PXF material science, and 

glaucoma pathophysiology to propose a five-stage framework for TM failure in PXG. 

Keywords: trabecular meshwork; pseudoexfoliation glaucoma; pseudoexfoliation syn-

drome; intraocular pressure; aqueous outflow; extracellular matrix; TGF-β; LOXL1; out-

flow facility; glaucoma progression 

 

1. Introduction 

Pseudoexfoliation glaucoma (PXG) represents a distinct form of open-angle glau-

coma, with unique features of exfoliative material deposition over ocular structures, with 

a global prevalence ranging from 0 to 80% [1–3]. An estimated 60–70 million individuals 

are projected to have pseudoexfoliation syndrome (PXF), of whom approximately one-

third develop glaucoma [1,2]. It is well known that PXG has a more aggressive clinical 

course than primary open-angle glaucoma (POAG), presents with a higher intraocular 

pressure (IOP), and has greater diurnal IOP fluctuations, faster rates of visual field (VF) 

progression, poorer response to medical therapy, and higher intraoperative complications 

[1,3–8]. These unique features are attributed to the pathogenesis of XFM that involves ab-

erration of ECM homeostasis and deposition of XFM material, both of which can have 

multiple triggers like ischemia and oxidative stress [4]. 

The TM is an active, mechanosensory, contractile tissue with an intricate balanced 

relationship with the surrounding extracellular matrix (ECM). Dynamic homeostasis be-

tween these two vital components under physiological conditions is maintained though 

several pathways and key molecules that regulate ECM degradation, autophagic clear-

ance of debris and collagen cross-linking [4,9,10]. When these regulatory mechanisms are 
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compromised or overwhelmed, TM contractility is reduced, causing accumulation of de-

bris, which causes progressive TM cell death and tissue failure [8,9]. 

In PXG, the accumulation of PXF fibrillar material, a unique protein-complex aggre-

gate of elastic microfibrils and matrix proteins with carbohydrate moieties, within the jux-

tacanalicular tissue (JCT) and the corneoscleral meshwork causes progressive mechanical 

obstruction and increase in TM stiffness [8–11]. Therefore, in PXG, the TM faces an added 

onslaught of a mechanical burden caused by XFM deposits, with oxidative stress, is-

chemic/vascular triggers, and pro-fibrotic milieu, causing a severe clinical phenotype as 

compared to POAG [4,8,10–12]. 

This fundamental change in the TM in PXG from an active filter to a failed, obstructed 

tissue prompts the question of what is more important in PXG management: “lowering 

IOP alone?” rather “preventing TM structural failure?” Previous studies have predomi-

nantly focused on PXF epidemiology, clinical features, glaucoma risk, or postoperative 

complications. Despite years of research, the actual mechanism of TM damage in PXF re-

mains unexplored, owing to the difficulty in studying temporal changes in TM tissue in 

patients, or the lack of an animal model for PXF [8–12]. Very few studies focus on ultra-

structural changes in TM specimens directly obtained from patients with the disease that 

depict differences in TM damage in PXG compared to other forms of glaucoma [11]. The 

present review amalgamates evidence from TM biology, PXF molecular pathology, and 

impaired aqueous outflow physiology to construct a framework for reasons of TM failure 

in PXG. It also discusses how this framework compares with POAG pathophysiology, and 

outlines the therapeutic implications of staging TM dysfunction as a primary outcomes 

measure (rather than IOP) of glaucoma management. 

Methods: We screened PubMed to identify articles discussing TM damage in 

PXF/PXG or POAG using the search strategy (((Trabecular meshwork) AND (Exfoliation 

glaucoma)) AND (primary open angle glaucoma)) OR (pseudoexfoliation), restricting ar-

ticles published from 2000 to 2026. All abstract articles in English were screened for mech-

anisms of TM damage with no inclusion or exclusion criteria used. 

2. The Normal Trabecular Meshwork: A Load-Bearing Filtration Sieve 

2.1. Lamellar Architecture and Layer-Specific Function 

The TM is an ultrastructural sieve located at the inner angle of the anterior chamber 

between the iris, ciliary body and the lens, spanning anatomically from the termination of 

Descemet’s membrane anteriorly to the scleral spur posteriorly [10,12–25]. The three TM 

layers, namely the uveal, corneoscleral, and juxtacanalicular (JCT), contribute to distinct 

functional properties that regulate aqueous outflow and are vital for IOP maintenance 

under physiological conditions. 

The uveal and corneoscleral layers consist of interlaced collagen beams lined by TM 

endothelial cells, forming a series of TM sheets with inter-trabecular spaces that differ in 

dimensions within the three layers. It is through these spaces that aqueous humour per-

colates into collector channels and Schlemm’s canal [10,14,16]. The critical site of outflow 

resistance resides in the JCT with the tightly packed TM cells with the narrowest IT spaces, 

and lies immediately beneath the inner wall endothelium of Schlemm’s canal (SC) [14–23]. 

The JCT comprises a loose network of fibrillar ECM through which TM cells extend filo-

podial processes and maintain contact with each other and with the SC [10,14,16,17,22]. 

Current evidence suggests that the JCT is the key region affected in PXG; however, ultra-

microscopic features suggest the involvement of the CSM and uveal meshwork, though 

the precise molecular changes within each region in PXG, is unexplored [8,11,16]. 
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2.2. TM-ECM Matrisome 

TM cells express alpha-smooth muscle actin (α-SMA), myosin light chain kinase, and 

Rho-associated kinase (ROCK), along with expression of molecules involved in cytoskel-

etal contractile machinery, which are key for modulation of the cell dimensions and inter-

trabecular spaces in response to mechanical and other external stimuli [10,11,24–28]. This 

cytoskeletal contractility increases outflow facility which comprises the functional role of 

TM cell tone in resistance generation [10,11,14,21]. The TM cells under physiological con-

ditions phagocytose debris, pigment granules, erythrocyte or cell debris, and fragments 

of ECM that accumulate in the aqueous humour, maintaining patency of the outflow path-

way [10,14,16]. This is aided by the UPR pathway molecules that regulate autophagic 

clearance of debris and EM breakdown products to ensure TM contractility is maintained 

for adequate egress of aqueous. This phagocytic activity is ATP-dependent and declines 

with age, parallel to the reduction in TM cell density [8,14,16,28]. In PXF syndrome and 

pigmentary glaucoma, chronic phagocytic overload exhausts this capacity, initiating the 

cascade of structural failure [8,28]. 

2.3. ECM Homeostasis and Outflow Regulation 

The JCT ECM remodelling is mediated by matrix metalloproteinases (MMPs), their 

tissue inhibitors (TIMPs), lysyl oxidases, and a range of growth factors including TGF-β, 

fibroblast growth factor (FGF), and connective tissue growth factor (CTGF) [10,14,17,29–

33]. TM cells constitutively express MMP-1, MMP-2, MMP-3, and MMP-9, whose activity 

is regulated by growth factors, mechanical strain, and pharmacological agents [4,6–8,29–

35]. Under elevated IOP, MMP expression is upregulated, which reduces ECM density 

and increases outflow facility [28–30]. TGF-β2, the predominant aqueous isoform, is a 

master regulator of JCT ECM composition with a dual role in glaucoma [31–33]. In the 

earlier stages of PXF and in normals, TGF upregulation helps maintains homeostasis and 

TM cell repair, while in chronic glaucoma, divergence in the TGF downstream pathways 

causes a pro-fibrotic milieu causing TM stiffness/cell death [28,31,32,35–37]. This is often 

referred to as the “TGF paradox” which seems to explain differential expression of key 

ECM molecules, like LOXL1, in PXF and PXG. In normal ageing, there is a gradual decline 

in outflow facility associated with increased JCT ECM density, reduced TM cell density, 

and decreased MMP activity, which causes progressive increase in TM stiffness and loss 

of TM function [29–37]. 

2.4. Mechanosensory Function: The TM as an IOP Sensor 

The TM cells sense and respond to changes in IOP-generated mechanical strain via 

integrin-mediated ECM signalling, stretch-activated ion channels, and cytoskeletal re-

modelling [9,10]. Mechanosensors are believed to exist in the scleral spur, yet TM cells 

sense mechanotransduction via ion-gated channels. Shear or stretch by IOP causes Piezo1 

activation, triggering downstream processes that causes TM relaxation, improving out-

flow facility [38–42]. TRPV4 channels regulate Ca-driven signalling cascades that cause 

eNOS and NO production within the conventional outflow pathway, with feedback loops 

with Rho signalling to regulate cytoskeletal remodelling, required for TM contractility 

[41,42]. These molecules are key for maintaining the TM tone and the IOP and regulate 

how TM/SC behave in response to external stressors like TGF and ECM composition 

[23,25,39]. The TM cells actively share information with the ECM though transmembrane 

proteins, integrins, that connect with the actin-myoskeleton within TM cells and some-

times to the intermediate filaments [10,38]. ECM turnover is regulated by the balanced 

activity of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases 

(TIMPs) [30,32,33]. In response to raised IOP, TM cells upregulate MMP activity, which 

helps in EMC degradation and improving outflow [32,33]. Regulation of cross-linking of 
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ECM elastin and collagen through LOXL1 further helps regulate ECM composition and 

density [43–49]. The constant feedback between the TM/SC complex and the ECM (via 

integrins and other transmembrane proteins) works as a syncytium (matrisome), which is 

key for maintaining the outflow facility and IOP under physiological conditions and un-

der different stressors [4,16,28,29]. Disruption of these vital sources of information of 

mechanosensing owing to cell loss, cytoskeletal stiffening, or ECM rigidity converts the 

TM from an active pressure regulator to a fixed-resistance vestigial tissue. In PXF, MMP9 

activity is found to be increased, which, however, reverses with poor activity seen in PXG. 

This does not merely represent a lack of information on mechanosensing, but an over-

whelming amount of compensatory mechanisms owing to ECM rigidity and XFM depo-

sition in PXG [30,32]. This partly explains the higher IOP at the same severity, and the 

differences in clinical features that make PXG unique among glaucoma forms with sys-

temic features [2,3,5,32,40,50–59]. This specifically means that PXG represents a disease 

wherein TM dysfunction, at least in the early stages, is not from an intrinsic failure of 

mechanosensing but exhaustion of clearance pathways [28,32,33]. This suggests that in-

terventions targeted at reducing XFM and enhancing clearance pathways may help con-

trol the IOP more effectively than conventional TM-based surgeries; additionally, ad-

dressing the ECM rigidity may help restore TM function in PXG in contrast to other glau-

coma forms. 

3. Pseudoexfoliation Material: Origin, Composition,  

and Trabecular Tropism 

PXF material is a unique pathological aggregate that cannot be reproduced experi-

mentally, which reflects its complex, multi-component biosynthesis, amidst an ageing 

TM/SC-ECM complex influenced by specific triggers like TGF, oxidative stress and ische-

mia [56]. LOXL1 variants disrupt the normal cross-linking and assembly of elastic micro-

fibrils, leading to the accumulation of incompletely cross-linked elastic-like protein-com-

plex aggregates unique to PXF [29,43–46]. Recent genome-wide association studies have 

reported additional loci like CACNA1A, TMEM136, AGPAT1, and SEMA6A, which sug-

gests a multifactorial aetiology in PXG involving calcium signalling, lipid metabolism, 

and ECM remodelling, compared to merely elastic fibre pathology [60]. At the ultrastruc-

tural level, PXF fibrils comprise a core of fibrillin-1 and fibrillin-2 microfibrils, surrounded 

by glycoconjugates including heparan sulphate, dermatan sulphate, and chondroitin sul-

phate and carbohydrate moieties [28,29,56]. Also contained within this matrix are other 

components including clusterin, vitronectin, apolipoprotein E, complement factors, and 

amyloid P components [56]. The aberrant cross-linking by LOXL1 confers PXF fibrils re-

sistance to proteolytic degradation, posing a difficulty for clearance mechanisms like au-

tophagy and UPR pathways that are unable to clear these complexes from the ECM 

[28,29,31]. While XFM accumulates in all regions of the TM, JCT, with the highest re-

sistance and smallest IT spaces, suffers maximum dysfunction [8,11]. The ECM in the JCT 

region contains fibronectin and heparan sulphate proteoglycans which have a higher 

binding affinity for the glycoconjugate complexes found in PXF fibrils. Ultrastructural 

studies revealed that changes are seen in all three TM regions [11]. Logically, the JXT is 

expected to be more affected in PXG. Yet the fact that all three regions are fully affected 

suggests that the pathophysiology in PXF/PXG is diffuse with individual susceptibility 

only depending on IT spaces that determine maximum obstruction to outflow rather than 

functional damage necessarily in all regions, at least in the earlier stages. Chronic XFM 

deposition now affects TM contractility and changes in ECM compositions creating a pro-

fibrotic milieu that causes deranged TM contractility and then eventually cell death 

[4,11,31,43,54,56,61–65]. 
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We present below a conceptual framework of TM dysfunction in PXG that occurs in 

stages. Table 1. Transition from one stage to the other at the molecular levels happens 

slowly and is currently clinically unrecognisable unless seen as raised IOP or progressive 

disc damage. Understanding all levels of damage of the TM in PXG would help us under-

stand the reasons for progression, which would enable adoption of appropriate tailored 

corrective measures. 

Table 1. Proposed five-stage framework for trabecular meshwork failure in pseudoexfoliation glau-

coma. 

Stage Designation 
Dominant Patho-

logic Process 

Clinical Corre-

lates 

Histological/corre-

lates 

Molecular 

Biomarkers  

Imaging Cor-

relates 

I 
Physical over-

load 

PXF fibril accumu-

lation in JCT, pore 

occlusion, raised 

outflow resistance 

without cell loss 

Reduced C-

value, early 

IOP asymmetry 

[1,3,4], 

TM pigmenta-

tion on gonios-

copy 

PXF fibrils in 

ECM/TM/TM [11,28] 

TGF β1 up-

regulation, 

LOXL1 [8], 

upregula-

tion, en-

hanced 

MMP (en-

zyme activ-

ity) [32–35] 

None 

II 
Cellular exhaus-

tion 

Phagocytic over-

load, vacuolar accu-

mulation, lipofuscin 

deposition, TM cell 

apoptosis begins 

Pupillary ruff 

atrophy, raised 

IOP or diurnal 

fluctuations 

[66,67] 

PXF fibrils in 

ECM/TM with mor-

phological TM 

changes in CSM, de-

clining cell density on 

histology [1,8,11] 

 Enhanced 

UPR path-

way [29–32] 

TM thinning 

on AS-OCT 

[1,30] 

III 
Fibrotic dysreg-

ulation 

Unopposed TGF-

β1/β2 signalling, 

collagen I/III depo-

sition, LOXL1-me-

diated ECM cross-

linking 

Poor medica-

tion response 

[1–3] 

ECM fibrosis, exten-

sive fibril deposition, 

EMT changes, re-

duced density and 

EMT changes in 

CSM > JXT [11] 

Increased 

ECM pro-

teins, LOXl1 

downregula-

tion, re-

duced 

MMP9 activ-

ity despite 

TGF β1 up-

regulation 

[28–32] 

Hypertrophic 

scar [1,3] 

IV 
Mechanosen-

sory failure 

Stiffened TM/ECM 

decouples TM cells 

from IOP signals, 

loss of cytoskeletal 

pressure-buffering 

Disc/Vf 

changes, large 

peak–trough 

fluctuation [66–

68] 

Severe EMT changes 

in TM, ECM fibrosis, 

reduced TM contrac-

tility [11,28]  

Undetecta-

ble MMP9 

enzyme ac-

tivity, re-

duced UPR 

response, el-

evated cyto-

kines like IL-

6 and IL-8 

[8,28] 

Hypertrophic 

scar on 

ASOCT [1,3], 

disc/peri-

papillary 

changes 

[2,3,67,68] 

V 
Inflammatory 

amplification 

NF-κB activation, 

IL-6/TNF-α upregu-

Accelerated VF 

loss, high surgi-

Diffuse changes 

across all regions of 

Markedly el-

evated 8-
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lation, oxidative 

stress, mitochon-

drial dysfunction, 

self-sustaining cell 

loss 

cal conversion 

rate [1–4,58] 

the TM, extensive 

EMT changes and TM 

thinning [3,8,11] 

OHdG, ele-

vated cyto-

kines like IL-

6, IL-8 and 

TNF-α [3,8] 

JCT = juxtacanalicular tissue; ECM = extracellular matrix; TGF-β = transforming growth factor beta; 

LOXL1 = lysyl oxidase-like 1; AS-OCT = anterior segment optical coherence tomography; IOP = in-

traocular pressure; VF = visual field; NF-κB = nuclear factor kappa-light-chain-enhancer of activated 

B cells; EMT = epithelial–mesenchymal transformation; UPR = unfolded protein response; IL = in-

terleukin; TNF-α = tumour necrosis factor alpha. Note: The parallel histopathological, imaging, mo-

lecular signatures, and clinical correlates are speculative only in each stage. 

4. Stages of TM Dysfunction in PXG 

4.1. Stage I: SOS Signal Due to Debris Overload 

In the earliest phase of TM involvement in PXG, PXF fibril accumulation within the 

inter-trabecular spaces of the corneoscleral meshwork and, specifically, within the JCT 

causes impedance to aqueous egress and thus initiates a cascade of events meant to clear 

this debris. Quantitative morphometric studies have demonstrated a significant reduction 

in open pore area in PXG TM specimens compared with age-matched controls, with the 

most pronounced changes at the inner wall of Schlemm’s canal [8,10,11,54,64,65]. At this 

stage, TM cellularity may be relatively preserved with preserved TM contractility and in-

creased phagocytic activity. At the molecular levels, this means activation of autophagic 

clearance of XFM aggregates, ECM remodelling, upregulation of the UPR pathway, and 

increase in MMP activity causing increased EMC degradation [31,32]. Also reported as 

the earliest event is breakdown of the blood–aqueous barrier, though this is difficult to 

monitor clinically [51]. 

The clinical signature of Stage I is either a phase of normalcy or an IOP asymmetry 

(either presenting or on diurnal phasing) that exceeds what would be expected from aque-

ous production differences alone. This may also be accompanied by reduced ONH perfu-

sion or an asymmetric decrease in RNFL thickness in one eye [66–68]. 

4.2. Stage II: Cellular Exhaustion 

As PXF fibril accumulation continues, TM cells mount a phagocytic response that 

initially serves to clear material from the inter-trabecular spaces. However, the phagocytic 

capacity in PXG is overwhelmed by chronic disease and progressive deposition of aggre-

gates, which are rendered insoluble by anatomical cross-linking and polymerisation 

[29,31]. Alvarado and colleagues demonstrated TM cell loss in POAG that is accelerated 

in PXG, with cell densities falling below the minimum required for ECM homeostasis at 

an earlier age [65]. Progressive accumulation of these deposits now exerts a direct toxic 

effect that causes TM cell death that only hastens age-related cell apoptosis in the tissue, 

further ushering the disease into irreversibility. TM cells are the sole producers of the 

MMPs and growth factor modulators required for ECM remodelling. A pro-fibrotic milieu 

is created, with fibronectin and tenascin accumulation, and excessive unregulated colla-

gen cross-linking, with reduced capacity for adaptive ECM turnover, activation of inflam-

matory cascades, and accumulation of ROS [28,29,32]. So this causes the vicious cycle to 

be started with more PXF material accelerating cell death and fewer cells now permitting 

greater fibril accumulation. The transition from Stage I to Stage II marks the beginning of 

this self-reinforcing cycle, depicted in Figure 1. 
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Figure 1. Conceptual stages of trabecular meshwork failure in pseudoexfoliation glaucoma; see text 

for detailed description of each stage. 

4.3. Stage III: Fibrotic Dysregulation 

Under normal conditions, TGF-β1 and TGF-β2 are present in aqueous humour and 

exert tonic influences on TM ECM composition, balanced by anti-fibrotic factors including 

decorin, biglycan, and hepatocyte growth factor (HGF) [47,48]. Aqueous TGF-β1 levels 

are significantly elevated compared to both age-matched controls and POAG eyes, and 

TGF-β2, the dominant isoform in POAG, is also upregulated [49,50]. In PXG, this balance 

is disrupted with dysregulation of TGF downstream processes. Downstream of TGF-β 

signalling, CTGF (CCN2) is upregulated in PXG TM, driving the synthesis of collagen I 

and collagen III and promoting their deposition in the JCT [51,52]. Others like fibulin, fi-

bronectin, and LOXL1 are dysregulated owing to differential effects of continued TGF up-

regulation, something referred to as TGF paradox in PXG. This causes the ECM to become 

progressively stiffer and more resistant to MMP-mediated degradation [53,54]. Though 

MMP9 protein is found to be increased reflecting increased ECM degradation, MMP9 ac-

tivity is reported to decline to severe stages of PXG despite continued TGF upregulation, 

again reflecting divergence and dysregulation of downstream pathways. Stage III there-

fore may represent a transition toward structural irreversibility that is qualitatively dis-

tinct from the functional outflow resistance of earlier stages. 

4.4. Stage IV: Mechanosensory Failure 

The mechanosensory function of the TM depends on the back-and-forth feedback 

transmission of mechanical signals between cells and ECM through integrins [55,56]. With 

a stiff fibrotic ECM seen in Stage 2, TM cells transform into a myofibroblast-like phenotype 

(epithelial–mesenchymal transformation), and paradoxically increase contractility [57,58]. 

If the trigger continues as seen in untreated/uncontrolled disease, this mechanosensory 

feedback loop is attenuated or broken, as depicted in Figure 1. Therefore, IOP changes 

during physiologic conditions like cardiac pulsation, posture, and diurnal aqueous pro-

duction fail to be compensated by outflow facility adjustment. This also activates other 

cascades like oxidative stress or mitochondrial damage [4,32,59,60]. This may be the rea-

son why unilateral PXF is considered to be bilateral PXF in transition, with the clinically 

normal eye undergoing changes at earlier stages that have not manifested clinically [66,67]. 

The therapeutic implication at Stage IV may be that the mechanism of Rho kinase inhibi-

tors or other drugs targeting the TM/SC complex may be ineffective because of mecha-

nosensory uncoupling, thereby requiring alternate measures to stop disease progression. 

This also means that studies evaluating the TM/SC complex under physiological condi-
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tions like diurnal phasing or appropriate provocative tests may give insights into early 

transition of normal contractility in the earlier stages to transition to Stage 3. 

4.5. Stage V: Inflammatory Amplification 

The last stage of the cascade in TM tissue involves a transition from a stage of struc-

tural and biomechanical alterations to a vicious self-perpetrating inflammatory microen-

vironment. Several studies support a significant oxidative and inflammatory component 

in PXG, with breakdown of the blood–aqueous barrier seen early in the disease process 

[4,6–8,15]. PXG eyes have been reported to have markedly elevated levels of aqueous 8-

hydroxy-2′-deoxyguanosine (8-OHdG), malondialdehyde, and protein carbonyls, along-

side depleted antioxidant defences including glutathione and catalase [31,34,51,69,70]. Mi-

tochondrial dysfunction in TM cells reduces ATP production and impairs phagocytosis 

and autophagic clearance mechanisms, causing apoptosis of cells and loss of function 

[4,29,31]. Simultaneously, NF-κB activation in PXG TM stimulates pro-inflammatory cy-

tokines like IL-6, IL-8, and TNF-α, which in turn upregulate TGF-β signalling, promoting 

TM cell apoptosis, which further amplifies the inflammatory environment, as shown in 

Figure 2 [71]. 

 

Figure 2. The TGF paradox in pseudoexfoliation and pseudoexfoliation glaucoma; see text for full 

description. 
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This inflammatory loop is largely self-sustaining once established. Oxidative stress 

activates NF-κB which promotes TGF-β and CTGF-induced fibrosis, causing ECM stiff-

ness, TM cell myofibroblast transformation, and more oxidative stress, closing the self-

perpetuating loop. In this stage, uncontrolled IOP may be more common with clinical re-

fractoriness to medical therapy and fast progression, despite treatment. Here, surgical 

procedures may actually bypass the TM relieving the IOP since the TM mechanical and 

structural failure renders it ineffective in its functions in Stages 1 and 2. Since now these 

processes continue irrespective of fibril deposition that triggers the events eventually, 

these stages may represent why IOP in PXG is higher than POAG of similar disease se-

verity. Since the molecular events may have progressed to later stages of TM irreversible 

dysfunction, the extent of PXF material does not correlate clinically with IOP or gonio-

scopic findings. Post mortem histological studies of PXG TM have consistently demon-

strated reduced cellularity, increased JCT ECM density, collapsed Schlemm’s canal, and 

fibril deposition across all layers of the meshwork, with changes most pronounced in the 

JCT [3,4,8,11,61]. The reduction in aqueous outflow in PXG correlates poorly with IOP 

level measured at a single time point, suggesting that resistance generation is not simply 

a function of IOP-driven fluid dynamics or mechanical obstruction by XFM, but reflects 

the consequence of fibrotic and mechanosensory failure in later stages. In individuals with 

unilateral PXF, the affected eye demonstrates lower outflow facility, higher IOP, and a 

greater diurnal fluctuation, despite an identical genetic background [66–68]. The unilat-

eral eye provides a “precursor” of earlier stages at the tissue level as compared with the 

advanced bilateral PXG eyes [67]. This again suggests that genetic markers for PXFG/PXG 

may not reflect the true tissue-level staging that is important for appropriate prognostica-

tions and guiding clinical decisions. This also explains partly why markers of epigenetic 

regulation in the anterior chamber (tissue expression in aqueous, iris, TM or ciliary body) 

in each eye are a more specific indicator of true dysfunction or stage of disease pathogen-

esis than blood-based biomarkers [72,73]. 

5. Comparison with Primary Open-Angle Glaucoma: Shared Endpoints 

and Distinct Mechanisms 

PXG and POAG converge on the same structural endpoint of TM cell loss and tissue 

fibrosis with elevated outflow resistance, yet these milestones are reached via distinct 

pathways/genes and at different rates between PXG and POAG [16,54,58,61,74]. This dis-

tinction is essential for avoiding the clinical error of treating PXG as simply a more severe 

form of POAG. Table 2 summarises the principal differences. 

Table 2. Comparison of TM failure characteristics in PXG and POAG. 

Parameter PXG POAG 

Primary TM insult 
Exogenous PXF material + intrin-

sic ECM dysregulation 

Intrinsic cytoskeletal stiffening; 

ECM accumulation 

IOP level 
Higher; greater diurnal fluctua-

tion 
Variable; often moderate 

IOP asymmetry 
Pronounced; correlates with uni-

lateral PXF load 
Mild to absent 

Fibrotic pathway 
TGF-β1/β2 + LOXL1-amplified 

cross-linking 

TGF-β2-dominant; slower pro-

gression 

Oxidative burden Higher; systemic component Moderate; largely localised 

Rate of VF progression Faster; steeper MD decline Slower; more stable 
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Medical therapy re-

sponse 

Poorer; structural resistance pre-

dominates 

Better; functional resistance pre-

dominates 

Surgical conversion rate Higher; earlier Lower; later 

PXG = pseudoexfoliation glaucoma; POAG = primary open-angle glaucoma; TM = trabecular mesh-

work; ECM = extracellular matrix; IOP = intraocular pressure; VF = visual field; MD = mean devia-

tion; TGF-β = transforming growth factor beta; LOXL1 = lysyl oxidase-like 1. 

TGF-β Signalling: Convergent Fibrosis and Divergent Triggers 

TGF-β2, the dominant pro-fibrotic cytokine in POAG, is elevated in aqueous humour, 

and regulates ECM accumulation in the JCT through SMAD2/3-mediated transcription of 

collagen and fibronectin [33–36]. In PXG, both TGF-β1 and TGF-β2 are elevated, with 

TGF-β1 associated with inflammatory and wound-healing fibrosis disproportionately, be-

ing elevated [33]. This suggests that the triggers and processes responsible for fibrosis in 

PXG are different. In POAG, fibrosis is possibly an intrinsic process of ECM dysregulation, 

while in PXG, fibrosis is predominantly driven by the presence of PXF material acting as 

a chronic inflammatory and mechanical stimulus, as in Figure 2. The LOXL1-mediated 

cross-linking compounds the mechanical consequences of fibrosis far beyond what is seen 

in POAG, making PXG unique [45,46,48]. Studies have reported cell densities of approxi-

mately 300–400 cells/mm² in end-stage POAG, compared with 750–1000 cells/mm² in age-

matched controls [29,54,65]. In PXG, cell density reductions occur at an earlier age, owing 

to the additional phagocytic burden and oxidative stress of Stages II and V [29,54]. This 

may explain partly the severe clinical parameters at similar clinical severity in PXG com-

pared to POAG. 

6. Early Surgical Intervention: Structural Bypass vs. TM Rescue 

Current surgical management of PXG like trabeculectomy, tube surgery, and mini-

mally invasive glaucoma surgery (MIGS) achieves IOP control by creating alternative 

aqueous outflow pathways and bypassing the TM/SC complex rather than by rescuing 

the failed TM. This is clinically effective in terms of IOP control, but leaves the underlying 

TM pathology unaddressed. Two implications follow from the staged failure framework. 

First, surgical intervention should be considered earlier in PXG than in POAG, for exam-

ple at Stages II–III rather than after medical failure is well established. Second, MIGS pro-

cedures that engage the TM directly may be rendered less effective as TM failure advances, 

though this needs longitudinal studies on PXG cohorts with different severity of damage. 

Several critical questions remain unanswered in PXG. The most pressing question is 

that of what defines the “point of no return” beyond which corrective therapies may be 

insufficient to restore meaningful outflow capacity, and which signifies transition to PXG 

from PXF. Though this framework provides a possible mechanism of gradual TM damage 

in PXF, this is just a conceptual framework that needs validation with in vivo studies and 

studies on animal models studying TM changes with time. Furthermore, multiple triggers 

like inflammation or oxidative stress may act on the TM simultaneously. This framework 

may guide us to the possible mechanisms of TM damage in a stepwise manner, although 

it cannot replicate real in vivo changes where multiple mechanisms may cause TM dysreg-

ulation simultaneously. Therefore, identifying the point of no return in vivo currently is a 

major challenge that requires animal models of PXG, which are currently non-existent. 

Furthermore, since blood-based markers do not indicate tissue-level changes perfectly in 

any ocular condition, can aqueous humour or tear biomarkers, including PXF fibril bur-

den, LOXL1 protein levels, TGF-β1/β2 concentrations, epigenetic markers, or oxidative 

stress indices, provide a non-invasive tool that can mark the change to PXG at the tissue 

level? Lastly, is there a therapeutic window for fibril dissolution in vivo, or are there safe 
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methods of LOXL1 inhibition that could arrest the transition from Stage II to Stage III? 

Nevertheless, PXG represents the effect of a continuum of changes causing severe TM 

dysfunction caused by multiple triggers. This framework may help clinicians to identify 

possible clinical indicators of disease progression in early disease, while helping in surgi-

cal decision-making. More TM-based research focusing on local biomarkers is essential to 

capture these stage transitions, which would guide clinicians in understanding the true 

risk of disease progression and making appropriate clinical decisions. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 

not applicable to this article. 

Acknowledgments: Grammar was edited with Grammarly. 

Conflicts of Interest: The author declares no conflicts of interest. 

References 

1. Yüksel, N.; Yılmaz Tuğan, B. Pseudoexfoliation glaucoma: Clinical presentation and therapeutic options. Turk. J. Ophthalmol. 

2023, 53, 247–256. https://doi.org/10.4274/tjo.galenos.2023.76300. 

2. Vesti, E.; Kivelä, T. Exfoliation syndrome and exfoliation glaucoma. Prog. Retin. Eye Res. 2000, 19, 345–368. 

https://doi.org/10.1016/S1350-9462(99)00019-1. 

3. Morris, J.; Myer, C.; Cornet, T.; Junk, A.K.; Lee, R.K.; Bhattacharya, S.K. Proteomics of pseudoexfoliation materials in the anterior 

eye segment. Adv. Protein Chem. Struct. Biol. 2021, 127, 271–290. https://doi.org/10.1016/bs.apcsb.2021.03.004. 

4. Lee, R.K. The molecular pathophysiology of pseudoexfoliation glaucoma. Curr. Opin. Ophthalmol. 2008, 19, 95–101. 

https://doi.org/10.1097/ICU.0b013e3282f49cda. 

5. Tomczyk-Socha, M.; Tomczak, W.; Winkler-Lach, W.; Turno-Kręcicka, A. Pseudoexfoliation syndrome: Clinical characteristics 

of most common cause of secondary glaucoma. J. Clin. Med. 2023, 12, 3580. https://doi.org/10.3390/jcm12103580. 

6. Kamel, K.; Bourke, L.; O’Brien, C. Clinical and laboratory biomarkers for pseudoexfoliation syndrome. J. Glaucoma 2018, 27, 

S111–S113. https://doi.org/10.1097/IJG.0000000000000924. 

7. Mastronikolis, S.; Pagkalou, M.; Baroutas, G.; Kyriakopoulou, K.; Makri, O.E.; Georgakopoulos, C.D. Pseudoexfoliation syn-

drome: The critical role of the extracellular matrix in pathogenesis and treatment. IUBMB Life 2022, 74, 995–1002. 

https://doi.org/10.1002/iub.2606. 

8. Schlötzer-Schrehardt, U.; Khor, C.C. Pseudoexfoliation syndrome and glaucoma: From genes to disease mechanisms. Curr. 

Opin. Ophthalmol. 2021, 32, 118–128. https://doi.org/10.1097/ICU.0000000000000736. 

9. Buffault, J.; Labbé, A.; Hamard, P.; Brignole-Baudouin, F.; Baudouin, C. The trabecular meshwork: Structure, function and clin-

ical implications. A review of the literature. J. Fr. Ophtalmol. 2020, 43, e217–e230. https://doi.org/10.1016/j.jfo.2020.05.002. 

10. Tamm, E.R. The trabecular meshwork outflow pathways: Structural and functional aspects. Exp. Eye Res. 2009, 88, 648–655. 

https://doi.org/10.1016/j.exer.2009.02.007. 

11. Rao, A.; Rao, T.; Banka, N.; Senthil, S.; Jaketi, S. Trabecular meshwork ultrastructural changes in primary and secondary glau-

coma. Sci. Rep. 2025, 15, 138. https://doi.org/10.1038/s41598-024-83834-1. 

12. Izzotti, A.; Longobardi, M.; Cartiglia, C.; Saccà, S.C. Mitochondrial damage in the trabecular meshwork occurs only in primary 

open-angle glaucoma and in pseudoexfoliative glaucoma. PLoS ONE 2011, 6, e14567. https://doi.org/10.1371/jour-

nal.pone.0014567. 

13. Johnson, M.C.; Kamm, R.D. The role of Schlemm’s canal in aqueous outflow from the human eye. Invest. Ophthalmol. Vis. Sci. 

1983, 24, 320–325. 

14. Stamer, W.D.; Clark, A.F. The many faces of the trabecular meshwork cell. Exp. Eye Res. 2017, 158, 112–123. 

15. Liton, P.B.; Gonzalez, P. Stress response of the trabecular meshwork. J. Glaucoma 2008, 17, 378–385. 

16. Tektas, O.Y.; Lutjen-Drecoll, E. Structural changes of the trabecular meshwork in different kinds of glaucoma. Exp. Eye Res. 

2009, 88, 769–775. 

https://doi.org/10.3390/cells15151329


Cells 2026, 15, 1329 12 of 14 
 

https://doi.org/10.3390/cells15151329 

17. Acott, T.S.; Kelley, M.J.; Keller, K.E.; Vranka, J.A.; Abu-Hassan, D.W.; Li, X.; Aga, M.; Bradley, J.M. Intraocular pressure home-

ostasis: Maintaining balance in a high-pressure environment. J. Ocul. Pharmacol. Ther. 2014, 30, 94–101. 

18. Wallace, D.M.; Murphy-Ullrich, J.E.; Downs, J.C.; O’Brien, C.J. The role of matricellular proteins in glaucoma. Matrix Biol. 2014, 

37, 174–182. 

19. Lewczuk, K.; Jabłońska, J.; Konopińska, J.; Mariak, Z.; Rękas, M. Schlemm’s canal: The outflow ’vessel. Acta Ophthalmol. 2022, 

100, e881–e890. https://doi.org/10.1111/aos.15027. 

20. Carreon, T.; van der Merwe, E.; Fellman, R.L.; Johnstone, M.; Bhattacharya, S.K. Aqueous outflow—A continuum from trabec-

ular meshwork to episcleral veins. Prog. Retin. Eye Res. 2017, 57, 108–133. https://doi.org/10.1016/j.preteyeres.2016.12.004. 

21. Garcia-Sanchez, J.; Lin, D.; Liu, W.W. Mechanosensitive ion channels in glaucoma pathophysiology. Vis. Res. 2024, 223, 108473. 

https://doi.org/10.1016/j.visres.2024.108473. 

22. Wan, Y.; Guo, X.; Wang, N. Trabecular meshwork: A pivotal target for evolving glaucoma treatments. Surv. Ophthalmol. 2025, 

70, 1043–1060. https://doi.org/10.1016/j.survophthal.2025.07.001. 

23. Rasmussen, C.A.; Kaufman, P.L. The trabecular meshwork in normal eyes and in exfoliation glaucoma. J. Glaucoma 2014, 23, 

S15–9. https://doi.org/10.1097/IJG.0000000000000106. 

24. Fuchshofer, R.; Tamm, E.R. Modulation of extracellular matrix turnover in the trabecular meshwork. Exp. Eye Res. 2009, 88, 683–

688. 

25. Tian, B.; Gabelt, B.T.; Geiger, B.; Kaufman, P.L. The role of the actomyosin system in regulating trabecular fluid outflow. Exp. 

Eye Res. 2009, 88, 713–717. 

26. Rao, P.V.; Deng, P.; Maddala, R.; Bhatt, D.L.; Bhatt, N.S.; Bhatt, V.L. Expression of dominant negative Rho-binding domain of 

Rho-kinase in organ cultured human eye anterior segments increases aqueous humor outflow. Mol. Vis. 2005, 11, 288–297. 

27. Inoue, T.; Tanihara, H. Rho-associated kinase inhibitors: A novel glaucoma therapy. Prog. Retin. Eye Res. 2013, 37, 288–297. 

28. Chakraborty, M.; Sahay, P.; Rao, A. Primary human trabecular meshwork model for pseudoexfoliation. Cells 2021, 10, 3448. 

https://doi.org/10.3390/cells10123448. 

29. Schlötzer-Schrehardt, U. Molecular pathology of pseudoexfoliation syndrome/glaucoma—New insights from LOXL1 gene as-

sociations. Exp. Eye Res. 2009, 88, 776–785. https://doi.org/10.1016/j.exer.2008.08.012. 

30. Sahay, P.; Rao, A.; Padhy, D.; Sarangi, S.; Das, G.; Reddy, M.M.; Modak, R. Functional activity of matrix metalloproteinases 2 

and 9 in tears of patients with glaucoma. Investig. Ophthalmol. Vis. Sci. 2017, 58, BIO106–BIO113. https://doi.org/10.1167/iovs.17-

21723. 

31. Chakraborty, M.; Rao, A.; Mohanty, K. Role of mitochondrial mutations in ocular aggregopathy. Cureus 2022, 14, e27129. 

https://doi.org/10.7759/cureus.27129. 

32. Sahay, P.; Chakraborty, M.; Rao, A. Global and comparative proteome signatures in the lens capsule, trabecular meshwork, and 

iris of patients with pseudoexfoliation glaucoma. Front. Mol. Biosci. 2022, 9, 877250. https://doi.org/10.3389/fmolb.2022.877250. 

33. Imanishi, M.; Kanamori, A.; Nakamura, M. Elevated levels of aqueous TGF-β1 versus TGF-β2 in pseudoexfoliation versus pri-

mary open-angle glaucoma. J. Glaucoma 2010, 19, 579–581. 

34. Kennedy, S.M.; Sheridan, C.; Kearns, V.R.; Bilir, E.K.; Fan, X.; Grierson, I.; Choudhary, A. Thrombospondin-2 is up-regulated 

by TGFβ2 and increases fibronectin expression in human trabecular meshwork cells. Exp. Eye Res. 2019, 189, 107820. 

https://doi.org/10.1016/j.exer.2019.107820. 

35. Fuchshofer, R.; Tamm, E.R. The role of TGF-β in the pathogenesis of primary open-angle glaucoma. Cell Tissue Res. 2012, 347, 

279–290. 

36. Zenkel, M.; Po¨sChl, E.; von der Mark, K.; Hofmann-Rummelt, C.; Naumann, G.O.H.; Kruse, F.E.; Schlo¨tZer-Schrehardt, U. 

Differential gene expression in pseudoexfoliation syndrome. Investig. Ophthalmol. Vis. Sci. 2005, 46, 3742–3752. 

37. Liton, P.B.; Challa, P.; Stinnett, S.; Luna, C.; Epstein, D.L.; Gonzalez, P. Cellular senescence in the glaucomatous outflow path-

way. Exp. Gerontol. 2005, 40, 745–748. 

38. Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673–687. 

39. Last, J.A.; Pan, T.; Ding, Y.; Reilly, C.M.; Keller, K.; Acott, T.S.; Fautsch, M.P.; Murphy, C.J.; Russell, P. Elastic modulus determi-

nation of normal and glaucomatous human trabecular meshwork. Investig. Ophthalmol. Vis. Sci. 2011, 52, 2147–2152. 

40. Gottanka, J.; Flügel-Koch, C.; Martus, P.; Johnson, D.H.; Lütjen-Drecoll, E. Correlation of pseudoexfoliative material and optic 

nerve damage in pseudoexfoliation syndrome. Investig. Ophthalmol. Vis. Sci. 1997, 38, 2435–2446. 

41. Baumann, J.M.; Yarishkin, O.; Lakk, M.; De Ieso, M.L.; Rudzitis, C.N.; Kuhn, M.; Tseng, Y.T.; Stamer, W.D.; Križaj, D. TRPV4 

and chloride channels mediate volume sensing in trabecular meshwork cells. Am. J. Physiol. Cell Physiol. 2024, 327, C403–C414. 

https://doi.org/10.3390/cells15151329


Cells 2026, 15, 1329 13 of 14 
 

https://doi.org/10.3390/cells15151329 

42. Patel, P.D.; Chen, Y.-L.; Kasetti, R.B.; Maddineni, P.; Mayhew, W.; Millar, J.C.; Ellis, D.Z.; Sonkusare, S.K.; Zode, G.S. Impaired 

TRPV4-eNOS signaling in trabecular meshwork elevates intraocular pressure in glaucoma. Proc. Natl. Acad. Sci. USA 2021, 118, 

e2022461118. https://doi.org/10.1073/pnas.2022461118. 

43. Thorleifsson, G.; Magnusson, K.P.; Sulem, P.; Walters, G.B.; Gudbjartsson, D.F.; Stefansson, H.; Jonsson, T.; Jonasdottir, A.; 

Jonasdottir, A.; Stefansdottir, G.; et al. Common sequence variants in the LOXL1 gene confer susceptibility to exfoliation glau-

coma. Science 2007, 317, 1397–1400. https://doi.org/10.1126/science.1146554. 

44. Fingert, J.H.; Alward, W.L.; Kwon, Y.H.; Wang, K.; Streb, L.M.; Sheffield, V.C.; Stone, E.M. LOXL1 mutations are associated 

with exfoliation syndrome in patients from the United States. Am. J. Ophthalmol. 2007, 144, 974–975. 

45. Schlötzer-Schrehardt, U.; Zenkel, M. The role of lysyl oxidase-like 1 (LOXL1) in exfoliation syndrome and glaucoma. Exp. Eye 

Res. 2019, 189, 107818. https://doi.org/10.1016/j.exer.2019.107818. 

46. Founti, P.; Haidich, A.B.; Chatzikyriakidou, A.; Salonikiou, A.; Anastasopoulos, E.; Pappas, T.; Lambropoulos, A.; Viswanathan, 

A.C.; Topouzis, F. Ethnicity-based differences in the association of LOXL1 polymorphisms with pseudoexfoliation/pseudoex-

foliative glaucoma: A meta-analysis. Ann. Hum. Genet. 2015, 79, 431–450. https://doi.org/10.1111/ahg.12128. 

47. Sharma, S.; Martin, S.; Sykes, M.J.; Dave, A.; Hewitt, A.W.; Burdon, K.P.; Ronci, M.; Voelcker, N.H.; Craig, J.E. Biological effect 

of LOXL1 coding variants associated with pseudoexfoliation syndrome. Exp. Eye Res. 2016, 146, 212–223. 

https://doi.org/10.1016/j.exer.2016.03.013. 

48. Zenkel, M.; Krysta, A.; Pasutto, F.; Juenemann, A.; Kruse, F.E.; Schlötzer-Schrehardt, U. Regulation of lysyl oxidase-like 1 

(LOXL1) and elastin-related genes by pathogenic factors associated with pseudoexfoliation syndrome. Investig. Ophthalmol. Vis. 

Sci. 2011, 52, 8488–8495. https://doi.org/10.1167/iovs.11-8361. 

49. Pasutto, F.; Zenkel, M.; Hoja, U.; Berner, D.; Uebe, S.; Ferrazzi, F.; Schödel, J.; Liravi, P.; Ozaki, M.; Paoli, D.; et al. Pseudoexfo-

liation syndrome-associated genetic variants affect transcription factor binding and alternative splicing of LOXL1. Nat. Commun. 

2017, 8, 15466. https://doi.org/10.1038/ncomms15466. 

50. Thomas, M.N.; Skopiński, P.; Roberts, H.; Woronkowicz, M. The ocular surface and the anterior segment of the eye in the 

pseudoexfoliation syndrome: A comprehensive review. Int. J. Mol. Sci. 2025, 26, 532. https://doi.org/10.3390/ijms26020532. 

51. Küchle, M.; Vinores, S.A.; Mahlow, J.; Green, W.R. Blood-aqueous barrier in pseudoexfoliation syndrome: Evaluation by im-

munohistochemical staining of endogenous albumin. Graefes Arch. Clin. Exp. Ophthalmol. 1996, 234, 12–18. 

https://doi.org/10.1007/BF00186513. 

52. Konstas, A.G.; Hollo, G.; Astakhov, Y.S.; Teus, M.A.; Akopov, E.L.; Jenkins, J.N.; Stewart, W.C. Factors associated with long-

term progression in newly diagnosed patients with exfoliation glaucoma. Arch. Ophthalmol. 2004, 122, 29–33. 

53. Naumann, G.O.; Schlötzer-Schrehardt, U.; Küchle, M. Pseudoexfoliation syndrome for the comprehensive ophthalmologist. 

Intraocular and systemic manifestations. Ophthalmology 1998, 105, 951–968. 

54. Ritch, R.; Schlötzer-Schrehardt, U. Exfoliation syndrome. Surv. Ophthalmol. 2001, 45, 265–315. 

55. Ritch, R. Ocular and systemic manifestations of exfoliation syndrome. J. Glaucoma 2014, 23, S1–S8. 

56. Zenkel, M.; Schlötzer-Schrehardt, U. The composition of exfoliation material and the cells that produce it. J. Glaucoma 2014, 23, 

S12–S14. 

57. Streeten, B.W.; Dark, A.J.; Wallace, R.N.; Li, Z.Y.; Hoepner, J.A. Pseudoexfoliative fibrillopathy in the skin of patients with ocular 

pseudoexfoliation. Am. J. Ophthalmol. 1990, 110, 490–499. 

58. Rao, A.; D’Cruz, R.P. Visual field progression after glaucoma surgery in pseudoexfoliation versus primary glaucoma. Clin. 

Ophthalmol. 2023, 17, 3037–3045. 

59. Fleenor, D.L.; Shepard, A.R.; Hellberg, P.E.; Jacobson, N.; Pang, I.H.; Clark, A.F. TGFβ2-induced changes in human trabecular 

meshwork: Implications for intraocular pressure. Investig. Ophthalmol. Vis. Sci. 2006, 47, 226–234. 

60. Aung, T.; Ozaki, M.; Mizoguchi, T.; Allingham, R.R.; Li, Z.; Haripriya, A.; Nakano, S.; Uebe, S.; Harder, J.M.; Chan, A.S.Y.; et al. 

A common variant mapping to CACNA1A is associated with susceptibility to exfoliation syndrome. Nat. Genet. 2015, 47, 387–

392. 

61. Alvarado, J.; Murphy, C.; Polansky, J.; Juster, R. Age-related changes in trabecular meshwork cellularity. Investig. Ophthalmol. 

Vis. Sci. 1981, 21, 714–727. 

62. Junglas, B.; Kuespert, S.; Seleem, A.A.; Struller, T.; Ullmann, S.; Bösl, M.; Bosserhoff, A.; Köstler, J.; Wagner, R.; Tamm, E.R.; et 

al. Connective tissue growth factor causes glaucoma by modifying the actin cytoskeleton of the trabecular meshwork. Am. J. 

Pathol. 2012, 180, 2386–2403. 

https://doi.org/10.3390/cells15151329


Cells 2026, 15, 1329 14 of 14 
 

https://doi.org/10.3390/cells15151329 

63. Konstas, A.G.; Quaranta, L.; Mikropoulos, D.G.; Nasr, M.B.; Russo, A.; Jaffee, H.A.; Stewart, J.A.; Stewart, W.C. Peak intraocular 

pressure and glaucomatous progression in primary open-angle glaucoma and exfoliative glaucoma. Clin. Ther. 2010, 32, 1604–

1616. 

64. Grierson, I.; Howes, R.C. Age-related depletion of the cell population in the human trabecular meshwork. Eye 1987, 1, 204–210. 

65. Alvarado, J.; Murphy, C.; Juster, R. Trabecular meshwork cellularity in primary open-angle glaucoma and nonglaucomatous 

normals. Ophthalmology 1984, 91, 564–579. 

66. Rao, A. Diurnal curve after phacoemulsification in patients with pseudoexfoliation syndrome and cataract. Semin. Ophthalmol. 

2012, 27, 1–5. 

67. Rao, A. Clinical and optical coherence tomography features in unilateral versus bilateral pseudoexfoliation syndrome. J. Oph-

thalmic Vis. Res. 2012, 7, 197–202. 

68. Rao, A.; Padhy, D. Pattern of pseudoexfoliation deposits on the lens and their clinical correlation—Clinical study and review of 

literature. PLoS ONE 2014, 9, e113329. https://doi.org/10.1371/journal.pone.0113329. 

69. Reinehr, S.; Mueller-Buehl, A.M.; Tsai, T.; Joachim, S.C. Specific Biomarkers in the Aqueous Humour of Glaucoma Patients. Klin. 

Monbl. Augenheilkd. 2022, 239, 169–176. (In German) https://doi.org/10.1055/a-1690-7468. 

70. Koliakos, G.G.; Konstas, A.G.P.; Schlötzer-Schrehardt, U.; Hollo, G.; Katsimbris, I.E.; Georgiadis, N.; Ritch, R. 8-Isoprostaglandin 

E2 and ascorbic acid concentration in the aqueous humour of patients with exfoliation syndrome or glaucoma. Br. J. Ophthalmol. 

2003, 87, 353–356. 

71. Vernazza, S.; Tirendi, S.; Bassi, A.M.; Traverso, C.E.; Saccà, S.C. Neuroinflammation in Primary Open-Angle Glaucoma. J. Clin. 

Med. 2020, 9, 3172. https://doi.org/10.3390/jcm9103172. PMID: 33007927. 

72. Rao, A. Risk factors for exfoliation glaucoma—Current evidence and perspectives. Indian. J. Ophthalmol. 2024, 72, S562–S567. 

73. Chakraborty, M.; Rao, A. Alternate causes for pathogenesis of exfoliation glaucoma, a multifactorial elastotic disorder: A liter-

ature review. Curr. Issues Mol. Biol. 2022, 44, 1191–1202. 

74. Gharahkhani, P.; Jorgenson, E.; Hysi, P.; Khawaja, A.P.; Pendergrass, S.; Han, X.; Ong, J.S.; Hewitt, A.W.; Segrè, A.V.; Rouhana, 

J.M.; et al. Genome-wide meta-analysis identifies 127 open-angle glaucoma loci with distinct functions of diverse signal enrich-

ment. Nat. Commun. 2021, 12, 1258. https://doi.org/10.1038/s41467-020-20851-4. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/cells15151329

