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1. INTRODUCTION 

1.1. Glaucoma 

Glaucoma is a chronic progressive degenerative optic neuropathy that is the leading 

cause of irreversible blindness and the second leading cause of blindness worldwide [1-5]. 

Glaucomatous optic neuropathies are associated with characteristic structural deformation at 

the optic nerve head and visual field defects, due to progressive retinal ganglion cell (RGC) 

death. The estimated total population of this sight-threatening eye disease in the world was 

about 76 million in 2020 and was predicted to increase to 111.8 million in 2040 [6]. The 

worldwide age-standardised prevalence of glaucoma in the population aged 40 years or older 

is about 3.54%, highest in Africa with 4.79% [6]. Primary open-angle glaucoma (POAG) is 

the topmost prominent form of glaucoma. Its global prevalence of about 3.1%, was six times 

more common than primary angle-closure glaucoma, which had a global prevalence of about 

0.5% [6]. Its major risk factor is the elevated intraocular pressure (IOP) [7-17], even though 

other pathogenetic processes may also be involved in the development (Table 1). At present, 

the only approach affirmed to be effective in preserving visual function is lowering IOP [13]. 

Various treatment strategies - medical therapy, laser trabeculoplasty, and conventional 

surgery - aim to lower IOP, slow the disease progression, sustain visual field and prevent 

further vision loss. Despite these medical efforts, currently there is no cure for glaucoma. 

Table 1. Major risk factors associated with POAG 

Risk factors References 

Higher IOP 
Older age 
Family history of glaucoma 
African race or Latino/Hispanic ethnicity 
Thinner central cornea 
Lower ocular perfusion pressure 
Diabetes mellitus 
Myopia 

[7-9, 11, 12, 14-17] 
[8, 9, 11, 12, 15-20] 
[8, 9, 12, 15, 16] 
[6, 8, 20] 
[12, 16, 17] 
[16, 21, 22] 
[8, 23, 24] 
[8, 11, 12] 

POAG: primary open-angle glaucoma; IOP: intraocular pressure 
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1.1.1 Symptoms and diagnosis 

The symptoms of glaucoma depend on the type and the stage of the disease [13]. In 

early stages, most of the cases the patients have no symptoms or warning signs. Gradually, 

blurred vision or loss of vision will happen in all types of glaucoma at the later stages. When 

the patients experience visual impairment, usually it starts with their side (peripheral) vision. 

Without treatment, eventually, glaucoma can cause blindness. Some other symptoms can 

exist, for example, in acute angle-closure glaucoma, severe headache, eye pain, nausea or 

vomiting, and eye redness could occur. Halos or colored rings around lights could also 

happen in acute angle-closure glaucoma or in pigmentary glaucoma. 

The only way to diagnose glaucoma is to perform a complete eye exam. Besides the 

clinical characteristic manifestations (in advanced stages) of the disease, the following 

diagnostic methods can be used [13, 25]. On initial diagnosis, measurement of the IOP 

(applanation tonometry) is mandatory. The IOP is currently the unique modifiable risk factor 

for the onset and progression of glaucoma. Ophthalmoscopy is also a part of an ocular 

examination, allowing a view of the fundus of the eye. Glaucomatous changes in the optic 

nerve head, the retinal nerve fiber layer, and neuroretinal rim can also be confirmed with an 

optical coherence tomography or a slit lamp microscope. A gonioscopy helps to determine 

whether the iridocorneal angle is open or closed to classify open-angle or angle-closure 

glaucoma. A visual field test (perimetry) examines the missing areas of vision. If the 

diagnosis is made at the early stage, the early treatment can help to prevent or slow visual 

defects. Therefore, regular eye check-up is important, especially for elderly or people with 

higher risk for glaucoma (Table 1). 

1.1.2 Pathogenesis 

Elevated IOP is the key causative factor of the final optic nerve damage in 

glaucomatous pathogenicity.  

IOP homeostasis is maintained by the equilibrium of secretion and drainage of 

aqueous humor (AH), the natural nutrient fluid for the tissues in anterior part of the eye. AH 

drains through two pathways, either the conventional (so-called trabecular meshwork route) 

or the alteration (so-called uveoscleral route) outflow pathway, both are located at the 
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iridocorneal angle. AH drainage occurs principally through the conventional pathway (Figure 

1). The direct measurements in human eyes had suggested that more than 85% of total AH 

was drained by conventional route [26]. Moreover, the proportion of AH egress through the 

uveoscleral pathway even decreases further with age [27].  

 

Figure 1. Normal (A) and abnormal (B) aqueous humor (AH) flow. Diagram displaying the 

iridocorneal angle formed between iris and cornea. After produced by the ciliary body, AH enters and 

circulates within the anterior chamber prior to exiting from the eye either through trabecular 

meshwork (conventional pathway) or uveoscleral outflow pathway. (A) The proportion of aqueous 

drainage through trabecular meshwork (large arrow) and uveoscleral routes (small arrow) and related 

anatomy. Each pathway is drained by the eye's venous circulation. (B) In primary open-angle 

glaucoma, these outflow pathways is diminished, resulting in elevated intraocular pressure. Image 

was reused with permission from Bill Andrews [28, 29]. 
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Besides the imbalance of AH production and drainage, many other factors can result 

in IOP changes, including body posture, circadian rhythms, age, blood pressure, stress or 

pain levels, water consumption, and more [30-32].   

i. Role of trabecular meshwork on IOP regulation 

The trabecular meshwork (TM) which is located in the iridocorneal angle is the main 

egress route of AH from the anterior chamber. It occupies and forms the proximal portion of 

the conventional drainage. Most of the AH passes through the TM, traverses Schlemm’s 

canal (SC), collector channels, and finally empties it into episcleral veins (Figure 2). In this 

passageway, outflow resistance is generated, controlled, and responsible for homeostatic IOP 

regulation. Impairment of the cellular properties and function in the conventional outflow 

pathway, and particularly the TM, results in increased outflow resistance that leads to IOP 

elevation [33-37], characteristic of most types of POAG. Despite elevated IOP can result 

from either increased formation of intraocular fluid from the ciliary body or increased 

outflow resistance, recent researches report that progressive fibrosis of the tissues on the main 

outflow, especially the TM, is responsible for most of increased outflow resistance and IOP 

elevation that results in glaucoma [38-40]. 
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Figure 2. Schematic of the conventional aqueous humor (AH) outflow pathway (so-called the 

trabecular meshwork (TM) pathway). Arrows indicate the direction of aqueous flow. The AH moves 

from the anterior chamber into the TM, through the cells and extracellular matrix (green) of the 

juxtacanalicular tissue (JCT), into Schlemm’s canal (SC) via the inner wall (IW), into collector 

channels (CC), and ultimately into episcleral veins (EV). The AH then joins the general venous 

circulation. Image was reused with permission from Swarup Sai Swaminathan [41]. 

TM is a complex connective tissue, anatomically divided into three layers. From inner 

to outermost, the first two layers, named the uveal meshwork and the corneoscleral meshwork, 

function as a self-cleaning biological filter [42]. The outermost layer, named the 

juxtacanalicular (JCT) TM, is a loose, amorphous region containing extracellular matrix 

(ECM) amongst a small number of cells supported by an incomplete basement membrane, 

consisting of TM cells (inner side) and the inner wall of SC (outer side) [42, 43]. The JCT 

and SC function to generate and modulate for outflow resistance [42, 43]. It has been 
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suggested that cells in JCT region respond to sustained IOP fluctuations by changing the 

balance of matrix metalloproteinases (MMPs, ECM degrading enzymes) and their inhibitors 

(tissue inhibitors of metalloproteinases, TIMPs), thus alter ECM quality and quantity, thereby 

resulting in modulation of AH outflow and IOP homeostasis [44-48]. 

Numerous studies have been carried out to explore the location in the iridocorneal 

angle having the greatest resistance and the role of ECM in outflow regulation. It has 

demonstrated that the JCT TM is a key regulation zone or the anatomic location of the 

majority of outflow resistance [34, 43, 49-51]. Further, it has been postulated that the amount 

of resistance of outflow and outflow facility correlates with the amount of ECM in the TM 

[44, 48, 52-55]. A variety of ECM elements have been determined within the TM, mostly 

similar to those found in other tissues. ECM turnover and remodeling occur constantly due 

to enzymes responsible for ECM degradation and biosynthesis. Thus, dysregulation in these 

enzyme activities results in ECM alteration that is likely related to the increase in IOP and 

has a critical role in POAG development [47, 48, 56-61]. 

Besides ECM, TM cells are also crucial on outflow regulation. Aberrant alterations 

in TM cytoskeleton have been associated with the modification on AH outflow facility and 

the development of ocular hypertension (OHT) [62-64]. The cytoskeleton, consisting of three 

types of protein assemblies (actin filaments, microtubules, and intermediate filaments), is 

essential for maintaining cell shape, controlling adherence to the ECM, cytokinesis, cell 

motility, phagocytic activity, and protein synthesis, to mention but a few [65-68]. The 

development of cross-linked actin networks (CLANs) and the increase in actin stiffness have 

been revealed to induce a more contraction and rigid morphology in TM cells, resulting in 

decreased AH outflow [33, 69-73]. TM cell rigidity and surrounding ECM accumulation 

together contribute to tissue stiffness and fibrosis, negatively correlating with AH outflow 

facility [69, 74, 75]. Fibrotic pathology in the TM tissue is associated with glaucoma [39, 40]. 

Collectively, an increased understanding of the molecular mechanisms for TM 

malfunction and fibrosis linked to elevated resistance to outflow in glaucoma is promising 

and beneficial for developing therapeutics for this relentlessly progressive disease. 
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ii. Pro-fibrotic factors 

The key to the proper functioning of tissues in outflow pathways is the composition 

of AH, which supplies growth factors and a homeostatic environment. In glaucomatous AH, 

the levels of growth factors and inflammatory cytokines are important. Several studies have 

examined cytokine levels in the AH of POAG patients [76-85]. Of these, transforming growth 

factor-beta2 (TGFβ2) has been the most widely investigated in relation to POAG. 

TGFβ2, the most abundant TGFβ isoform in the eye, is known to be strongly 

associated with the development of elevated IOP and POAG [56, 58, 86, 87]. Clinically, it is 

significantly increased in the AH of patients with POAG [76, 81-84]. Its levels in AH were 

also correlated with the severity of visual field defects in POAG patients [85]. In vitro, 

TGFβ2 is remarkedly increased in cultured glaucomatous TM cell lines compared to normal 

TM cell lines [88]. This pro-fibrotic cytokine has been reported to contribute to TM fibrosis. 

Firstly, TGFβ2 upregulates ECM protein synthesis and concurrently downregulates ECM 

turnover in the TM, thus causing aberrant ECM deposition that appears to be causatively 

involved in increased outflow resistance [57, 58, 87, 89-97]. In addition, substantial evidence 

exists revealing that TGFβ2 is also involved in the modulation of the actin cytoskeleton of 

the TM and its contractile properties [57, 90, 92, 98-100]. Furthermore, this growth factor 

also accelerates cell proliferation and migration of TM cells [90, 101]. 

TGFβ2 also plays a key role in glucocorticoids (GCs)-induced OHT in mice model 

[86]. Despite GCs-induced glaucoma is a type of secondary iatrogenic open-angle glaucoma, 

its clinical characteristics are similar to POAG in many ways, including elevated aqueous 

outflow resistance and morphological and biochemical alterations of the TM [102]. Thus, 

this glaucomatous model has been used widely in preclinical studies. 

Another cytokine, platelet-derived growth factor (PDGF), is a well-documented 

factor that drives fibrosis in almost all organs [103]. PDGF has been involved in eye fibrosis, 

particularly in age-related macular degeneration or proliferative diabetic retinopathy [104, 

105]. Along with TGFβ, PDGF is among the crucial mediators of fibrotic changes in the eye 

following glaucoma surgery [106, 107]. Blockage of PDGF inhibits fibrosis and therefore 

might be a potential therapeutic approach for pathological fibrotic diseases. There have been 
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clinical trials for fibrotic diseases of the lung, bone marrow, eye, and systemic fibrosis, using 

PDGF-targeted anti-fibrotic therapy [108-111]. However, the involvement of PDGF in TM 

fibrosis is still unclear. 

1.1.2 Treatment 

The goal of glaucoma treatment is to promote the well-being and quality of life of the 

patients by preserving their visual function. Currently, lowering IOP is the only therapeutic 

approach which is proven to be effective to slow the rate of visual impairment [13]. IOP can 

be lowered with medications, laser, or surgery. However, treatment must be individualized 

based on patients’ basis.  

A topical IOP lowering treatment is typically the first choice for glaucoma therapy. 

Since the introduction of antiglaucoma drugs in 1875, a wide variety of glaucoma 

medications have been available and there was a significant development in the last 30 years. 

However, it is necessary to individualize each patient’s treatment regimen to get the 

maximum safety and benefit. Consequently, glaucoma remains a complicated disease and a 

challenge to treat. The current eye drops do not work in each case, although in general they 

are effective. To accomplish the need for additional glaucoma therapies, many studies have 

been conducted to develop drugs with novel mechanisms of action. Currently, the 

medications either decrease the inflow of AH (the production of AH at ciliary body) or 

increase the outflow through the two drainage pathways (Table 2). In a long time, the 

majority of glaucoma medications that facilitate AH outflow mainly targeted the uveoscleral 

drainage which is responsible for only 10 to 15% of total AH egress and even less with age 

[13, 26, 27]. In addition to this, it should be noticed that POAG prevalence considerably 

increases with age [13]. Thus, the other approach, targeting the trabecular pathway, the main 

route of AH outflow, seems an attractive therapeutic strategy. Recently, Rho kinase inhibitors 

(ROCK inhibitors) and nitric oxide (NO) have emerged as potential novel therapeutic 

compounds for IOP lowering in glaucoma via modification of trabecular outflow facility. 

Although some medications which target the trabecular outflow have been developed to 

lower IOP, there is a need for developing new medical therapies targeting this main AH route 

due to the refractory to these available drugs or significant adverse effects [13, 112-114].  
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Table 2. Medications used for POAG treatment [13, 115] 

Classification Mode of action Side effects 

Beta-blockers Decrease AH production Hyperemia, ocular irritation, bradycardia, 
bronchoconstriction, syncope 

Carbonic anhydrase 
inhibitors 

Decrease AH production Hypersensitivity, dysgeusia, paresthesia, 
gastrointestinal distress, renal calculi 

Alpha-adrenergic 
agonists 

Decrease AH production 
/Increase uveoscleral outflow 

Hyperemia, allergy, ocular irritation, 
anterior uveitis, lacrimation, fatigue 

Prostaglandin analogues 
(PGA) 

Increase uveoscleral outflow Eyelash growth, eyelid darkening, 
periocular fat atrophy 

Parasympathomimetic 
agents 

Facilitate outflow via 
contraction of ciliary muscle 
and widening of the TM 

Pseudomyopia, miosis, nyctalopia, brow 
ache, ocular irritation, retinal tear 

Rho kinase inhibitors Increase trabecular outflow Hyperemia, subconjunctival hemorrhage, 
cornea verticillata, headaches 

NO donors* Increase trabecular outflow Eyelash growth, eyelid darkening, 
periocular fat atrophy 

*fixed combination with PGA; TM: trabecular meshwork 

NO, a critical signaling molecule, has emerged as a potential novel candidate for IOP 

lowering in glaucoma treatment. This simple, versatile gaseous biological messenger plays 

an important role in many cellular and physiological processes in the human body [116]. In 

the ocular anterior segment, NO is synthesized endogenously by NO synthases in the ciliary 

muscle and the outflow tissue [117], where it takes part in the regulation of IOP. It is thought 

to change IOP via alteration of conventional outflow facility [118-123]. 

TM tissue, possessing contractile properties, is responsive to NO, similar to vascular 

smooth muscle cells. It has been observed that NO plays a crucial role in regulating TM 

contractility, particularly relaxing the TM [124, 125]. TM relaxation may be involved in the 

increased AH dynamics [72, 73, 126]. Besides the effect on the IOP, NO system also plays a 

role in improving ocular blood flow and neuroprotection of RGCs [127, 128]. 
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NO’s function in the maintenance of physiological IOP makes it a promising target 

for IOP lowering therapeutic strategies. Latanoprostene bunod, a novel glaucoma drug, is an 

NO-donating prostaglandin F2α analog, with a unique dual action mechanism-latanoprost (a 

PGA) increases uveoscleral outflow and the NO donor increases trabecular meshwork 

outflow. 

1.2. Sigma-1 receptor (S1R) 

S1R is a ligand-operated chaperone, having a unique sequence of 223 amino acids 

with no mammalian homologues. S1R ligands can be agonists or antagonists, and, by 

definition, they can elicit different or opposing cellular responses. Fluvoxamine (FLU, a 

specific S1R agonist) and N,N-dipropyl-2-[4-methoxy-3-(2-phenylethoxy)-phenyl]-

ethylamine monohydrochloride (NE100, a selective S1R antagonist) were used in this study. 

S1R locates predominantly at the endoplasmic reticulum, however its expression is also 

detected in the plasma membrane, mitochondria, and the nucleus, depending on the cell and 

organ types [129-131]. It is expressed in numerous organs with broad spectrum of biological 

functions and as a promising target for treating many medical conditions. In addition to the 

well-documented neuroprotective effects on the central nervous system (CNS) [132-140], the 

role of S1R in various other diseases, including cancer, cardiovascular, pulmonary diseases, 

and COVID-19 have also been reported [141-152]. 

Our research group investigates the role of S1R in various organs [143, 153]. As an 

important note, we were the first investigators to demonstrate the protective effect of S1R in 

the kidney. S1R activation slows the progression on chronic renal impairment in diabetic 

kidney disease. It prevents hypoxic, inflammatory and fibrotic damages in the kidney [153]. 

It also shows renoprotective effect in renal transplantation and renal ischemic reperfusion 

injury [143]. Furthermore, our recent data demonstrate the protective effect of S1R in the 

lung (manuscript submitted). 

Also, S1R has been identified in many tissues of the visual system, including cornea, 

lacrimal glands, iris-ciliary body, the lens, and retinal tissues [154-157]. Surprisingly enough, 

there is only one study that reported the S1R expression in human TM cells [158]. However, 

the subcellular localization of S1R in TM cells has been so far unanswered.  
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Regarding the functions of S1R in the eye, there have been numerous investigations 

showing its neuroprotective effects in the retina. Many S1R functions appear to modulate 

biological functions related to degenerative disease of the retina, including calcium 

regulation, control of oxidative stress, ion channel modulation, cell autophagy, cell apoptosis, 

anti-inflammation, and molecular chaperone actions [159-168].  

A few studies reported the IOP lowering effect of S1R activation [154, 159, 169], but 

the mechanism of action remains unclear. It seems possible that this effect may be mediated 

by facilitating the conventional outflow of the AH through TM. To the best of our knowledge, 

there is a unique article which demonstrated that S1R agonist (+)- pentazocine protects TM 

cells from pressure-induced apoptosis [158]. There is no evidence about the effect of S1R on 

TM fibrosis which is associated with elevated IOP, a crucial role in pathogenesis of glaucoma. 

Our group’s patent directed at the use of S1R agonists in the treatment of progressive 

fibrosis of the kidney and lung has been approved in many countries (the US, EU, and others) 

[170]. Recently, it has been reported that S1R activation with its agonists PRE-084 or FLU 

mitigated renal, pulmonary, and cardiac fibrosis [141, 151, 171]. Therefore, it is postulated 

that S1R agonists could have similar effect in the eye. However, the anti-fibrotic effect of 

FLU on TM cells has not been described by others. 

Our group has also published that FLU triggers the Akt-NO synthase signaling 

pathway, resulting in NO production in rat kidney, that contributes to the vasodilation of 

peritubular capillary, results in a better blood supply and a milder ischemic injury [143]. 

Based on this finding, it is rational to investigate the effect of FLU on NO release in TM cells. 

The overall focus of this dissertation is to investigate the novel glaucoma treatments 

that target the conventional AH outflow route. Thus, this dissertation subjected to the anterior 

part of the eye, particularly the TM. The posterior part, including the retinal tissues, will not 

be discussed here. 
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2. OBJECTIVES 

Our research has focused on the investigation of S1R as a novel therapeutic target for 

glaucoma. To conduct the experiments, our working group adopted several new methods and 

experimental models, refining and optimizing them. The most important established methods 

were the isolation of primary mouse trabecular meshwork (pMsTM) cells and the 

dexamethasone-21-acetate (DexAc)-induced ocular hypertensive model in mice. 

In our preclinical experiments, we evaluated the in vitro effect of FLU using TGFβ2- 

or PDGF- induced TM models, and explored the IOP lowering effect of FLU eye drop in 

vivo in DexAc-induced mice model. 

The following objectives have been set to fulfil the aims: 

To assess the effect of S1R agonist FLU on HTM5 cells 

1. Determine cellular localization of S1R in HTM5 cells 

2. Study the effect of FLU on fibrotic changes of HTM5 cells 

3. Evaluate the stimulating effect of FLU on NO release of HTM5 cells 

To assess the effect of S1R activation on pMsTM cells 

1. Detect the presence of S1R in pMsTM cells 

2. Explore the protective effect of S1R on PDGF-induced pMsTM cells 

To assess the IOP lowering effect of FLU on DexAc-induced ocular 

hypertensive mice model 

1. Examine the irritating effect of FLU eye drop on the mice eyes 

2. Investigate the protective effect of S1R on this glaucomatous model 
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3. METHODS 

For the methods already included in my published articles, I only described them here 

briefly, for more details, cited publications are preferred [172, 173]. 

3.1. Assessment the effect of S1R agonist fluvoxamine on HTM5 and pMsTM cells 

All methods used in this section were described in my publications [172, 173]. In 

brief, first, we characterized TM cells by the morphology and the induction of myocilin, 

alpha smooth muscle actin (αSMA), and fibronectin by dexamethasone (Dex) as described 

previously [174]. Next, the cells were treated with pro-fibrotic factors in the presence or 

absence of S1R agonist FLU (Sigma-Aldrich, Budapest, Hungary), and of S1R antagonist 

NE100 (Bioscience, Bristol, UK) in some cases. Fibrotic-like changes in HTM5 and NO 

level were investigated and the effect of FLU was shown [172, 173] (Figure 3, lower panel). 

 

Figure 3. Brief illustration of the experiments with HTM5 cells and pMsTM cells. Upper panel 

showed the isolation of pMsTM cells from C57BL/6J wild-type and sigma-1 receptor knockout (S1R-

/-) mice. 

Besides TM cell line, we isolated pMsTM cells from C57BL/6J and S1R knockout 

(S1R-/-) mice on a pure C57BL/6J background with positive magnetic bead selection [175] 

(Figure 3, upper panel). The expression of S1R was confirmed by immunofluorescence and 
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the effect of S1R on PDGF-induced actin remodeling and ECM protein expression were 

examined in pMsTM cells [173]. 

3.2. Assessment the effect of S1R agonism on DexAc-induced ocular hypertension in 

mice model 

3.2.1. Animals 

Male and female C57BL/6J mice were purchased from Animalab (Budapest, 

Hungary). The first pair of S1R-/- mice were kindly gifted from Dr. Adrian Y.C.Wong 

(University of Ottawa, Japan). All animals were bred and housed in the animal facilities of 

the Pediatrics Center at Semmelweis University. The mice were kept in 12-hour light/12-

hour dark cycle in constant temperature (22 ± 2°C), food and water were supplied ad libitum. 

All animal studies were conducted in accordance with the Animal Experiment Regulations 

of the Animal Welfare Committee of Semmelweis University (PE/EA/916-7/2020), 

Budapest, Hungary. 

3.2.2. Examination the presence of S1R in the mouse TM region 

The anterior segments (AS) were dissected from enucleated eyes and subjected to 

immunofluorescence staining with S1R antibody [172]. 

3.2.3. IOP measurement 

Animals were gently handled to avoid stress, and anesthesia was administered with a 

26-gauge needle. Mice were anesthetized intraperitoneally with a ketamine/xylazine mix 

(90mg/10mg/bwkg) and each mouse was monitored carefully to assess the state of anesthesia. 

IOP was measured as soon as the mice stopped moving using an Icare Tonolab (Figure 5B). 

Six to eight IOP measurements from each eye were averaged together at each time point. IOP 

was measured weekly at approximately the same time of the day under light conditions, 

before every dexamethasone injection. 

3.2.4. DexAc-induced ocular hypertensive mice model 

The animals were three to four months old at the first injection. Mice were 

anesthetized intraperitoneally with 90mg/10mg/bwkg of ketamine/xylazine and anesthetized 

topically with Oxybuprocaine hydrochloride 0.4% w/v (Novesine, OmniVision GmbH). 
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After measuring IOP, DexAc injection was performed periocularly as previously described 

[176]. Briefly, after the lower eyelid was retracted, 20 µL of DexAc 10 mg/mL or vehicle 

suspension was injected by a 32-gauge needle with a Hamilton glass microsyringe (25-µL 

volume, Hamilton Company, Reno, NV) under the conjunctival fornix of both eyes (both 

eyes with DexAc or both eyes with vehicle) in the process of 10 – 15 seconds. The formation 

of a subconjunctival bleb ensured successful injection. The duration of the experiments 

depends on the case (4-5 weeks). 

3.2.5. FLU eye drop instillation 

Eye irritation was tested before use. Eye drops were applied 7 µL per eye, twice daily 

on the conscious mice (Figure 5A) and the eyes were examined every second day on 

C57BL/6J mice by a slit lamp microscope (Figure 5C) and fluorescein test, which is the gold 

standard for corneal epithelial cells’ damage detection. The well-tolerated formulation was 

used for further experiments. 

To investigate the IOP lowering effect of FLU eye drop, after two weeks of DexAc 

injection, eye drop administration began and lasted for 14 days (Figure 4). Micro pipette was 

used to apply 7 µL of FLU 100 mM or vehicle eye drops topically to both eyes of each animal 

(one mouse received either FLU or vehicle eye drop to both eyes). Animals were hold for 1 

minute after the instillation before returned to the cage. Eye drops were given twice daily. 

 

Figure 4. Treatment timeline. Timeline showing which date intraocular pressure (IOP) 

measurements were taken and when the first dexamethasone-21-acetate (DexAc) was injected into 

the eyes (week 0) or the first fluvoxamine (FLU) eye drop was instilled into the eyes (week 2). 
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Figure 5. Eye drop instillation (A), non-invasive measurement of intraocular pressure of the 

mouse eye (B), and slit lamp microscope used in the project (C). 

3.2.6. Statistical analysis 

Individual sample sizes are specified in each figure legends. Statistical analyses were 

performed using Prism version 8.0 (GraphPad, USA). Differences among groups were 

evaluated via one-way or two-way analysis of variance (ANOVA), and two groups’ 

comparisons were done using Student’s t-test. Data were presented as mean ± SEM, or mean 

with error, depended on each analysis and described in each figure; p <0.05 was considered 

as statistical significance. 
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4. RESULTS 

4.1. S1R activation is protective in HTM5 cells 

4.1.1. Characterization of TM cells 

Before used in our experiments, TM cells were characterized as described previously 

[174]. Dex accelerated the expressions of myocilin, αSMA, and fibronectin (Figure 6) and 

the cultured cells exhibited basic and specific morphology [42, 174] (Figure 10A, Figure 

11A). 

 

Figure 6. Immunocytochemistry and western blot of HTM5 cells [173]. HTM5 cells were treated 

with 100 nM dexamethasone (Dex) for 7 days. (A) Induction of myocilin in control and Dex-treated 

cells (Myocilin: green, nuclei: blue; magnification: 400X; scale bar: 20 µm). (B) Alpha smooth 

muscle actin (αSMA) or (C) fibronectin level in the TM cells treated with Dex compared to control 
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(αSMA: green, fibronectin: green, nuclei: blue; magnification: 400X; scale bar: 20 µm). (D) 

Representative western blot of myocilin (55 kDa). (Data: mean ± SEM. **p<0.01; n=3/group; 

Student’s t-test). 

4.1.2. S1R resides in the endoplasmic reticulum (ER) of HTM5 cells 

In order to investigate the role of S1R stimulation on this cell line, the expression of 

S1R was elucidated. Although one study detected the expression of S1R in human TM cells 

[158], there is no data about its localization in TM cells. Up to date, this is the first research 

showing the cellular localization of S1R in HTM5 cells. Co-localization analyses revealed 

that S1R localizes mainly in the ER of HTM5 cells, as shown by the co-localization of S1R 

and the ER marker Grp94 (Figure 7) [173]. In addition, S1R can be found in the cytoplasm 

as well.  

 

Figure 7. Cellular localization of sigma-1 receptor (S1R) in HTM5 cells [173]. Nikon Eclipse Ti2 

microscope; magnification: 600X; scale bar: 20 µm; S1R: red; Grp94: green; nuclei: blue; 

colocalization of S1R and Grp94: yellow. 

4.1.3. S1R activation mitigates cell proliferation and migration induced by pro-

fibrotic factors 

Two major fibrotic inducers (PDGF and TGFβ2) were used to activate HTM5 cells. 

In this first experiment, we targeted the effect of FLU on an aspect of fibrotic process, named 

overgrowth. Methyl-Thiazolyldiphenyl-Tetrazolium bromide (MTT) assay and Lactate 

Dehydrogenase (LDH) assay were applied to test cell viability and toxicity, respectively, in 

response to different FLU concentration for 24 hours. MTT assay was also used to determine 

the minimum effective concentration of PDGF and TGFβ2 on HTM5 cell growth. 
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Figure 8. Cell proliferation and cell toxicity measurements for HTM5 cells [172, 173]. (A) Cell 

proliferation (upper panel, MTT assay) and cell toxicity (lower panel, LDH assay) after 24 hours of 

treatment with different concentrations of FLU (5, 10, 15 µM). (B) Cell proliferation with PDGF (0.1, 

0.5, 1, 2.5, 5, 10, 15, 20, 30 ng/mL), or (C) with TGFβ2 (0, 1, 2.5, 5, 10, 20 ng/mL). (D, E) Effect of 

FLU on cell proliferation after induction with 20 ng/mL PDGF (D) or 10 ng/mL TGFβ2 (E). (Data: 

mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ns: non-significant; n=5-6/group; one-way ANOVA 

analysis). 

As we expected, any of the FLU doses tested did not affect cell proliferation and did 

not exhibit any toxicity to HTM5 cells when applied without any other stimulus (Figure 8A). 

However, both PDGF and TGFβ2 modulation resulted in a dose-dependent cell proliferation, 

with a plateau at 20 ng/mL or a peak at 10 ng/mL, respectively (Figure 8B, Figure 8C). These 

two concentrations (20 ng/mL of PDGF or 10 ng/mL of TGFβ2) have been determined to 

use further. 10 µM FLU attenuated HTM5 cell proliferation induced by both cytokine stimuli 

(Figure 8D, Figure 8E). 

The effect of FLU on PDGF-induced cell migration was investigated with a 

commonly used scratch assay. By periodic monitoring, every 24 hours, cell-free area was 

evaluated compared to 0 hour state, right after the scratch was made, and presented as % of 
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the original cell free area. The results revealed that PDGF induced cell migration, while FLU 

prevented this effect in time-dependent manner (Figure 9).  

 

Figure 9. Cell motility of HTM5 cells [173]. HTM5 cells were activated with 20 ng/mL PDGF with 

or without 10 µM FLU. (A) FLU inhibits cell migration after 72 hours following PDGF stimuli 

(Nikon Eclipse Ti2 microscope; magnification: 100X; scale bar: 100 µm). (B) Time curve of cell 

migration. Data represented the cell-free area (%) compared to 0 hour (Data: mean ± SEM. **p<0.01, 

***p<0.001, ns: non-significant; n=4/group; two-way ANOVA followed by Holm-Šidak multiple 

comparison test). 

4.1.4. S1R stimulation attenuates actin cytoskeletal remodeling 

As actin cytoskeleton is critical not only for maintaining the shape and structure of 

the cells, but also for a broad variety of functions like cell migration and division, and so on 

[66, 67]. In the previous results, we showed that prevents profibrotic factor-induces in cell 

motility and proliferation. Additionally, various changes have been described in 

glaucomatous eyes, actin stress fiber modification is among the most prominent alterations. 

They lead to the changes in TM stiffness and TM contractility, which in turn result in 

increased outflow resistance [33, 69, 71, 177]. Collectively, next, we assessed the effect of 

FLU on F-actin levels of HTM5 cells with PDGF or TGFβ2 induction, both widely known 

as potent fibrogenic cytokines. 

Both growth factors increased the cell number and caused morphological changes 

characterized by more elongated shape and increased cell-cell connections of HTM5 cells, 

as shown in differential interference contrast (DIC) images. All these alterations were 
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prevented by co-treatment with FLU (Figure 10A and upper panel of Figure 11A). A S1R 

antagonist, NE100 was also applied, that suspended the effect of FLU (Figure 10A), thus 

confirming the involvement of S1R in this process. 

 

Figure 10. Cytoskeletal remodeling in HTM5 cells [173]. Cells were activated with 20 ng/mL 

PDGF in the presence or absence of 10 µM FLU with or without 3 µM NE100 for 24 hours. (A) FLU 

moderates the morphological changes in PDGF-induced HTM5 cells. (B) F-actin filaments and clump 

formation is ameliorated by FLU treatment. In both cases NE100 suspended the effect of FLU. (Nikon 

Eclipse Ti2 microscope; F-actin: yellow, nuclei: blue; magnification: 200X; scale bar: 20 µm; data: 

mean ± SEM; *p<0.05, ***p<0.001; n=6-7/group; ANOVA followed by Holm-Šidak multiple 

comparison test). 

 

Figure 11. Morphological alterations and F-actin reorganization of HTM5 cells [172]. Cells were 

induced with 10 ng/mL TGFβ2 and treated with 10 µM FLU for 24 hours. (A, upper panel) 

Differential interference contrast (DIC) images of HTM5 cells (Magnification: 200X; scale bar: 20 
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µm). (A, lower panel) Representative images of cytoskeletal rearrangement. F-actin was visualized 

with phalloidin-Alexa Fluor 546 (F-actin: yellow, nuclei: blue; magnification: 400X; scale bar: 20 

µm). (B) F-actin integrated density values represent quantification of fluorescence. (Data: mean ± 

SEM. ***p<0.001; n=6-8/group; ANOVA followed by Holm-Šidak multiple comparison test). 

In parallel, visualization of F-actin with phalloidin staining and the fluorescence 

integrated density evaluation revealed a remarked elevated actin stress fiber level with both 

inducers. Similarly, treatment with FLU demonstrated a prominently less fluorescence and 

less actin clump and bundle formation (Figure 10B, Figure 11). 

Interestingly, we also provide more evidence that reinforces the protective role of 

S1R. NE100, a S1R antagonist, reversed the effect of FLU on HTM5 cells as shown on DIC 

images (cell density and morphology) and on immunofluorescence staining (F-actin) (Figure 

10). 

In the next experiment, we investigated the effect of FLU on ECM deposition that is 

strongly associated with cytoskeletal remodeling and a major characteristic in fibrosis. 

4.1.5. FLU ameliorates ECM elements level induced by the pro-fibrotic factors 

Fibronectin, an important ECM element, considerably increased in response to both 

growth factors in HTM5 cells (Figure 12B, E). Other crucial ECM proteins, collagen IV and 

collagen 1a1 (col1a1) also increased in TGFβ2 and PDGF-treated HTM5 cells, respectively 

(Figure 12C, D). In line with literature, TGFβ2 increased the expression of CTGF, an 

important modulator of fibrosis, in HTM5 cells (Figure 12A). All these cytokines-induced 

elevated ECM protein levels were suppressed significantly by FLU, except for col1a1 (p 

value=0.3) (Figure 12). 



27 
 

 

Figure 12. Extracellular matrix-related protein levels in HTM5 cells [172, 173]. Cells were 

induced by 10 ng/mL TGFβ2 or 20 ng/mL PDGF and treated with 10 µM FLU for 24 hours. (A) 

Representative western blot images of CTGF (36 kDa), (B, E) fibronectin (250 kDa), (C) collagen 

IV (250 kDa), and (D) collagen 1a1 (Col1a1) (250 kDa). Quantification of western blots presented as 

relative protein level normalized to the total protein of each sample (lower panels). (Data: mean ± 

SEM. *p<0.05, **p<0.01, ***p<0.001; n=3/group (A-C), n=4/group (D, E); ANOVA followed by 

Holm-Šidak multiple comparison test). 

4.1.6. FLU activates ECM degrading enzymes 

ECM deposition can result from the decreased ECM degrading proteolytic enzymes. 

One may speculate that FLU can exert its protective effect, at least in part, by modulating 

ECM degradation. 

Cathepsin K (CTSK), a lysosomal proteinase, has been recently reported to reduce 

actin stress fibers and ECM elements and associated to IOP homeostasis [178]. 



28 
 

Immunofluorescence images showed that FLU increases CTSK level in PDGF-treated 

HTM5 cells (Figure 13A). 

Another enzyme that is known to be responsible for the degradation of ECM, is 

Matrix metalloproteinase-2 (MMP2), a member of the MMPs family. Representative western 

blot showed that TGFβ2 decreases MMP2 level, while FLU suspended TGFβ2-induced 

suppression of MMP2 (Figure 13B). 

These effects could explain the F-actin decreasing potential of FLU. 

 

Figure 13. Extracellular matrix degrading enzyme levels in HTM5 cells. (A) Treatment of 10 µM 

FLU for 24 hours elevates cathepsin K level after PDGF induction (20 ng/mL, 24 hours) (Nikon 

Eclipse Ti2 microscope; cathepsin K: magenta, nuclei: blue; magnification: 600X; scale bar: 20 µm; 

data: mean ± SEM; *p<0.05, **p<0.01; n=7-9/group; ANOVA followed by Holm-Šidak multiple 

comparison test) [173]. (B) Western blot of MMP2 (64 kDa) after induction with 10 ng/mL TGFβ2 

for 24 hours alone or in combination with 10 µM FLU (Data: mean ± SEM. *p<0.05; n=3/group; 

one-way ANOVA analysis) [172]. 

4.1.7. FLU increases NO release in HTM5 cells 

One important compound that has been recently described to have an IOP-modulating 

effect is NO. It targets the conventional drainage tissues, as if TM, and restores TM function, 
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leading lower IOP [118-123]. Therefore, it was rational to explore the role of FLU on 

endogenous NO level of HTM5 cells. Fluorescent measurements revealed that FLU increases 

NO level in PDGF-treated HTM5 cells (Figure 14). 

 

Figure 14. Effect of FLU on released nitric oxide (NO) level in HTM5 cells [173]. FLU elevates  

NO release in PDGF-induced cells (Data: mean ± SEM. *p<0.05; n=5-6/group; Kruskal-Wallis test 

followed by Dunn’s multiple comparison test). 

To confirm the protective role of S1R shown in HTM5 cells, as further step we 

conducted experiments on primary TM cells isolated from WT and S1R-/- mice. 

4.2. S1R is protective in pMsTM cells 

4.2.1. S1R detection in pMsTM cells 

Based on the specific phagocytosis ability of TM cells, we isolated primary TM cells 

from C57BL/6J mice following magnetic bead intracameral injection [173, 175]. Primary 

cells were isolated successfully and were used for experiments after passages 4 or 5. The 

presence of S1R was confirmed also in these cells, as immunofluorescence images show 

below (Figure 15). 
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Figure 15. Morphology of pMsTM cells (A) and sigma-1 receptor (S1R) detection (B). (A) Bright 

field images of pMsTM cells. Magnetic beads are visible inside the cells (left panel) and they are 

diluted as the cells proliferate (right panel) (Magnification: 200X; scale bar: 50 µm). (B) S1R is 

detected on pMsTM cells (Nikon Eclipse Ti2 microscope; S1R: green, nuclei: blue; magnification: 

200X; scale bar: 50 µm). 

4.2.2. S1R activation protects pMsTM cells from PDGF-induced F-actin 

rearrangement 

Similar to HTM5 cells, pMsTM cells also responded with increased F-actin to PDGF. 

This elevation exists in both WT and S1R-/- mice, more importantly, actin clumps and bundles 

were denser in S1R-/- cells, indicating a protective effect of S1R. As expected, FLU reduced 

PDGF-mediated F-actin enhancement on WT pMsTM cells, but FLU did not show any effect 

on S1R-/- cells (Figure 16). This shows the specificity of FLU and confirms the protective 

role of S1R in PDGF-induced actin reorganization. 
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Figure 16. F-actin distribution in wild-type (WT) and sigma-1 receptor knockout (S1R-/-) 

pMsTM cells [173]. The primary cells were induced with 20 ng/mL PDGF and treated with 10 µM 

FLU for 24 hours. (A) F-actin clump and filament formation accelerate in PDGF-induced pMsTM 

cells. FLU ameliorates cytoskeletal rearrangement in WT pMsTM (upper panel) but not in S1R-/- 

pMsTM cells (lower panel) (Nikon Eclipse Ti2 microscope; F-actin: yellow, nuclei: blue; 

magnification: 200X; scale bar: 20 µm; data: mean ± SEM; ***p<0.001; n=8-11/group; ANOVA 

followed by Holm-Šidak multiple comparison test). (B) Images with higher magnification for better 

visualization (magnification: 900X; scale bar: 5 µm). 

4.2.3. S1R-/- pMsTM cells exhibit higher αSMA expression in response to pro-

fibrotic factors 

In addition to F-actin, αSMA, a key element in fibrosis, was also examined in WT 

and S1R-/- pMsTM cells. PDGF increased the level of αSMA in both kinds of cells. 

Furthermore, S1R loss led to a higher response compared to WT cells (Figure 17).  
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Figure 17. Alpha smooth muscle actin (αSMA) protein level in pMsTM cells [173]. Wild-type 

(WT) and sigma-1 receptor knockout (S1R -/-) cells were induced with 20 ng/mL PDGF for 24 hours. 

(Nikon Eclipse Ti2 microscope; α-SMA: green, nuclei: blue; magnification: 100X; scale bar: 20 µm; 

data: mean ± SEM; **p<0.01; n=5-6/group; two-way ANOVA analysis). 

All these findings in pMsTM cells, together with those in HTM5 cells reinforce the 

protective role of S1R in TM fibrosis, a major causative effect in outflow resistance and IOP 

elevation. Therefore, we next investigated IOP lowering effect of S1R on OHT in mice model 

in vivo. 

4.3. S1R lowers IOP in DexAc-induced ocular hypertensive mice model 

4.3.1. S1R is present in TM region of mouse anterior segment 

Prior to investigation the effect of the agonist FLU eye drop and exploration if its 

molecular mechanism of action due to TM function regulation, we confirmed that S1R 

expresses in the mouse TM. Confocal immunofluorescence microscope images and western 

blot illustrated the abundant presence of S1R in TM region of WT C57BL/6J mice. As 

predicted, S1R has not been detected in the AS of S1R-/- mice (Figure 18). 
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Figure 18. Confocal microscope images (A) and western blot (B) of the mouse anterior segment. 

Sigma-1 receptor (S1R) expression in the trabecular meshwork region of C57BL/6J mice [172]. WT: 

wild-type, S1R-/-: S1R knockout (S1R: red, nuclei: blue; magnification: 200X; scale bar: 20 µm). 

On the other hand, it is necessary to test the safety of FLU eye drop before using it in 

our model. 

4.3.2. FLU eye drop is safe and does not cause irritative signs in mice eyes 

The FLU active compound was formulated in various ways and applied 7 µL for each 

eye, twice daily. The corneal epithelial damage was investigated regularly (every other day) 

using fluorescein test and images were taken with a slit lamp. After many formulations that 

had caused damaged eyes (Figure 19B), our final formulation was well-tolerated and non-

irritant. This was used in all further experiments (Figure 19C). 
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Figure 19. Slit lamp images in irritation tests of the eye drop on mice’s eyes. (A) healthy eye with 

negative fluorescein test result. (B) damaged eye after 2 days indicated by central opaque cornea area 

that is also positive with Fluorescein test. (C) Slit lamp images of an eye which had been applied the 

well-tolerated eye drop (FLU) for 16 days. The eyes are totally clear during the period of the irritation 

test (16 days) and have negative results with fluorescein test. 

4.3.3. FLU eye drop drops back the elevated IOP to baseline in WT mice 

In WT mice, FLU eye drop lowered DexAc-induced OHT after 2 weeks of instillation 

(Figure 20). Obviously, at week 4, IOP in DexAc-injected group instilled with FLU eye drop 

was 16.77 ± 1.12 mmHg, significantly lower than DexAc-injected group instilled with 

vehicle eye drop (18.61 ± 1.91 mmHg) (-9.89%; p<0.01, n=12 mice/group) (Figure 20).  
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Figure 20. Intraocular pressure (IOP) at week 4 after two weeks of FLU eye drop. (A) Average 

IOP (Data: mean ± SEM) or (B) changes in IOP compared to baseline (Data: mean with error) (n=8-

15 mice/group; *p<0.05, **p<0.01, one-way ANOVA followed with Fisher’s LSD test or Kruskal-

Wallis test followed with Dunn’s test). 

Comparatively, FLU eye drop did not decrease DexAc-induced OHT in S1R-/- mice 

(Figure 20). IOP of FLU-treated group at week 4 (18.88 ± 1.76 mmHg, n=15 mice/group) is 

even slightly higher than IOP at 2 week and before FLU instillation (17.84 ± 1.25 mmHg) 

(p=0.0746) (Figure 21). 

 

Figure 21. Intraocular pressure (IOP) changes in wild-type (WT) and sigma-1 receptor 

knockout (S1R-/-) mice in DexAc-induced ocular hypertensive model. Dexamethasone-21-acetate 

(DexAc) or vehicle suspension was injected periocularly once a week for 4 weeks and FLU or vehicle 

eye drop was instilled twice daily for 2 weeks to both eyes of each animal after 2 weeks of DexAc. 

IOP measurement was performed weekly before the injections. FLU eye drop lowers DexAc-induced 

elevated IOP in WT mice. Lack of S1R results in a sustained considerable increased IOP until the 

end of this experiment. (Data: mean ± SEM; n=8-15 mice/group; *p<0.05, **p<0.01, ***p<0.001; 

one-way ANOVA followed with Fisher’s LSD test).  

We successfully set up DexAc-induced ocular hypertensive mice model. In DexAc-

injected groups of WT, IOP increased from baseline 16.83 ± 1.19 to 18.07 ± 1.54 mmHg 



36 
 

(+7.37%; p<0.01, n=25 mice/group) after 1 week, and then to 18.61 ± 1.91 mmHg (+11.37% 

vs BL; p<0.01, n=12 mice) after 4 weeks. Similarly, in S1R-/- mice, IOP of DexAc-injected 

group increased from baseline 16.51 ± 1.69 to 17.55 ± 1.50 mmHg (+6.30%; p<0.05, n=29 

mice/group) after 1 week and then to 19.13 ± 1.61 mmHg (+17.72%; p<0.001 vs BL, n=14 

mice, Mann-Whitney test) after 4 weeks. IOP values fluctuated non-significantly in vehicle-

injected groups of both WT and S1R-/- mice (Figure 21). 

4.3.4. DexAc-induced OHT in S1R-/- mice lasts longer than in WT mice 

DexAc was administered (WT and S1R-/- mice) weekly for 5 weeks. Figure 22 shows 

changes in IOP compared to baseline. In the WT group, IOP returned to baseline by 5 weeks 

of DexAc treatment while IOP of S1R-/- group did not drop back to the baseline.  

 

Figure 22. Changes of intraocular pressure (IOP) of wild-type (WT) and sigma-1 receptor 

knockout (S1R-/-) mice during 5 weeks of dexamethasone-21-acetate (DexAc) treatment. Data 

were presented as delta IOP vs BL. In age-matched S1R-/- mice, increased IOP sustained and was still 

high by 5 week, otherwise, IOP started to reduce after 4 weeks and was close to the baseline values 

by 5 week in WT group. (Data: mean with error; n=3-4 mice/group; **p<0.01 compared with baseline 

(BL); two-way ANOVA followed with Fisher’s LSD test).  
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5. DISCUSSION 

S1R has been investigated extensively in the CNS and its neuroprotective role has 

been explored in numerous studies [132-140, 179]. In the eye, S1R also showed its retinal 

neuroprotection with a large body of evidence [159-168]. However, only one study is 

available regarding the function of S1R in the TM, revealing its role in pressure-induced 

apoptosis of TM cells [158]. In line with this article, we identified the presence of S1R in 

HTM5 cells (Figure 7) [173]. More importantly, by colocalization analysis, we showed, for 

the first time, that S1R resides in the ER membrane prominently (Figure 7) [173], and for a 

lesser extent it can be found in the cytoplasm as well. In vivo, since 1999 when the first 

publication reported IOP lowering effect of S1R agonist (+)-pentazocine in rabbit [154], little 

work has been done to study the role of S1R on IOP regulation [159, 169]. Moreover, the 

molecular mechanism of this IOP lowering effect was not elucidated at all. Our research is 

the first that intensely investigates S1R abundance and function in the ocular AS, particularly 

in the TM. 

In this project, we explored the role of S1R agonist FLU on IOP regulation and its 

potential mechanism of action. 

For investigating the IOP lowering effect of FLU, the focus of this project was to 

establish GCs-mediated OHT in mice model using DexAc which was proved to increase IOP 

significantly and mimicked many aspects of GCs-induced OHT [176]. GCs are prescribed 

widely to treat a variety of inflammatory eye diseases. However, prolonged therapy of GCs 

is linked to many ocular adverse effects, including GCs-induced OHT with similar clinical 

presentation to POAG. These similarities make GCs-induced OHT useful for in vivo 

glaucoma-related studies providing better insights into the pathogenesis of glaucoma. 

Furthermore, a more straightforward and more potent method to study the protective 

functions of S1R is the use of S1R-/- mice. Taken together, the availability of S1R-/- mice in 

our laboratory makes this GCs-induced high IOP the most suitable model to be used in our 

study. Regarding medical treatment for glaucoma, there are desired features of an ideal IOP 

lowering agent, including high effectivity, minimum undesirable side effects, and convenient 

dosing. On the safety side, our eye drop did not cause any irritation (Figure 19). Although 
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twice daily is an acceptable dosing, we hope that in the future a more convenient dosing can 

be developed by improving the drug delivery. Here, our IOP results provide evidence of the 

effectiveness of the eye drop (Figure 20, Figure 21). 

In our animal study, the topical FLU demonstrated an ocular hypotensive efficacy in 

DexAc-induce OHT. Indeed, this effect occurred only in the presence of S1R (Figure 20, 

Figure 21). These findings provide evidence the involvement of S1R in IOP homeostasis. 

Interestingly, in a pilot study with longer following period, WT mice did not exhibit 

a prolonged elevation in IOP in response to DexAc treatment, showing their IOPs returned 

to baseline levels after 5 weeks of treatment (Figure 22). This phenomenon was also reported 

previously [180] and suggests that there is a compensatory mechanism which can prevent the 

secondary GCs response. Of note, in our experiment, lack of S1R made the increased IOP 

lasted longer than in WT mice, providing more evidence to protective role of S1R. 

To explore the possible physio-pathological mechanism of IOP regulating effect of 

S1R, in in vitro experiments, we studied the role of S1R activation with FLU in TM cells, 

which have been shown that their malfunctions lead to IOP dysregulation. We found that 

FLU restored functions of HTM5 and pMsTM cells after fibrotic induction. 

TM fibrosis was reported to be associated with glaucoma [39, 40]. FLU is a specific 

S1R agonist and its protective effect on fibrosis of some other organs was reported [141, 143, 

144, 151]. In this study, we investigated the protective role of FLU against fibrogenic stimuli-

induced fibrotic changes in TM cells. To the best of our knowledge, ours is the first study to 

report the role of FLU in the glaucomatous fibrotic-like changes of TM cells. 

TGFβ2 plays a crucial role in GCs-induced OHT [86]. TGFβ2, a predominant isoform 

identified in the eye, accounts for the greatest fibrosis driving. Similarly, PDGF, another 

cytokine that is also a well-known tissue fibrosis inducer, promotes cell proliferation, 

migration, and other ECM-related alterations [103, 106, 181, 182]. PDGF and TGFβ are also 

among the key mediators in ocular fibrosis following glaucoma filtration surgery [106, 107]. 

Numerous studies have been done to examine the effect of TGFβ2 on ECM remodeling and 

TM fibrosis [57, 58, 90-92, 98, 183-186]. In line with the literature, we confirmed that TGFβ2 

stimulation substantially caused morphological changes, F-actin enhancement and 
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rearrangement, increased cell proliferation and accumulation of ECM components 

(fibronectin and collagen) in HTM5 cells (Figure 8C, Figure 11, Figure 12B-C). However, 

little investigations on PDGF effects on TM cells, especially on TM fibrosis, have been done. 

In this study, we found similar changes in proliferation, morphology, actin stress fibers, and 

ECM elements in HTM5 cells followed PDGF induction (Figure 8B, Figure 10, Figure 12D-

E). Moreover, we also detected that PDGF increased F-actin and αSMA levels in pMsTM 

cells as well (Figure 16, Figure 17). 

The mechanisms regulating egress of AH and IOP are heavily dependent on 

physiological changes in the cytoskeleton and ECM surrounding TM cells [187]. The 

impairments on TM structure and function, and ECM dysregulation contribute to cause 

upregulation of IOP [56, 87, 188-190]. Subsequently, the effect of FLU on inhibition of these 

changes could benefit in glaucoma treatment. 

Here we demonstrated that S1R agonist FLU prevented all of these fibrotic-like 

alterations of HTM5 cells caused by TGFβ2 or PDGF (Figure 8_panel D-E, Figure 10, Figure 

11, Figure 12). We also showed that FLU regulated PDGF-induced cell motility in HTM5 

cells (Figure 9). In pMsTM cells, FLU decreased PDGF-induced actin arrangement (Figure 

16), as such in HTM5 cells. The role of FLU in attenuating these changes, especially the 

downregulation of fibronectin and collagen, the main ECM elements, is essential to maintain 

normal TM outflow resistance. 

Multiple possibilities need to be under consideration beyond these protective roles of 

S1R activation implicated in IOP homeostasis. Despite describing all mechanisms of the 

protective effect of S1R agonism is beyond the scope of this study, our results in in vitro 

studies partly contribute to implications in in vivo experiment. Firstly, FLU treatment 

considerably resulted in the decreased level of F-actin, a major component of the cell’s 

cytoskeleton, and the inhibition of actin clump and stress fiber formation. Thus, cellular 

processes and properties, such as cell division, cell movement, and cell shape, in all that F-

actin plays a key role [66, 67], are directly targeted by FLU, in agreement with our findings 

as shown in this study (Figure 8, Figure 9). It is also noteworthy that S1R antagonist NE100 

abrogated the effect of FLU on F-actin architecture of HTM5 cells (Figure 10). This finding 
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consolidated the important role of S1R in TM cells. In cancers, FLU has been found to inhibit 

actin polymerization and cell migration of glioblastoma multiforme cells and glioma stem 

cells [152], suppress proliferation and migration of colon tumor cells [150]. FLU also inhibits 

the proliferation and migration of cardiac and pulmonary fibroblasts, contributing to 

ameliorate fibrosis in the heart and the lung [141, 151]. In agreement with these findings, our 

investigation is the first study showing the inhibition of FLU on cell proliferation and 

migration of TM cells. It has been indicated that genes involved in cell proliferation correlate 

with the formation of collagen [191], a key component of ECM. In this study, we 

demonstrated that not only cell proliferation but also the levels of collagens and fibronectin, 

another crucial ECM element, increase with cytokine inductions (Figure 12). Collagen and 

fibronectin deposition is the hallmark of fibrosis. In the TM, ECM deposition characterizes 

the TM fibrosis, increases tissue rigidity, resulting in elevated outflow resistance and high 

IOP [35, 48, 69, 192]. FLU efficiently prevents the elevation of these proteins (Figure 12). 

Secondly, FLU acts on CTGF activity (Figure 12A) is also a possibility. CTGF, a 

downstream cytokine of TGFβ2, is well known to induce the remodeling and deposition of 

ECM [193-195], while its inhibition could diminish fibrotic processes [193, 194]. We 

presume that the increased collagen IV and fibronectin expression could be a consequence 

of CTGF stimulation. Therefore, its downregulation by FLU can lead to the reduced level of 

these fibrotic proteins, and by this way, FLU could mitigate tissue stiffness. However, further 

investigation is needed to fully elucidate their potential interactions. 

Targeting ECM decomposition is another way how FLU might be protective. The 

deposition of ECM could be the consequence of the decrease of ECM degrading enzyme 

activity (MMPs and some other proteases). TGFβ2 treatment was reported to inhibit MMP2 

expression or activity in human TM cell cultures [92, 95]. We showed that FLU prevented 

TGFβ2-induced MMP2 reduction (Figure 13B), therefore it could maintain ECM degrading 

function of the enzyme and prevent ECM deposition by consequential removal of ECM. 

Beside MMPs, a well-documented group of ECM degrading enzymes, cathepsins have also 

recently been reported to be involved in the remodeling and degradation of the ECM in TM 

[178, 196]. Increased CTSK was showed to reduce actin stress fibers and ECM component 

levels [178, 197]. Another novelty we found here is that FLU significantly increased CTSK 
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level in HTM5 cells (Figure 13A). This increase of CTSK can in turn decrease actin stress 

fibers and accelerate the breakdown of ECM, resulting in decreased ECM accumulation. We 

speculate that the effect of FLU on decreasing PDGF-induced F-actin (Figure 10) and 

fibronectin (Figure 12B) upregulation may result from the increased CTSK. However, the 

marginal reduction of colla1 could be attributed by the small number of cases. On the other 

hand, in a research conducted in porcine eyes it was revealed that inhibition of CTSK 

significantly elevated IOP [178], thus it seems possible that FLU-mediated CTSK activation 

results in decreased IOP. Regarding the interaction between CTSK and MMPs, it was 

reported that CTSK activates MMP9 [198]. Thus, the role of CTSK in ECM remodeling is 

likely through MMP9 activation as well. Altogether, the effect of FLU on the increase MMP2 

and CTSK presumably contributes to facilitate aqueous outflow and lower IOP. 

Aside from providing evidence of the anti-fibrotic effect of FLU on TM cells, our 

work presents the novel discovery of the stimulation effect of FLU on NO release in human 

TM cells. NO is another potent mediator of IOP by facilitating TM outflow [118-123] and 

relaxing the TM [124, 125]. In the posterior eye structures, NO also exhibited protective 

effects in optic nerve and ocular blood vessels [119, 123, 128, 199, 200]. Interestingly, we 

showed that FLU increases released NO level in HTM5 cells (Figure 14). This increase likely 

contributes to the observed IOP lowering effect of FLU in our animal model. 

More importantly, the protective role of S1R was obviously confirmed by our 

knockout studies. In vitro, the expression of αSMA in pMsTM cells induced by PDGF was 

significantly more robust in the lack of S1R (Figure 17). Furthermore, FLU could ameliorate 

PDGF-induced actin cytoskeletal rearrangement only in WT pMsTM cells (Figure 16). In 

vivo, FLU also exhibited its IOP regulation only in WT mice (Figure 20, Figure 21). Thus, 

these observations suggest a direct beneficial effect of S1R activation. 

In summary, we provided evidence and illustrated deeper insights into the protective 

role of the multifunctional chaperone protein, S1R, in IOP homeostatic regulation. Its IOP 

lowering effect is likely a consequence of accelerated AH outflow facility through anti-TM 

fibrosis and released NO stimulation (Figure 23). 
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Figure 23. Schematic representation of a model of fibrotic disease in the conventional outflow 

responsible for ocular hypertension and the potential protective mechanisms of fluvoxamine 

(FLU). In this study, we triggered this process by fibrotic factors (TGFβ2, PDGF) or corticosteroids 

administration and restored trabecular meshwork (TM) function by FLU. The flow in red: 

pathological processes in glaucoma; blue: protective effects of FLU. NO: nitric oxide. 

Besides our data result from experiments in the cell lines and primary cells, for 

exploring the mechanism of IOP lowing effect of FLU, further similar experiments 

performed in the samples harvested from experimental animals are required. 

Though, our findings reveal a novel attractive strategy in glaucoma treatment. This is 

the first study explored the role of S1R in fibrosis inhibition and NO stimulation in TM cells. 

FLU is able to reduce the fibrotic stimuli-induced cellular changes in TM cells, which 
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resemble the cellular events of the glaucomatous TM. The anti-fibrotic effect of S1R is not 

only beneficial on IOP maintenance but also benefits in prevention of fibrosis following 

glaucoma filtration surgery. Additional benefits of S1R would be demonstrated as followed. 

S1R also showed retinal neuroprotection [159-168, 201]. Moreover, FLU alleviated ER stress 

in neuronal cells [136], and another S1R agonist aniline derivative compound (Comp-AD) 

also reduced the ER stress response following ischemic stroke in male mice [202]. S1R also 

benefits in inflammatory conditions [203].  

Thus, targeting S1R is a potential approach to develop a novel therapeutic medication 

for glaucoma. Furthermore, it is worth to investigate its effect on other fibrosis-associated 

eye diseases.  



44 
 

6. CONCLUSIONS 

1. In human TM cells, S1R resides mainly in the ER.  

2. S1R activation with FLU protects HTM5 cells against TGFβ2- or PDGF-induced 

fibrotic changes.  FLU decreases F-actin, cell proliferation, migration and pro-fibrotic 

elements such as CTGF, fibronectin, and collagen IV. 

3. FLU may facilitate ECM degradation through the elevation of cathepsin K and 

MMP2. 

4. S1R agonist FLU accelerates NO release in HTM5 cells. 

5. S1R is protective in PDGF-mediated fibrotic alterations in pMsTM cells. 

6. A well-tolerated, FLU- containing, new eye drop has been developed.  

7. The FLU eye drop lowers DexAc-induced high IOP in WT mice.  

8. S1R is protective in DexAc-induced glaucoma model, since lack of S1R results in a 

longer lasting and slightly higher IOP increase.  

  



45 
 

7. SUMMARY 

Primary open-angle glaucoma is a chronic progressive degenerative optic neuropathy 

that is the second leading cause of blindness worldwide. This sight-threatening ocular disease 

affected about 68 million people in 2020 and poses a huge burden on society globally. It 

remains a complicated disease and a challenge to treat due to the refractory to the current 

medications or significant adverse effects. The only modifiable risk factor is increased 

intraocular pressure (IOP). Trabecular meshwork (TM) is the main aqueous egress route and 

its fibrosis is associated with elevated outflow resistance and IOP increase. 

The sigma-1 receptor (S1R) is a multifunctional chaperone protein and a promising 

target for treating many medical conditions. Its neuroprotection has been widely documented 

in the central nervous system and the retina. We previously demonstrated its anti-fibrotic 

effects on the kidney and the lung. In this dissertation, we explore its role in the eye, 

particularly the TM. 

We confirmed the presence of S1R and for the first time, showed that it resides mostly 

in the endoplasmic reticulum of TM cells. Our results elucidated that S1R is involved in 

outflow facility regulation. We revealed that eye drop formulated with S1R agonist 

fluvoxamine reduces dexamethasone-induced ocular hypertension and this effect does not 

occur in S1R knockout mice. In vitro, we as the first in the literature showed that S1R protects 

human and primary mouse TM cells against pro-fibrotic stimuli-induced fibrotic-like 

alterations. Indeed, S1R knockout cells showed more pronounced fibrotic changes, and these 

changes resisted fluvoxamine treatment. Another interesting novelty finding is that 

fluvoxamine accelerates nitric oxide release of human TM cells, this stimulation is likely to 

facilitate the outflow pathway. 

We propose that the anti-fibrotic protective effect and released nitric oxide increase 

of S1R activation in TM cells contribute to its role in increasing aqueous outflow facility and 

lowering IOP. Based on our data, S1R agonism could emerge as a new and effective 

treatment for glaucoma. 



46 
 

8. REFERENCES 

1. Kingman S. (2004) Glaucoma is second leading cause of blindness globally. Bull 

World Health Organ, 82: 887-888. 

2. Resnikoff S, Pascolini D, Etya'ale D, Kocur I, Pararajasegaram R, Pokharel GP, 

Mariotti SP. (2004) Global data on visual impairment in the year 2002. Bull World 

Health Organ, 82: 844-851. 

3. Zhang N, Wang J, Li Y, Jiang B. (2021) Prevalence of primary open angle glaucoma 

in the last 20 years: a meta-analysis and systematic review. Sci Rep, 11: 13762. 

4. Jonas JB, Aung T, Bourne RR, Bron AM, Ritch R, Panda-Jonas S. (2017) Glaucoma. 

The Lancet, 390: 2183-2193. 

5. Flaxman SR, Bourne RRA, Resnikoff S, Ackland P, Braithwaite T, Cicinelli MV, 

Das A, Jonas JB, Keeffe J, Kempen JH, Leasher J, Limburg H, Naidoo K, Pesudovs 

K, Silvester A, Stevens GA, Tahhan N, Wong TY, Taylor HR, Bourne R, Ackland P, 

Arditi A, Barkana Y, Bozkurt B, Braithwaite T, Bron A, Budenz D, Cai F, Casson R, 

Chakravarthy U, Choi J, Cicinelli MV, Congdon N, Dana R, Dandona R, Dandona L, 

Das A, Dekaris I, Del Monte M, Deva J, Dreer L, Ellwein L, Frazier M, Frick K, 

Friedman D, Furtado J, Gao H, Gazzard G, George R, Gichuhi S, Gonzalez V, 

Hammond B, Hartnett ME, He M, Hejtmancik J, Hirai F, Huang J, Ingram A, Javitt 

J, Jonas J, Joslin C, Keeffe J, Kempen J, Khairallah M, Khanna R, Kim J, Lambrou 

G, Lansingh VC, Lanzetta P, Leasher J, Lim J, Limburg H, Mansouri K, Mathew A, 

Morse A, Munoz B, Musch D, Naidoo K, Nangia V, Palaiou M, Parodi MB, Pena FY, 

Pesudovs K, Peto T, Quigley H, Raju M, Ramulu P, Rankin Z, Resnikoff S, Reza D, 

Robin A, Rossetti L, Saaddine J, Sandar M, Serle J, Shen T, Shetty R, Sieving P, 

Silva JC, Silvester A, Sitorus RS, Stambolian D, Stevens G, Taylor H, Tejedor J, 

Tielsch J, Tsilimbaris M, Van Meurs J, Varma R, Virgili G, Wang YX, Wang N-L, 

West S, Wiedemann P, Wong T, Wormald R, Zheng Y. (2017) Global causes of 

blindness and distance vision impairment 1990–2020: a systematic review and meta-

analysis. The Lancet Global Health, 5: e1221-e1234. 



47 
 

6. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. (2014) Global 

prevalence of glaucoma and projections of glaucoma burden through 2040: a 

systematic review and meta-analysis. Ophthalmology, 121: 2081-2090. 

7. Nemesure B, Honkanen R, Hennis A, Wu SY, Leske MC, Barbados Eye Studies G. 

(2007) Incident open-angle glaucoma and intraocular pressure. Ophthalmology, 114: 

1810-1815. 

8. Imrie C, Tatham AJ. (2016) Glaucoma: the patient’s perspective. British Journal of 

General Practice, 66: e371-e373. 

9. Leske MC, Connell AM, Wu SY, Hyman LG, Schachat AP. (1995) Risk factors for 

open-angle glaucoma. The Barbados Eye Study. Arch Ophthalmol, 113: 918-924. 

10. Hashemi H, Mohammadi M, Zandvakil N, Khabazkhoob M, Emamian MH, Shariati 

M, Fotouhi A. (2019) Prevalence and risk factors of glaucoma in an adult population 

from Shahroud, Iran. J Curr Ophthalmol, 31: 366-372. 

11. Suzuki Y, Iwase A, Araie M, Yamamoto T, Abe H, Shirato S, Kuwayama Y, Mishima 

HK, Shimizu H, Tomita G, Inoue Y, Kitazawa Y, Tajimi Study G. (2006) Risk factors 

for open-angle glaucoma in a Japanese population: the Tajimi Study. Ophthalmology, 

113: 1613-1617. 

12. Chiam N, Baskaran M, Li Z, Perera S, Goh D, Husain R, Khor CC, Cheng C-Y, Aung 

T, Vithana EN. (2018) Social, health and ocular factors associated with primary open-

angle glaucoma amongst Chinese Singaporeans. Clinical & Experimental 

Ophthalmology, 46: 25-34. 

13. Society EG. (2021) Terminology and Guidelines for Glaucoma, 5th Edition. Br J 

Ophthalmol, 105: 1-169. 

14. Sommer A, Tielsch JM, Katz J, Quigley HA, Gottsch JD, Javitt J, Singh K. (1991) 

Relationship Between Intraocular Pressure and Primary Open Angle Glaucoma 

Among White and Black Americans: The Baltimore Eye Survey. Archives of 

Ophthalmology, 109: 1090-1095. 

15. Le A, Mukesh BN, McCarty CA, Taylor HR. (2003) Risk Factors Associated with 

the Incidence of Open-Angle Glaucoma: The Visual Impairment Project. 

Investigative Ophthalmology & Visual Science, 44: 3783-3789. 



48 
 

16. Leske MC, Wu S-Y, Hennis A, Honkanen R, Nemesure B. (2008) Risk Factors for 

Incident Open-angle Glaucoma: The Barbados Eye Studies. Ophthalmology, 115: 85-

93. 

17. Gordon MO. (2002) The Ocular Hypertension Treatment Study. Archives of 

Ophthalmology, 120: 714. 

18. Dielemans I, Vingerling JR, Wolfs RCW, Hofman A, Grobbee DE, de Jong PTVM. 

(1994) The Prevalence of Primary Open-angle Glaucoma in a Population-based Study 

in The Netherlands: The Rotterdam Study. Ophthalmology, 101: 1851-1855. 

19. Varma R, Ying-Lai M, Francis BA, Nguyen BB-T, Deneen J, Wilson MR, Azen SP. 

(2004) Prevalence of open-angle glaucoma and ocular hypertension in Latinos: The 

Los Angeles Latino Eye Study. Ophthalmology, 111: 1439-1448. 

20. Kapetanakis VV, Chan MPY, Foster PJ, Cook DG, Owen CG, Rudnicka AR. (2016) 

Global variations and time trends in the prevalence of primary open angle glaucoma 

(POAG): a systematic review and meta-analysis. British Journal of Ophthalmology, 

100: 86-93. 

21. Yih-Chung T, Sing-Hui L, Preeti G, Tin A, Tien YW, Ching-Yu C. (2018) Inter-

relationship between ocular perfusion pressure, blood pressure, intraocular pressure 

profiles and primary open-angle glaucoma: the Singapore Epidemiology of Eye 

Diseases study. British Journal of Ophthalmology, 102: 1402. 

22. Tielsch JM, Katz J, Sommer A, Quigley HA, Javitt JC. (1995) Hypertension, 

Perfusion Pressure, and Primary Open-angle Glaucoma: A Population-Based 

Assessment. Archives of Ophthalmology, 113: 216-221. 

23. Chopra V, Varma R, Francis BA, Wu J, Torres M, Azen SP. (2008) Type 2 Diabetes 

Mellitus and the Risk of Open-angle Glaucoma. Ophthalmology, 115: 227-232.e221. 

24. Bonovas S, Peponis V, Filioussi K. (2004) Diabetes mellitus as a risk factor for 

primary open-angle glaucoma: a meta-analysis. Diabetic Medicine, 21: 609-614. 

25. Gedde SJ, Vinod K, Wright MM, Muir KW, Lind JT, Chen PP, Li T, Mansberger SL. 

(2021) Primary Open-Angle Glaucoma Preferred Practice Pattern®. Ophthalmology, 

128: P71-P150. 



49 
 

26. Bill A, Phillips CI. (1971) Uveoscleral drainage of aqueous humour in human eyes. 

Exp Eye Res, 12: 275-281. 

27. Goel M, Picciani RG, Lee RK, Bhattacharya SK. (2010) Aqueous humor dynamics: 

a review. Open Ophthalmol J, 4: 52-59. 

28. Distelhorst JS, Hughes GM. (2003) Open-angle glaucoma. Am Fam Physician, 67: 

1937-1944. 

29. Gupta D, Chen PP. (2016) Glaucoma. Am Fam Physician, 93: 668-674. 

30. Buddle R. A Day in the Life of IOP. Available online: 

https://www.reviewofoptometry.com/article/a-day-in-the-life-of-iop (accessed on 

14-06-2023). 

31. Sit AJ. (2014) Intraocular pressure variations: causes and clinical significance. Can J 

Ophthalmol, 49: 484-488. 

32. Yong Woo K, Ki Ho P. (2019) Exogenous influences on intraocular pressure. British 

Journal of Ophthalmology, 103: 1209. 

33. Last JA, Pan T, Ding Y, Reilly CM, Keller K, Acott TS, Fautsch MP, Murphy CJ, 

Russell P. (2011) Elastic Modulus Determination of Normal and Glaucomatous 

Human Trabecular Meshwork. Invest Ophthalmol Vis Sci, 52: 2147. 

34. Grant WM. (1963) Experimental aqueous perfusion in enucleated human eyes. Arch 

Ophthalmol, 69: 783-801. 

35. Vranka JA, Kelley MJ, Acott TS, Keller KE. (2015) Extracellular matrix in the 

trabecular meshwork: Intraocular pressure regulation and dysregulation in glaucoma. 

Exp Cell Res, 133: 112-125. 

36. Knepper PA, Goossens W, Palmberg PF. (1996) Glycosaminoglycan stratification of 

the juxtacanalicular tissue in normal and primary open-angle glaucoma. Invest 

Ophthalmol Vis Sci, 37: 2414-2425. 

37. Rohen JW. (1983) Why is Intraocular Pressure Elevated in Chronic Simple 

Glaucoma?: Anatomical Considerations. Ophthalmology, 90: 758-765. 

38. Friedlander M. (2007) Fibrosis and diseases of the eye. J Clin Invest, 117: 576-586. 

39. Zhavoronkov A, Izumchenko E, Kanherkar RR, Teka M, Cantor C, Manaye K, 

Sidransky D, West MD, Makarev E, Csoka AB. (2016) Pro-fibrotic pathway 



50 
 

activation in trabecular meshwork and lamina cribrosa is the main driving force of 

glaucoma. Cell Cycle, 15: 1643-1652. 

40. Wallace DM, Pokrovskaya O, O'Brien CJ. (2015) The Function of Matricellular 

Proteins in the Lamina Cribrosa and Trabecular Meshwork in Glaucoma. J Ocul 

Pharmacol Ther, 31: 386-395. 

41. Swaminathan SS. (2014) The Role of SPARC in Aqueous Humor Outflow and 

TGFß2-mediated Ocular Hypertension in a Murine Model. Doctoral dissertation, 

Harvard Medical School. 

42. Stamer WD, Clark AF. (2017) The many faces of the trabecular meshwork cell. Exp 

Cell Res, 158: 112-123. 

43. Seiler T, Wollensak J. (1985) The resistance of the trabecular meshwork to aqueous 

humor outflow. Graefes Arch Clin Exp Ophthalmol, 223: 88-91. 

44. Bradley JM, Vranka J, Colvis CM, Conger DM, Alexander JP, Fisk AS, Samples JR, 

Acott TS. (1998) Effect of matrix metalloproteinases activity on outflow in perfused 

human organ culture. Invest Ophthalmol Vis Sci, 39: 2649-2658. 

45. Bradley JMB, Kelley MJ, Zhu X, Anderssohn AM, Alexander JP, Acott TS. (2001) 

Effects of Mechanical Stretching on Trabecular Matrix Metalloproteinases. Invest 

Ophthalmol Vis Sci, 42: 1505-1513. 

46. Keller KE, Aga M, Bradley JM, Kelley MJ, Acott TS. (2009) Extracellular matrix 

turnover and outflow resistance. Exp Cell Res, 88: 676-682. 

47. Caban M, Owczarek K, Lewandowska U. (2022) The Role of Metalloproteinases and 

Their Tissue Inhibitors on Ocular Diseases: Focusing on Potential Mechanisms. Int J 

Mol Sci, 23: 4256. 

48. O’Callaghan J, Cassidy PS, Humphries P. (2017) Open-angle glaucoma: 

therapeutically targeting the extracellular matrix of the conventional outflow pathway. 

Expert Opin Ther Targets, 21: 1037-1050. 

49. Mäepea O, Bill A. (1992) Pressures in the juxtacanalicular tissue and Schlemm's 

canal in monkeys. Exp Eye Res, 54: 879-883. 



51 
 

50. Mäepea O, Bill A. (1989) The pressures in the episcleral veins, Schlemm's canal and 

the trabecular meshwork in monkeys: effects of changes in intraocular pressure. Exp 

Eye Res, 49: 645-663. 

51. Karimi A, Crouch DJ, Razaghi R, Crawford Downs J, Acott TS, Kelley MJ, Behnsen 

JG, Bosworth LA, Sheridan CM. (2023) Morphological and biomechanical analyses 

of the human healthy and glaucomatous aqueous outflow pathway: Imaging-to-

modeling. Comput Methods Programs Biomed, 236: 107485. 

52. Richter M, Krauss AHP, Woodward DF, Lütjen-Drecoll E. (2003) Morphological 

Changes in the Anterior Eye Segment after Long-Term Treatment with Different 

Receptor Selective Prostaglandin Agonists and a Prostamide. Invest Ophthalmol Vis 

Sci, 44: 4419-4426. 

53. Svedbergh B, Lütjen-Drecoll E, Ober M, Kaufman PL. (1978) Cytochalasin B-

induced structural changes in the anterior ocular segment of the cynomolgus monkey. 

Invest Ophthalmol Vis Sci, 17: 718-734. 

54. Bill A, Lütjen-Drecoll E, Svedbergh B. (1980) Effects of intracameral Na2EDTA and 

EGTA on aqueous outflow routes in the monkey eye. Invest Ophthalmol Vis Sci, 19: 

492-504. 

55. Aihara M, Lindsey JD, Weinreb RN. (2003) Ocular Hypertension in Mice with a 

Targeted Type I Collagen Mutation. Invest Ophthalmol Vis Sci, 44: 1581-1585. 

56. Shepard AR, Millar JC, Pang I-H, Jacobson N, Wang W-H, Clark AF. (2010) 

Adenoviral Gene Transfer of Active Human Transforming Growth Factor-β2 

Elevates Intraocular Pressure and Reduces Outflow Facility in Rodent Eyes. Invest 

Ophthalmol Vis Sci, 51: 2067-2076. 

57. Fuchshofer R, Tamm ER. (2012) The role of TGF-β in the pathogenesis of primary 

open-angle glaucoma. Cell Tissue Res, 347: 279-290. 

58. Fleenor DL, Shepard AR, Hellberg PE, Jacobson N, Pang I-H, Clark AF. (2006) 

TGFβ2-Induced Changes in Human Trabecular Meshwork: Implications for 

Intraocular Pressure. Invest Ophthalmol Vis Sci, 47: 226-234. 



52 
 

59. Wordinger RJ, Fleenor DL, Hellberg PE, Pang I-H, Tovar TO, Zode GS, Fuller JA, 

Clark AF. (2007) Effects of TGF-β2, BMP-4, and Gremlin in the Trabecular 

Meshwork: Implications for Glaucoma. Invest Ophthalmol Vis Sci, 48: 1191. 

60. Rohen JW, Lütjen-Drecoll E, Flügel C, Meyer M, Grierson I. (1993) Ultrastructure 

of the Trabecular Meshwork 10in Untreated Cases of Primary Open-Angle Glaucoma 

(POAG). Exp Cell Res, 56: 683-692. 

61. Weinreb RN, Robinson MR, Dibas M, Stamer WD. (2020) Matrix Metalloproteinases 

and Glaucoma Treatment. J Ocul Pharmacol Ther, 36: 208-228. 

62. Clark AF, Wilson K, McCartney MD, Miggans ST, Kunkle M, Howe W. (1994) 

Glucocorticoid-induced formation of cross-linked actin networks in cultured human 

trabecular meshwork cells. Invest Ophthalmol Vis Sci, 35: 281-294. 

63. Tian B, Geiger B, Epstein DL, Kaufman PL. (2000) Cytoskeletal Involvement in the 

Regulation of Aqueous Humor Outflow. Invest Ophthalmol Vis Sci, 41: 619-623. 

64. Rao PV, Deng P-F, Kumar J, Epstein DL. (2001) Modulation of Aqueous Humor 

Outflow Facility by the Rho Kinase–Specific Inhibitor Y-27632. Invest Ophthalmol 

Vis Sci, 42: 1029-1037. 

65. Cytoskeleton. In: Goodman SR (editor.), Medical Cell Biology (Third Edition), 

doi:https://doi.org/10.1016/B978-0-12-370458-0.50008-6. Academic Press, San 

Diego, 2008: 59-100. 

66. Cooper GM. Structure and Organization of Actin Filaments. In: The Cell: A 

Molecular Approach. Sinauer Associates, Sunderland (MA), 2000. 

67. Pollard TD, Cooper JA. (2009) Actin, a Central Player in Cell Shape and Movement. 

Science, 326: 1208-1212. 

68. Gipson IK, Anderson RA. (1979) Actin filaments in cells of human trabecular 

meshwork and Schlemm's canal. Invest Ophthalmol Vis Sci, 18: 547-561. 

69. Wang K, Li G, Read AT, Navarro I, Mitra AK, Stamer WD, Sulchek T, Ethier CR. 

(2018) The relationship between outflow resistance and trabecular meshwork 

stiffness in mice. Sci Rep, 8: 5848. 

70. Wiederholt M. (1998) Direct involvement of trabecular meshwork in the regulation 

of aqueous humor outflow. Curr Opin Ophthalmol, 9: 46-49. 



53 
 

71. Braunger BM, Fuchshofer R, Tamm ER. (2015) The aqueous humor outflow 

pathways in glaucoma: A unifying concept of disease mechanisms and causative 

treatment. Eur J Pharm Biopharm, 95: 173-181. 

72. Stumpff F, Wiederholt M. (2000) Regulation of Trabecular Meshwork Contractility. 

Ophthalmologica, 214: 33-53. 

73. Tian B, Gabelt BAT, Geiger B, Kaufman PL. (2009) The role of the actomyosin 

system in regulating trabecular fluid outflow. Exp Cell Res, 88: 713-717. 

74. Wang K, Read AT, Sulchek T, Ethier CR. (2017) Trabecular meshwork stiffness in 

glaucoma. Exp Cell Res, 158: 3-12. 

75. Vranka JA, Staverosky JA, Reddy AP, Wilmarth PA, David LL, Acott TS, Russell P, 

Raghunathan VK. (2018) Biomechanical Rigidity and Quantitative Proteomics 

Analysis of Segmental Regions of the Trabecular Meshwork at Physiologic and 

Elevated Pressures. Invest Ophthalmol Vis Sci, 59: 246-259. 

76. Agarwal P, Daher AM, Agarwal R. (2015) Aqueous humor TGF-β2 levels in patients 

with open-angle glaucoma: A meta-analysis. Mol Vis, 21: 612-620. 

77. Engel LA, Muether PS, Fauser S, Hueber A. (2014) The effect of previous surgery 

and topical eye drops for primary open-angle glaucoma on cytokine expression in 

aqueous humor. Graefes Arch Clin Exp Ophthalmol, 252: 791-799. 

78. Kokubun T, Tsuda S, Kunikata H, Yasuda M, Himori N, Kunimatsu-Sanuki S, 

Maruyama K, Nakazawa T. (2018) Characteristic Profiles of Inflammatory Cytokines 

in the Aqueous Humor of Glaucomatous Eyes. Ocul Immunol Inflamm, 26: 1177-

1188. 

79. Takai Y, Tanito M, Ohira A. (2012) Multiplex Cytokine Analysis of Aqueous Humor 

in Eyes with Primary Open-Angle Glaucoma, Exfoliation Glaucoma, and Cataract. 

Invest Ophthalmol Vis Sci, 53: 241-247. 

80. Chua J, Vania M, Cheung CM, Ang M, Chee SP, Yang H, Li J, Wong TT. (2012) 

Expression profile of inflammatory cytokines in aqueous from glaucomatous eyes. 

Mol Vis, 18: 431-438. 



54 
 

81. Inatani M, Tanihara H, Katsuta H, Honjo M, Kido N, Honda Y. (2001) Transforming 

growth factor-β2 levels in aqueous humor of glaucomatous eyes. Graefes Arch Clin 

Exp Ophthalmol, 239: 109-113. 

82. Ochiai Y, Ochiai H. (2002) Higher concentration of transforming growth factor-beta 

in aqueous humor of glaucomatous eyes and diabetic eyes. Jpn J Ophthalmol, 46: 

249-253. 

83. Picht G, Welge-Luessen U, Grehn F, Lütjen-Drecoll E. (2001) Transforming growth 

factor β2 levels in the aqueous humor in different types of glaucoma and the relation 

to filtering bleb development. Graefes Arch Clin Exp Ophthalmol, 239: 199-207. 

84. Tripathi RC, Li J, Chan WF, Tripathi BJ. (1994) Aqueous humor in glaucomatous 

eyes contains an increased level of TGF-beta 2. Exp Eye Res, 59: 723-727. 

85. Yin Z, Gao Y, Tang Y, Tian X, Zheng Y, Han Q. (2023) Aqueous humor cytokine 

levels are associated with the severity of visual field defects in patients with primary 

open-angle glaucoma. BMC Ophthalmology, 23. 

86. Kasetti RB, Maddineni P, Patel PD, Searby C, Sheffield VC, Zode GS. (2018) 

Transforming growth factor β2 (TGFβ2) signaling plays a key role in glucocorticoid-

induced ocular hypertension. J Biol Chem, 293: 9854-9868. 

87. Gottanka J, Chan D, Eichhorn M, Lütjen-Drecoll E, Ethier CR. (2004) Effects of 

TGF-β2 in Perfused Human Eyes. Invest Ophthalmol Vis Sci, 45: 153-158. 

88. Tovar-Vidales T, Clark AF, Wordinger RJ. (2011) Transforming growth factor-beta2 

utilizes the canonical Smad-signaling pathway to regulate tissue transglutaminase 

expression in human trabecular meshwork cells. Exp Eye Res, 93: 442-451. 

89. Bollinger KE, Crabb JS, Yuan X, Putliwala T, Clark AF, Crabb JW. (2011) 

Quantitative Proteomics: TGFβ2 Signaling in Trabecular Meshwork Cells. Invest 

Ophthalmol Vis Sci, 52: 8287. 

90. Igarashi N, Honjo M, Aihara M. (2021) mTOR inhibitors potentially reduce TGF-β2-

induced fibrogenic changes in trabecular meshwork cells. Sci Rep, 11: 14111. 

91. Sethi A, Jain A, Zode GS, Wordinger RJ, Clark AF. (2011) Role of TGFbeta/Smad 

signaling in gremlin induction of human trabecular meshwork extracellular matrix 

proteins. Invest Ophthalmol Vis Sci, 52: 5251-5259. 



55 
 

92. Yu AL, Moriniere J, Welge-Lussen U. (2013) Vitamin E reduces TGF-beta2-induced 

changes in human trabecular meshwork cells. Curr Eye Res, 38: 952-958. 

93. Fuchshofer R, Yu AH, Welge-Lussen U, Tamm ER. (2007) Bone morphogenetic 

protein-7 is an antagonist of transforming growth factor-beta2 in human trabecular 

meshwork cells. Invest Ophthalmol Vis Sci, 48: 715-726. 

94. Li J, Tripathi BJ, Tripathi RC. (2000) Modulation of pre-mRNA splicing and protein 

production of fibronectin by TGF-beta2 in porcine trabecular cells. Invest 

Ophthalmol Vis Sci, 41: 3437-3443. 

95. Fuchshofer R, Welge-Lussen U, Lütjen-Drecoll E. (2003) The effect of TGF-beta2 

on human trabecular meshwork extracellular proteolytic system. Exp Eye Res, 77: 

757-765. 

96. Zhao X, Ramsey KE, Stephan DA, Russell P. (2004) Gene and Protein Expression 

Changes in Human Trabecular Meshwork Cells Treated with Transforming Growth 

Factor-β. Invest Ophthalmol Vis Sci, 45: 4023-4034. 

97. Tamm ER, Fuchshofer R. (2007) What Increases Outflow Resistance in Primary 

Open-angle Glaucoma? Surv Ophthalmol, 52: S101-S104. 

98. Pattabiraman PP, Rao PV. (2010) Mechanistic basis of Rho GTPase-induced 

extracellular matrix synthesis in trabecular meshwork cells. Am J Physiol Cell 

Physiol, 298: C749-763. 

99. O'Reilly S, Pollock N, Currie L, Paraoan L, Clark AF, Grierson I. (2011) Inducers of 

Cross-Linked Actin Networks in Trabecular Meshwork Cells. Invest Ophthalmol Vis 

Sci, 52: 7316-7324. 

100. Li H, Henty-Ridilla JL, Bernstein AM, Ganapathy PS, Herberg S. (2022) TGFβ2 

Regulates Human Trabecular Meshwork Cell Contractility via ERK and ROCK 

Pathways with Distinct Signaling Crosstalk Dependent on the Culture Substrate. Curr 

Eye Res, 47: 1165-1178. 

101. Grierson I, Hogg P. (1995) The proliferative and migratory activities of trabecular 

meshwork cells. Prog Retin Eye Res, 15: 33-67. 

102. Clark AF, Wordinger RJ. (2009) The role of steroids in outflow resistance. Exp Cell 

Res, 88: 752-759. 



56 
 

103. Klinkhammer BM, Floege J, Boor P. (2018) PDGF in organ fibrosis. Mol Aspects 

Med, 62: 44-62. 

104. Liu Y, Noda K, Murata M, Wu D, Kanda A, Ishida S. (2020) Blockade of Platelet-

Derived Growth Factor Signaling Inhibits Choroidal Neovascularization and 

Subretinal Fibrosis in Mice. Journal of Clinical Medicine, 9: 2242. 

105. Klaassen I, De Vries EW, Vogels IMC, Van Kampen AHC, Bosscha MI, Steel DHW, 

Van Noorden CJF, Lesnik-Oberstein SY, Schlingemann RO. (2017) Identification of 

proteins associated with clinical and pathological features of proliferative diabetic 

retinopathy in vitreous and fibrovascular membranes. PLOS ONE, 12: e0187304. 

106. Shao CG, Sinha NR, Mohan RR, Webel AD. (2023) Novel Therapies for the 

Prevention of Fibrosis in Glaucoma Filtration Surgery. Biomedicines, 11: 657. 

107. Schlunck G, Meyer-ter-Vehn T, Klink T, Grehn F. (2016) Conjunctival fibrosis 

following filtering glaucoma surgery. Exp Eye Res, 142: 76-82. 

108. Daniels CE, Lasky JA, Limper AH, Mieras K, Gabor E, Schroeder DR, Imatinib 

IPFSI. (2010) Imatinib treatment for idiopathic pulmonary fibrosis: Randomized 

placebo-controlled trial results. Am J Respir Crit Care Med, 181: 604-610. 

109. DeAngelo DJ. A Study of Gleevec in Patients With Idiopathic Myelofibrosis or 

Chronic Myelomonocytic Leukemia (CMML). Available online: 

https://clinicaltrials.gov/ct2/show/NCT00136409 (accessed on 18-06-2023). 

110. Jaffe GJ, Ciulla TA, Ciardella AP, Devin F, Dugel PU, Eandi CM, Masonson H, 

Monés J, Pearlman JA, Quaranta-El Maftouhi M, Ricci F, Westby K, Patel SC. (2017) 

Dual Antagonism of PDGF and VEGF in Neovascular Age-Related Macular 

Degeneration. Ophthalmology, 124: 224-234. 

111. Khanna D, Saggar R, Mayes MD, Abtin F, Clements PJ, Maranian P, Assassi S, 

Saggar R, Singh RR, Furst DE. (2011) A one-year, phase I/IIa, open-label pilot trial 

of imatinib mesylate in the treatment of systemic sclerosis-associated active 

interstitial lung disease. Arthritis & Rheumatism, 63: 3540-3546. 

112. Jayanetti V, Sandhu S, Lusthaus JA. (2020) The Latest Drugs in Development That 

Reduce Intraocular Pressure in Ocular Hypertension and Glaucoma. J Exp Pharmacol, 

Volume 12: 539-548. 



57 
 

113. Liu P, Wang F, Song Y, Wang M, Zhang X. (2022) Current situation and progress of 

drugs for reducing intraocular pressure. Ther Adv Chronic Dis, 13: 

20406223221140392. 

114. Kaufman PL, Mohr ME, Riccomini SP, Rasmussen CA. (2018) Glaucoma Drugs in 

the Pipeline. Asia Pac J Ophthalmol, 7: 345-351. 

115. Shalaby WS, Shankar V, Razeghinejad R, Katz LJ. (2020) Current and new 

pharmacotherapeutic approaches for glaucoma. Expert Opin Pharmacother, 21: 2027-

2040. 

116. Gantner BN, LaFond KM, Bonini MG. (2020) Nitric oxide in cellular adaptation and 

disease. Redox Biol, 34: 101550. 

117. Nathanson JA, McKee M. (1995) Identification of an extensive system of nitric 

oxide-producing cells in the ciliary muscle and outflow pathway of the human eye. 

Invest Ophthalmol Vis Sci, 36: 1765-1773. 

118. Chang JY, Stamer WD, Bertrand J, Read AT, Marando CM, Ethier CR, Overby DR. 

(2015) Role of nitric oxide in murine conventional outflow physiology. Am J Physiol 

Cell Physiol, 309: C205-214. 

119. Aliancy J, Stamer WD, Wirostko B. (2017) A Review of Nitric Oxide for the 

Treatment of Glaucomatous Disease. Ophthalmol Ther, 6: 221-232. 

120. Reina-Torres E, De Ieso ML, Pasquale LR, Madekurozwa M, van Batenburg-

Sherwood J, Overby DR, Stamer WD. (2021) The vital role for nitric oxide in 

intraocular pressure homeostasis. Prog Retin Eye Res, 83: 100922. 

121. Patel PD, Chen Y-L, Kasetti RB, Maddineni P, Mayhew W, Millar JC, Ellis DZ, 

Sonkusare SK, Zode GS. (2021) Impaired TRPV4-eNOS signaling in trabecular 

meshwork elevates intraocular pressure in glaucoma. Proc Natl Acad Sci, 118: 

e2022461118. 

122. Dismuke WM, Mbadugha CC, Ellis DZ. (2008) NO-induced regulation of human 

trabecular meshwork cell volume and aqueous humor outflow facility involve the 

BKCa ion channel. Am J Physiol Cell Physiol, 294: C1378-C1386. 



58 
 

123. Cavet ME, Vittitow JL, Impagnatiello F, Ongini E, Bastia E. (2014) Nitric Oxide 

(NO): An Emerging Target for the Treatment of Glaucoma. Invest Ophthalmol Vis 

Sci, 55: 5005-5015. 

124. Wiederholt M, Sturm A, Lepple-Wienhues A. (1994) Relaxation of trabecular 

meshwork and ciliary muscle by release of nitric oxide. Invest Ophthalmol Vis Sci, 

35: 2515-2520. 

125. Dismuke WM, Liang J, Overby DR, Stamer WD. (2014) Concentration-related 

effects of nitric oxide and endothelin-1 on human trabecular meshwork cell 

contractility. Exp Cell Res, 120: 28-35. 

126. Luna C, Li G, Huang J, Qiu J, Wu J, Yuan F, Epstein DL, Gonzalez P. (2012) 

Regulation of Trabecular Meshwork Cell Contraction and Intraocular Pressure by 

miR-200c. PLoS One, 7: e51688. 

127. Polak K. (2007) Altered Nitric Oxide System in Patients With Open-Angle Glaucoma. 

Arch Ophthalmol, 125: 494. 

128. Okuno T, Oku H, Sugiyama T, Yang Y, Ikeda T. (2002) Evidence that Nitric Oxide 

Is Involved in Autoregulation in Optic Nerve Head of Rabbits. Invest Ophthalmol 

Vis Sci, 43: 784-789. 

129. Mavlyutov TA, Epstein ML, Andersen KA, Ziskind-Conhaim L, Ruoho AE. (2010) 

The sigma-1 receptor is enriched in postsynaptic sites of C-terminals in mouse 

motoneurons. An anatomical and behavioral study. Neuroscience, 167: 247-255. 

130. Kopanchuk S, Vavers E, Veiksina S, Ligi K, Zvejniece L, Dambrova M, Rinken A. 

(2022) Intracellular dynamics of the Sigma-1 receptor observed with super-resolution 

imaging microscopy. PLoS One, 17: e0268563. 

131. Abdullah CS, Aishwarya R, Alam S, Remex NS, Morshed M, Nitu S, Miriyala S, 

Panchatcharam M, Hartman B, King J, Alfrad Nobel Bhuiyan M, Traylor J, Kevil 

CG, Orr AW, Bhuiyan MS. (2022) The molecular role of Sigmar1 in regulating 

mitochondrial function through mitochondrial localization in cardiomyocytes. 

Mitochondrion, 62: 159-175. 



59 
 

132. Ryskamp DA, Korban S, Zhemkov V, Kraskovskaya N, Bezprozvanny I. (2019) 

Neuronal Sigma-1 Receptors: Signaling Functions and Protective Roles in 

Neurodegenerative Diseases. Front Neurosci, 13: 862. 

133. Ye N, Qin W, Tian S, Xu Q, Wold EA, Zhou J, Zhen X-C. (2020) Small Molecules 

Selectively Targeting Sigma-1 Receptor for the Treatment of Neurological Diseases. 

J Med Chem, 63: 15187-15217. 

134. Shen YC, Wang YH, Chou YC, Liou KT, Yen JC, Wang WY, Liao JF. (2008) 

Dimemorfan protects rats against ischemic stroke through activation of sigma-1 

receptor-mediated mechanisms by decreasing glutamate accumulation. J Neurochem, 

104: 558-572. 

135. Ren P, Wang J-Y, Chen H-L, Chang H-X, Zeng Z-R, Li G-X, Ma H, Zhao Y-Q, Li 

Y-F. (2023) Sigma-1 receptor agonist properties that mediate the fast-onset 

antidepressant effect of hypidone hydrochloride (YL-0919). Eur J Pharmacol, 946: 

175647. 

136. Omi T, Tanimukai H, Kanayama D, Sakagami Y, Tagami S, Okochi M, Morihara T, 

Sato M, Yanagida K, Kitasyoji A, Hara H, Imaizumi K, Maurice T, Chevallier N, 

Marchal S, Takeda M, Kudo T. (2014) Fluvoxamine alleviates ER stress via induction 

of Sigma-1 receptor. Cell Death Dis, 5: e1332-e1332. 

137. Hayashi T, Tsai S-Y, Mori T, Fujimoto M, Su T-P. (2011) Targeting ligand-operated 

chaperone sigma-1 receptors in the treatment of neuropsychiatric disorders. Expert 

Opin Ther Targets, 15: 557-577. 

138. Albayrak Y, Hashimoto K. (2017) Sigma-1 Receptor Agonists and Their Clinical 

Implications in Neuropsychiatric Disorders. Adv Exp Med Biol, 964: 153-161. 

139. Penke B, Fulop L, Szucs M, Frecska E. (2018) The Role of Sigma-1 Receptor, an 

Intracellular Chaperone in Neurodegenerative Diseases. Curr Neuropharmacol, 16: 

97-116. 

140. Ren P, Wang J, Li N, Li G, Ma H, Zhao Y, Li Y. (2022) Sigma-1 Receptors in 

Depression: Mechanism and Therapeutic Development. Front Pharmacol, 13: 925879. 



60 
 

141. Qu J, Li M, Li D, Xin Y, Li J, Lei S, Wu W, Liu X. (2021) Stimulation of Sigma-1 

Receptor Protects against Cardiac Fibrosis by Alleviating IRE1 Pathway and 

Autophagy Impairment. Oxid Med Cell Longev, 2021: 8836818. 

142. Munguia-Galaviz FJ, Miranda-Diaz AG, Cardenas-Sosa MA, Echavarria R. (2023) 

Sigma-1 Receptor Signaling: In Search of New Therapeutic Alternatives for 

Cardiovascular and Renal Diseases. Int J Mol Sci, 24: 1997. 

143. Hosszu A, Antal Z, Lenart L, Hodrea J, Koszegi S, Balogh DB, Banki NF, Wagner 

L, Denes A, Hamar P, Degrell P, Vannay A, Szabo AJ, Fekete A. (2017) σ1-Receptor 

Agonism Protects against Renal Ischemia-Reperfusion Injury. J Am Soc Nephrol, 28: 

152-165. 

144. Fo Y, Zhang C, Chen X, Liu X, Ye T, Guo Y, Qu C, Shi S, Yang B. (2020) Chronic 

sigma-1 receptor activation ameliorates ventricular remodeling and decreases 

susceptibility to ventricular arrhythmias after myocardial infarction in rats. Eur J 

Pharmacol, 889: 173614. 

145. Chao J, Zhang Y, Du L, Zhou R, Wu X, Shen K, Yao H. (2017) Molecular 

mechanisms underlying the involvement of the sigma-1 receptor in 

methamphetamine-mediated microglial polarization. Sci Rep, 7: 11540. 

146. Hayashi T, Justinova Z, Hayashi E, Cormaci G, Mori T, Tsai S-Y, Barnes C, 

Goldberg SR, Su T-P. (2010) Regulation of σ-1 Receptors and Endoplasmic 

Reticulum Chaperones in the Brain of Methamphetamine Self-Administering Rats. J 

Pharmacol Exp Ther, 332: 1054-1063. 

147. Hiranita T, Soto PL, Tanda G, Katz JL. (2010) Reinforcing effects of sigma-receptor 

agonists in rats trained to self-administer cocaine. J Pharmacol Exp Ther, 332: 515-

524. 

148. Maurice T, Su T-P. (2009) The pharmacology of sigma-1 receptors. Pharmacol Ther, 

124: 195-206. 

149. Sukhatme VP, Reiersen AM, Vayttaden SJ, Sukhatme VV. (2021) Fluvoxamine: A 

Review of Its Mechanism of Action and Its Role in COVID-19. Front Pharmacol, 12: 

652688. 



61 
 

150. Wei P, Jia H, Li R, Zhang C, Guo S, Wei S, Sun K, Cheng S, Cui T, Huang J, Guo S, 

Guo J, Yang Z, Zhong J, Lu C, Feng Z, Zhao T. (2023) Fluvoxamine prompts the 

antitumor immune effect via inhibiting the PD-L1 expression on mice-burdened 

colon tumor. Cell Biol Int, 47: 439-450. 

151. Xie X, Wu X, Zhao D, Liu Y, Du Q, Li Y, Xu Y, Li Y, Qiu Y, Yang Y. (2023) 

Fluvoxamine alleviates bleomycin-induced lung fibrosis via regulating the cGAS-

STING pathway. Pharmacol Res, 187: 106577. 

152. Hayashi K, Michiue H, Yamada H, Takata K, Nakayama H, Wei F-Y, Fujimura A, 

Tazawa H, Asai A, Ogo N, Miyachi H, Nishiki T-I, Tomizawa K, Takei K, Matsui H. 

(2016) Fluvoxamine, an anti-depressant, inhibits human glioblastoma invasion by 

disrupting actin polymerization. Sci Rep, 6: 23372. 

153. Balogh DB, Lenart L, Hosszu A, Saeed A, Hodrea J, Toth AR, Szabo AJ, Fekete A. 

(2023) 10-LB: Activation of Sigma-1 Receptor as a Novel Therapeutic Target in 

Diabetic Kidney Disease. Diabetes, 72: 10-LB. 

154. Bucolo C, Campana G, Di Toro R, Cacciaguerra S, Spampinato S. (1999) Sigma 

Recognition Sites in Rabbit Iris-Ciliary Body: Topical sigmal1-Site Agonists Lower 

Intraocular Pressure. J Pharmacol Exp Ther, 289: 1362. 

155. Ola MS, Moore P, El-Sherbeny A, Roon P, Agarwal N, Sarthy VP, Casellas P, 

Ganapathy V, Smith SB. (2001) Expression pattern of sigma receptor 1 mRNA and 

protein in mammalian retina. Brain Res Mol Brain Res, 95: 86-95. 

156. Wang L, Duncan G. (2006) Silencing of sigma-1 receptor induces cell death in human 

lens cells. Exp Cell Res, 312: 1439-1446. 

157. Schoenwald RD, Barfknecht CF, Xia E, Newton RE. (1993) The presence of sigma-

receptors in the lacrimal gland. J Ocul Pharmacol, 9: 125-139. 

158. Meng B, Li H, Sun X, Qu W, Yang B, Cheng F, Shi L, Yuan H. (2017) σ-1 receptor 

stimulation protects against pressure-induced damage through InsR-MAPK signaling 

in human trabecular meshwork cells. Mol Med Rep, 16: 617-624. 

159. Sun X, Cheng F, Meng B, Yang B, Song W, Yuan H. (2012) Pregnenolone sulfate 

decreases intraocular pressure and changes expression of sigma receptor in a model 

of chronic ocular hypertension. Mol Biol Rep, 39: 6607-6614. 



62 
 

160. Xu Z, Lei Y, Qin H, Zhang S, Li P, Yao K. (2022) Sigma-1 Receptor in Retina: 

Neuroprotective Effects and Potential Mechanisms. Int J Mol Sci, 23: 7572. 

161. Zhao J, Gonsalvez GB, Mysona BA, Smith SB, Bollinger KE. (2022) Sigma 1 

Receptor Contributes to Astrocyte-Mediated Retinal Ganglion Cell Protection. Invest 

Ophthalmol Vis Sci, 63: 1. 

162. Zhao J, Mysona BA, Qureshi A, Kim L, Fields T, Gonsalvez GB, Smith SB, Bollinger 

KE. (2016) (+)-Pentazocine Reduces NMDA-Induced Murine Retinal Ganglion Cell 

Death Through a σR1-Dependent Mechanism. Invest Ophthalmol Vis Sci, 57: 453-

461. 

163. Wang J, Saul A, Roon P, Smith SB. (2016) Activation of the molecular chaperone, 

sigma 1 receptor, preserves cone function in a murine model of inherited retinal 

degeneration. Proc Natl Acad Sci, 113: E3764-E3772. 

164. Vogler S, Winters H, Pannicke T, Wiedemann P, Reichenbach A, Bringmann A. 

(2016) Sigma-1 receptor activation inhibits osmotic swelling of rat retinal glial 

(Müller) cells by transactivation of glutamatergic and purinergic receptors. Neurosci 

Lett, 610: 13-18. 

165. Martin PM, Ola MS, Agarwal N, Ganapathy V, Smith SB. (2004) The sigma receptor 

ligand (+)−pentazocine prevents apoptotic retinal ganglion cell death induced in vitro 

by homocysteine and glutamate. Brain Res Mol Brain Res, 123: 66-75. 

166. Mavlyutov TA, Guo L-W. (2017) Peeking into Sigma-1 Receptor Functions Through 

the Retina. Adv Exp Med Biol, 964: 285-297. 

167. Mueller BH, Park Y, Ma H-Y, Dibas A, Ellis DZ, Clark AF, Yorio T. (2014) Sigma-

1 receptor stimulation protects retinal ganglion cells from ischemia-like insult 

through the activation of extracellular-signal-regulated kinases 1/2. Exp Cell Res, 

128: 156-169. 

168. Smith SB, Wang J, Cui X, Mysona BA, Zhao J, Bollinger KE. (2018) Sigma 1 

receptor: A novel therapeutic target in retinal disease. Prog Retin Eye Res, 67: 130-

149. 



63 
 

169. Campana G, Bucolo C, Murari G, Spampinato S. (2002) Ocular Hypotensive Action 

of Topical Flunarizine in the Rabbit: Role of Sigma 1 Recognition Sites. J Pharmacol 

Exp Ther, 303: 1086. 

170. Patent-Novel use of sigma-1 receptor agonist compounds. Available online: 

https://patents.google.com/patent/US20190209575A1/en (accessed on 31-05-2023). 

171. Haritha CV, Lingaraju MC, Mathesh K, Jadhav SE, Shyamkumar TS, Aneesha VA, 

Parida S, Singh TU, Kumar D. (2022) PRE-084 ameliorates adenine-induced renal 

fibrosis in rats. Tissue Cell, 79: 101905. 

172. Tran MN, Medveczki T, Besztercei B, Torok G, Szabo AJ, Gasull X, Kovacs I, Fekete 

A, Hodrea J. (2023) Sigma-1 Receptor Activation Is Protective against TGF&beta;2-

Induced Extracellular Matrix Changes in Human Trabecular Meshwork Cells. Life, 

13: 1581. 

173. Hodrea J, Tran MN, Besztercei B, Medveczki T, Szabo AJ, Őrfi L, Kovacs I, Fekete 

A. (2023) Sigma-1 Receptor Agonist Fluvoxamine Ameliorates Fibrotic Response of 

Trabecular Meshwork Cells. Int J Mol Sci, 24: 11646. 

174. Keller KE, Bhattacharya SK, Borrás T, Brunner TM, Chansangpetch S, Clark AF, 

Dismuke WM, Du Y, Elliott MH, Ethier CR, Faralli JA, Freddo TF, Fuchshofer R, 

Giovingo M, Gong H, Gonzalez P, Huang A, Johnstone MA, Kaufman PL, Kelley 

MJ, Knepper PA, Kopczynski CC, Kuchtey JG, Kuchtey RW, Kuehn MH, Lieberman 

RL, Lin SC, Liton P, Liu Y, Lütjen-Drecoll E, Mao W, Masis-Solano M, McDonnell 

F, McDowell CM, Overby DR, Pattabiraman PP, Raghunathan VK, Rao PV, Rhee 

DJ, Chowdhury UR, Russell P, Samples JR, Schwartz D, Stubbs EB, Tamm ER, Tan 

JC, Toris CB, Torrejon KY, Vranka JA, Wirtz MK, Yorio T, Zhang J, Zode GS, 

Fautsch MP, Peters DM, Acott TS, Stamer WD. (2018) Consensus recommendations 

for trabecular meshwork cell isolation, characterization and culture. Exp Eye Res, 

171: 164-173. 

175. Mao W, Liu Y, Wordinger RJ, Clark AF. (2013) A magnetic bead-based method for 

mouse trabecular meshwork cell isolation. Invest Ophthalmol Vis Sci, 54: 3600-3606. 



64 
 

176. Patel GC, Phan TN, Maddineni P, Kasetti RB, Millar JC, Clark AF, Zode GS. (2017) 

Dexamethasone-Induced Ocular Hypertension in Mice: Effects of Myocilin and 

Route of Administration. Am J Pathol, 187: 713-723. 

177. Raghunathan VK, Morgan JT, Park SA, Weber D, Phinney BS, Murphy CJ, Russell 

P. (2015) Dexamethasone Stiffens Trabecular Meshwork, Trabecular Meshwork 

Cells, and Matrix. Invest Ophthalmol Vis Sci, 56: 4447-4459. 

178. Soundararajan A, Ghag SA, Vuda SS, Wang T, Pattabiraman PP. (2021) Cathepsin 

K Regulates Intraocular Pressure by Modulating Extracellular Matrix Remodeling 

and Actin-Bundling in the Trabecular Meshwork Outflow Pathway. Cells, 10: 2864. 

179. Aishwarya R, Abdullah CS, Morshed M, Remex NS, Bhuiyan MS. (2021) Sigmar1’s 

Molecular, Cellular, and Biological Functions in Regulating Cellular 

Pathophysiology. Front Physiol, 12: 705575. 

180. Faralli JA, Dimeo KD, Trane RM, Peters D. (2018) Absence of a secondary 

glucocorticoid response in C57BL/6J mice treated with topical dexamethasone. PLoS 

One, 13: e0192665. 

181. Pattabiraman PP, Epstein DL, Rao PV. (2013) Regulation of Adherens Junctions in 

Trabecular Meshwork Cells by Rac GTPase and their influence on Intraocular 

Pressure. J Ocul Biol, 1: 0002. 

182. Rocher M, Robert P-Y, Desmoulière A. (2020) The myofibroblast, biological 

activities and roles in eye repair and fibrosis. A focus on healing mechanisms in 

avascular cornea. Eye, 34: 232-240. 

183. Buffault J, Brignole-Baudouin F, Reboussin É, Kessal K, Labbé A, Mélik 

Parsadaniantz S, Baudouin C. (2022) The Dual Effect of Rho-Kinase Inhibition on 

Trabecular Meshwork Cells Cytoskeleton and Extracellular Matrix in an In Vitro 

Model of Glaucoma. J Clin Med, 11: 1001. 

184. Fan Y, Guo L, Wei J, Chen J, Sun H, Guo T. (2019) Effects of Salidroside on 

Trabecular Meshwork Cell Extracellular Matrix Expression and Mouse Intraocular 

Pressure. Invest Ophthalmol Vis Sci, 60: 2072. 

185. Fuchshofer R, Tamm ER. (2009) Modulation of extracellular matrix turnover in the 

trabecular meshwork. Exp Cell Res, 88: 683-688. 



65 
 

186. Kasetti RB, Maddineni P, Kodati B, Nagarajan B, Yacoub S. (2021) Astragaloside 

IV Attenuates Ocular Hypertension in a Mouse Model of TGFβ2 Induced Primary 

Open Angle Glaucoma. Int J Mol Sci, 22: 12508. 

187. Saccà SC, Gandolfi S, Bagnis A, Manni G, Damonte G, Traverso CE, Izzotti A. 

(2016) The Outflow Pathway: A Tissue With Morphological and Functional Unity. J 

Cell Physiol, 231: 1876-1893. 

188. Honjo M, Tanihara H. (2018) Impact of the clinical use of ROCK inhibitor on the 

pathogenesis and treatment of glaucoma. Jpn J Ophthalmol, 62: 109-126. 

189. Iyer P, Lalane R, Morris C, Challa P, Vann R, Rao PV. (2012) Autotaxin-

Lysophosphatidic Acid Axis Is a Novel Molecular Target for Lowering Intraocular 

Pressure. PLoS One, 7: e42627. 

190. Honjo M, Tanihara H, Inatani M, Kido N, Sawamura T, Yue BYJT, Narumiya S, 

Honda Y. (2001) Effects of Rho-Associated Protein Kinase Inhibitor Y-27632 on 

Intraocular Pressure and Outflow Facility. Invest Ophthalmol Vis Sci, 42: 137-144. 

191. Blaauboer ME, Emson CL, Verschuren L, van Erk M, Turner SM, Everts V, 

Hanemaaijer R, Stoop R. (2013) Novel combination of collagen dynamics analysis 

and transcriptional profiling reveals fibrosis-relevant genes and pathways. Matrix 

Biol, 32: 424-431. 

192. Keller KE, Peters DM. (2022) Pathogenesis of glaucoma: Extracellular matrix 

dysfunction in the trabecular meshwork-A review. Clin Exp Ophthalmol, 50: 163-

182. 

193. Lipson KE, Wong C, Teng Y, Spong S. (2012) CTGF is a central mediator of tissue 

remodeling and fibrosis and its inhibition can reverse the process of fibrosis. 

Fibrogenesis Tissue Repair, 5: S24. 

194. Fuchshofer R, Kuespert S, Junglas B, Tamm ER. (2014) The Prostaglandin F2α 

Analog Fluprostenol Attenuates the Fibrotic Effects of Connective Tissue Growth 

Factor on Human Trabecular Meshwork Cells. J Ocul Pharmacol Ther, 30: 237-245. 

195. Junglas B, Kuespert S, Seleem AA, Struller T, Ullmann S, Bosl M, Bosserhoff A, 

Kostler J, Wagner R, Tamm ER, Fuchshofer R. (2012) Connective tissue growth 



66 
 

factor causes glaucoma by modifying the actin cytoskeleton of the trabecular 

meshwork. Am J Pathol, 180: 2386-2403. 

196. Nettesheim A, Shim MS, Dixon A, Raychaudhuri U, Gong H, Liton PB. (2020) 

Cathepsin B Localizes in the Caveolae and Participates in the Proteolytic Cascade in 

Trabecular Meshwork Cells. Potential New Drug Target for the Treatment of 

Glaucoma. J Clin Med, 10: 78. 

197. Pattabiraman PP, Vuda SS, Heo J, Reddy H, Toris CB, Rhee DJ. (2019) Clusterin-

Cathepsin K Signaling in Trabecular Meshwork Outflow Pathway Regulates 

Intraocular Pressure. Invest Ophthalmol Vis Sci, 60: 5157-5157. 

198. Christensen J, Shastri VP. (2015) Matrix-metalloproteinase-9 is cleaved and activated 

by Cathepsin K. BMC Res Notes, 8: 322. 

199. Schmetterer L, Polak K. (2001) Role of Nitric Oxide in the Control of Ocular Blood 

Flow. Prog Retin Eye Res, 20: 823-847. 

200. Toda N, Nakanishi-Toda M. (2007) Nitric oxide: Ocular blood flow, glaucoma, and 

diabetic retinopathy. Prog Retin Eye Res, 26: 205-238. 

201. Mysona BA, Zhao J, Smith S, Bollinger KE. (2018) Relationship between Sigma-1 

receptor and BDNF in the visual system. Exp Eye Res, 167: 25-30. 

202. Morihara R, Yamashita T, Liu X, Nakano Y, Fukui Y, Sato K, Ohta Y, Hishikawa N, 

Shang J, Abe K. (2018) Protective effect of a novel sigma-1 receptor agonist is 

associated with reduced endoplasmic reticulum stress in stroke male mice. J Neurosci 

Res, 96: 1707-1716. 

203. Rosen DA, Seki SM, Fernández-Castañeda A, Beiter RM, Eccles JD, Woodfolk JA, 

Gaultier A. (2019) Modulation of the sigma-1 receptor–IRE1 pathway is beneficial 

in preclinical models of inflammation and sepsis. Sci Transl Med, 11: eaau5266. 

  



67 
 

9. BIBLIOGRAPHY OF THE CANDIDATE’S PUBLICATIONS 

9.1. Publications related to the PhD thesis 

1. Tran MN, Medveczki T, Besztercei B, Torok G, Szabo AJ, Gasull X, Kovacs I, 

Fekete A, Hodrea J. (2023) Sigma-1 Receptor Activation Is Protective against 

TGF&beta;2-Induced Extracellular Matrix Changes in Human Trabecular Meshwork 

Cells. Life, 13: 1581. IF=3.2 

2. Hodrea J, Tran MN, Besztercei B, Medveczki T, Szabo AJ, Őrfi L, Kovacs I, 

Fekete A. (2023) Sigma-1 Receptor Agonist Fluvoxamine Ameliorates Fibrotic 

Response of Trabecular Meshwork Cells. Int J Mol Sci, 24: 11646. IF=5.6 

9.2. Publications not related to the PhD thesis 

1. Mai NT, Hoa NT, Nga TV, Linh le D, Chau TT, Sinh DX, Phu NH, Chuong LV, 

Diep TS, Campbell J, Nghia HD, Minh TN, Chau NV, de Jong MD, Chinh NT, Hien 

TT, Farrar J, and Schultsz C. (2008) Streptococcus suis meningitis in adults in 

Vietnam. Clin Infect Dis, 46: 659-667. IF=8.266  



68 
 

10. ACKNOWLEDGEMENTS 

First, I would like to thank my supervisor, Dr. Judit Hodrea, for her patience, 

unflinching support, persistent guidance, and inspiring discussions throughout my PhD study. 

I am also profoundly grateful to the leader of our group, Dr. Andrea Fekete, who is a role 

model in my life and scientific work. Her wise suggestions, tireless dedication, and full 

support are vital to our research group. I would like to express my heartfelt gratitude to both 

of them for the opportunity to embark on this challenging and interesting project. Without 

their help, I would still be preparing for publication and could not complete this dissertation 

in time. 

Additionally, I express my sincere gratitude to Professor Attila Szabó for his approval 

of my application for a PhD position in his institute, Pediatric Center, Semmelweis University. 

Further, special thanks to Ms. Krisztina Tölgyesi-Lovász, and the Doctoral School 

for their support in the period of my study, particularly during preparing my dissertation and 

completing it as soon as possible. 

Moreover, I am very grateful to our senior researchers, Dr. Dóra Balogh, Dr. Ádám 

Hosszú and our ophthalmologist consultant, Dr. Illés Kovács, for their valuable experience 

and advice. I also kindly acknowledge my colleagues Tímea Medveczki, Tamás Lakat, Ákos 

Tóth, Éva Fórizs, and Adar Saeed at MTA-SE Lendület “Momentum” Diabetes Research 

Group for their useful help and support during my study. Thanks for Dr. Ágnes Molnár and 

Dr. Lilla Lénárt for their assistance in the beginning of my studies. Many thanks to Maria 

Bernath for her help in breeding the mice, her friendliness, and her unforgettable delicious 

cakes. I also would like to thank all my other colleagues in the research laboratory for a very 

friendly atmosphere. Thank you, Eszter Lévai, Csenge Pajtók, I treasure our friendship. I 

would like to thank Balázs Besztercei (Institute of Clinical Experimental Research) and Dr. 

György Török (Department of Biophysics and Radiation Biology), for their contribution. 

I am also very grateful to our collaborators in the project, without their contribution, 

we could not proceed as far as we are. 

Finally, a big thank you to my family for all their consistent support, encouragement, 

and love. Thank you, my love, Nep and Na, I will make up for the lost time. 


