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Abstract 
 

Glaucoma is a multifactorial eye disease characterized by gradual loss of vision 

resulting from progressive optic neuropathy. Despite the fact that glaucoma is a 

leading cause of blindness worldwide, there is currently no cure yet for glaucoma. 

Lowering intraocular pressure (IOP) is the only clinical intervention known to slow 

the progression of glaucomatous blindness. Reduced treatment efficacy and adverse 

ocular side effects are; however, frequently reported after prolong use of existing 

anti-glaucoma medications. This strongly suggests an urgent need for a more potent 

agent with minimal side effects. Baicalein (5,6,7-trihydroxyflavone) is a natural 

flavonoid derived from the dried roots of Scutellaria baicalensis Georgi. It is 

frequently found in vegetables and commonly used in traditional Chinese medicine. It 

has been previously reported that baicalein inhibits swelling-activated Cl- channels in 

non-pigmented ciliary epithelial cells, potentially reducing the rate of aqueous humor 

secretion. In addition, it is anticipated that baicalein may affect cell contractility and 

cell volume regulation as well as extracellular matrix (ECM) remodeling. There have 

been no literatures to date reporting the effects of baicalein on outflow facility. The 

primary aim of this study was to elucidate the mechanistic effects of baicalein on 

conventional outflow facility. The secondary aim was to observe its potential 

IOP-lowering effects when administered to living rodents.  
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First, the acute effect of baicalein on outflow facility was studied using constant 

pressure perfusion system in freshly enucleated C57BL/6J mouse eyes. Outflow 

facility was determined by measuring the flow rates at sequential pressure steps. 

Results demonstrated that baicalein elicited a concentration-dependent increase in 

outflow facility. At 10 µM, baicalein enhanced the outflow facility by approximately 

90%, suggesting that baicalein may affect conventional outflow facility, in addition to 

its inhibitory effect on aqueous humor secretion. 

 

Second, the mechanisms underlying the effects of baicalein on cell volume regulation, 

cell contractility and cell migration was studied using human trabecular meshwork 

(hTM) cells. It was shown that baicalein did not affect the cell volume under 

isometric conditions while a significant inhibition of regulatory volume decrease 

(RVD) was observed when subjected to hypotonic solution in hTM cells. Likewise, it 

was found that baicalein triggered a concentration-dependent hTM cell relaxation and 

retardation of cell migration when compared to the control group. These results 

suggested that baicalein may enhance the outflow facility by reducing its outflow 

resistance through the regulation of RVD, cell contractility and migration in hTM 

cells.  
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Next, we examined the patterns of differential protein expression and identified 

specific and novel pathways mediated by baicalein using isobaric tag for relative and 

absolute quantitation (iTRAQ) based quantitative proteomics. Selected candidate 

proteins were validated by quantitative polymerase chain reaction (qPCR). The 47 and 

119 proteins were significantly regulated after a 3-hour and a 2-day baicalein 

treatment in hTM cells, respectively. In agreement with our foregoing results, 

baicalein was shown to alter the expressions of pre-B-cell leukemia transcription 

factor-interacting protein 1 (PBXIP1) and arylsulfatase B (ARSB), supporting the 

notion of baicalein-mediated inhibition of TM cell migration. Apart from that, 

baicalein increased the expressions of matrix metalloproteinase-14 (MMP-14) and 

cathepsin B that are responsible for extracellular matrix (ECM) digestion, suggesting 

that baicalein may decrease the outflow resistance by modulating ECM composition. 

In addition, novel protein changes and pathways of human TM cells related to 

oxidative phosphorylation, clathrin-mediated endocytosis and mitochondrial 

dysfunction were observed.  

 

Finally, the in vitro findings were validated by measuring IOP changes in rodents. 

Baicalein, when administrated intraperitoneally, topically or intravitreally, caused a 

significant reduction in IOP. The largest IOP-lowering effect was achieved with 
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intravitreal injection of baicalein, in which IOP was lowered by ~9 mmHg in Sprague 

Dawley (SD) rats. 

 

Taken together, these findings suggest that baicalein may regulate the contractility 

and volume of hTM cells and the composition of the ECM in the outflow pathway; 

thereby, enhancing the outflow facility and potentially leading to a reduction of IOP. 
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Chapter 1 Introduction  

1.1 Background  

Glaucoma is a common but serious eye disease often resulting in permanent loss of 

sight. According to findings published by the World Health Organization, it is the 

leading cause of irreversible blindness worldwide (World Health Organization, 2020). 

Recent reports indicate that the global number of glaucoma patients aged 40-80 years 

is expected to increase by 74% from 2013 to 2040, totalling more than 110 million by 

2040 (Tham et al., 2014). Vision loss resulting from glaucoma can significantly affect 

patients’ functional mobility and quality of life; thereby, increasing health care, 

welfare, and economic burdens on our society. 

 

Glaucoma is a group of optic neuropathies with unclear pathogenesis. It is 

characterized by the progressive loss of retinal ganglion cells (RGCs) and their axons 

that can be classified into open-angle and angle-closure glaucoma (Weinreb and 

Khaw, 2004). Both open-angle and angle-closure glaucoma can be the primary 

disease or secondary to trauma or medications (Weinreb et al., 2014). Among various 

types of glaucoma, primary open angle glaucoma (POAG) is the most common and is 

characterized by its insidious onset and progression (Kapetanakis et al., 2016). Raised 
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intraocular pressure (IOP), family history, aging, diabetes, and high myopia are the 

major risk factors for glaucoma (Toris and Camras, 1998, Coleman and Miglior, 

2008). Among them, elevated IOP has been suggested to be the only modifiable and 

treatable risk factor. Lowering IOP has been well documented to be a proven effective 

clinical intervention to retard the onset and progression of glaucomatous blindness 

(Collaborative Normal-Tension Glaucoma Study Group, 1998b, Collaborative 

Normal-Tension Glaucoma Study Group, 1998a, The AGIS Investigators, 2000). 

Despite that, the pathogenesis and pathophysiology of glaucoma remain unclear. As a 

result, there is still no cure for this disease nor effective treatment to arrest its 

progression. Without an effective therapy, it is undoubtedly a pressing challenge for 

the health care system. 

 

1.2 Pathogenesis of glaucoma  

Glaucoma is typically characterized with a progressive loss of RGCs and axonal 

degeneration (Weinreb and Khaw, 2004). Despite the fact that elevated IOP is a major 

risk factor for glaucoma, normal tension glaucoma (NTG) is not uncommon. In NTG, 

patients may have an IOP level comparable to that of healthy individuals but still 

suffer from glaucomatous vision loss (Wang et al., 2012). This suggests that IOP 

alone cannot fully explain the pathophysiological changes observed in glaucoma 
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patients. There are a number of theories, including biomechanical, vascular and 

biochemical theories that may account for the pathogenesis of glaucoma (Ichhpujani 

and Kumar, 2019, Fechtner and Weinreb, 1994). It is likely that these theories are 

inter-related, as none of these mechanisms alone can fully explain the variations in 

glaucomatous damages observed clinically and experimentally. 

 

1.2.1 Biomechanical theory  

The biomechanical theory defines IOP as a mechanical force exerted on various 

tissues that are affected by glaucoma. Particularly, the optic nerve head is quite a 

vulnerable site when observed in a mechanical perspective since it is where the optic 

nerve extends from the intraocular space to the subarachnoid space. Here, 

translaminar pressure is exerted on the optic nerve head from two separate 

compartments, namely intraocular pressure (IOP) and intracranial / cerebrospinal fluid 

pressure (Morgan et al., 1995). This can be quite a mechanically stressed spot 

susceptible to IOP-related changes. Elevated IOP has been regarded as a major risk 

factor of glaucoma. The prevalence of POAG increases dramatically from 0.65% in 

subjects with IOP lower than 15 mmHg to 38.92% in those with IOP >30 mmHg 

(Sommer et al., 1991). It has been demonstrated that elevation of IOP is significantly 

correlated with structural (Medeiros et al., 2009) and functional (Bergeå et al., 1999) 
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damages in the retina as observed in glaucoma patients. Retinal damages caused by 

increased IOP have also been reported in animal studies. For example, sustained 

elevation of IOP causes a progressive increase in optic nerve cupping, reduction of 

axon survival and functional retinal responses in rats with chronic ocular hypertension 

compared to normotensive controls (Chauhan et al., 2002). Moreover, increased IOP 

can lead to partial or even complete obstruction of axoplasmic transport in the lamina 

cribrosa region (Anderson and Hendrickson, 1974). It has been shown that elevated 

IOP in rhesus monkey enhances elastin synthesis in laminar astrocytes. The increased 

elastin can lead to structural changes in the extra-cellular matrix (ECM), loss of 

resiliency and deformability of the lamina cribrosa (Pena et al., 2001). These changes 

in biomechanical properties persist even when IOP is reduced, increasing 

susceptibility of astrocytes in the development of glaucomatous neuropathy.  

 

Despite the well-established link between IOP and glaucomatous damages, NTG 

patients with normal IOP (e.g. <21 mmHg) can also suffer from glaucomatous 

neurodegeneration. This implies that additional factor(s) may be involved in 

mediating RGC loss rather than elevated IOP alone. It has been revealed that patients 

with NTG display a significantly lower cerebrospinal fluid pressure compared to 

those with POAG and healthy subjects (Wang et al., 2012). Thus, both increased IOP 
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and/or reduced cerebrospinal fluid pressure / intracranial pressure are factors that may 

generate a pressure difference across the optic nerve head. This, in turn, may lead to 

deformation and remodeling of lamina cribrosa; thereby, disrupting the axonal 

transport and inducing RGCs apoptosis (Pena et al., 2001, Weinreb et al., 2014).  

 

1.2.2 Vascular theory  

The vascular theory proposes that vascular factors such as ischemia may be involved 

in the pathogenesis of glaucoma. Maintaining an optimal ocular blood supply is 

critical due to the high metabolic demands of the retina. It has been suggested that 

vascular insufficiency may affect the onset and progression of glaucomatous 

neuropathy (Weinreb and Khaw, 2004). The central retinal artery and short posterior 

ciliary arteries are the major arteries providing blood supply to the retina. A reduced 

ocular blood flow and/or velocity may decrease oxygen and nutrient supply as well as 

metabolic waste removal from the retina. Insufficient blood supply to the retina may 

result in tissue hypoxia and accumulation of reactive oxygen species (ROS), 

contributing to subsequent RGC death (Yanagi et al., 2011). The equilibrium between 

vasodilators such as nitric oxide and vasoconstrictors such as endothelin-1 is 

important in maintaining vascular function and homeostasis. This disturbance may 

induce ischemia and reperfusion, further exaggerating oxidative damage (Flammer et 
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al., 2002). In rodents, retinal ischemia and reperfusion injuries significantly increases 

RGCs death through necrosis or apoptosis (Slater et al., 2008, Dvoriantchikova et al., 

2014).  

 

Reduced systolic and diastolic flow velocities in central retinal artery and short 

posterior ciliary arteries have been reported in patients with NTG and POAG (Rankin 

et al., 1995). This has not observed in ocular hypertensive and normal individuals 

(Akarsu and Bilgili, 2004). In POAG patients with asymmetric visual field defects, 

while IOPs are comparable, asymmetric flow velocity in central retinal artery and 

ophthalmic artery are found between the two eyes (Plange et al., 2006). The eyes with 

more advanced glaucomatous visual field loss demonstrate a lower flow velocity in 

both ophthalmic artery and central retinal artery, which may be contributed by the 

increased vascular resistance. This finding suggests that there may be a direct 

correlation between decreased blood velocity and visual field defect. This also 

indicates that slower retinal blood supply may contribute to the glaucomatous damage 

independent of IOP. 
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1.2.3 Biochemical theory  

Glaucoma is a complex multifactorial disease. In additional to biomechanical and 

vascular theories, ample evidence have demonstrated that increased oxidative stress 

and inflammatory response contribute to the pathological changes observed in 

glaucoma patients (Ichhpujani and Kumar, 2019). 

 

1.2.3.1 Oxidative stress 

Reactive oxygen species (ROS) is the by-products of mitochondrial oxidative 

metabolism or cellular response to inflammation and infection (Holmström and Finkel, 

2014). Oxidative stress occurs when the production of ROS exceeds the intrinsic 

anti-oxidative capacity. ROS has been suggested to trigger various chronic diseases, 

including cardiovascular and ocular diseases, possibly through ROS-mediated 

damages to lipid, proteins and nucleic acid (Mayne, 2003, Willcox et al., 2004).  

 

It has been reported that there is an increase of ROS in the trabecular meshwork (TM) 

(Saccà et al., 2005), aqueous humor (AH) (Ferreira et al., 2004, Ghanem et al., 2010) 

and RGCs (Wax and Tezel, 2009) of glaucoma patients. The increase in ROS may be 

related to the reduced oxygen supply and metabolic waste removal resulted from the 
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decreased outflow facility and/or ocular blood flow to the affected tissues 

(Mozaffarieh et al., 2008). Excessive oxidative stress may increase mitochondrial 

DNA damage or reduce the number of mitochondria. This may eventually lead to 

mitochondrial dysfunction triggering apoptosis of TM cells (Izzotti et al., 2010) and 

RGCs (Kong et al., 2009) in glaucoma patients. It is likely that ROS triggers DNA 

damage by increasing DNA double-strand breaks (Yu and Anderson, 1997). 

Significant correlations between DNA oxidative damage and visual defect and IOP 

have been reported (Saccà et al., 2005). In addition, ROS impairs cell-matrix adhesion, 

leading to disruption of the cytoskeletal structure, scant cell adhesion and cell loss 

observed in glaucomatous TM (Zhou et al., 1999, Alvarado et al., 1984). It has been 

reported that intracellular ROS can trigger an inflammatory response in TM cells. 

This may be a contributing factor leading to the apoptotic cell death and impairment 

of AH drainage (Li et al., 2007, Izzotti et al., 2006). 

 

1.2.3.2 Inflammation 

There have been ample of evidence suggesting inflammatory response associated with 

the pathogenesis of glaucoma. In patients with POAG, cytokine levels have been 

found to be directly proportional to the severity of glaucomatous neuropathy (Huang 

et al., 2010, Kuchtey et al., 2010). As inflammation is usually triggered by injuries 
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such as optic nerve transection, it may increase the expression of pro-inflammatory 

cytokines, eventually causing cell death (Agudo et al., 2009). Studies have 

demonstrated that there is a significant upregulation of different inflammatory 

cytokines in serum (Huang et al., 2010), AH (Balaiya et al., 2011, Takai et al., 2012), 

TM (Taurone et al., 2015) and the retina (Tezel et al., 2001) of POAG patients. In 

addition, excitotoxicity and inflammatory response can be induced by ischemia, 

excessive intracellular ROS and dysregulation of blood flow (Ergorul et al., 2010, 

Evangelho et al., 2019, Li et al., 2007). Vascular dysregulation may lead to 

hypoxia-induced RGC death by impairing the blood-retinal barrier (Chan-Ling et al., 

2007). 

 

It has been shown that inflammation induced by oxidative stress impair the outflow 

facility in TM and promote RGC loss (Vohra et al., 2013). Moreover, inflammatory 

response has been shown to alter the expression of matrix metalloproteinases (MMPs). 

MMPs are essential for the maintenance of IOP homeostasis by regulating ECM 

turnover (Bradley et al., 2001). 
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1.3 Treatment of glaucoma  

Among the risk factors for glaucoma, IOP is perhaps the only treatable risk factor. 

Currently, lowering IOP is an effective clinical intervention for delaying the 

progression of visual field loss regardless of the types of glaucoma (Collaborative 

Normal-Tension Glaucoma Study Group, 1998b, Collaborative Normal-Tension 

Glaucoma Study Group, 1998a, The AGIS Investigators, 2000). Glaucoma treatment 

targeted at IOP reduction can be classified into surgical, laser, and drug treatments. 

Surgical and laser treatments often produce remarkable and more sustainable IOP 

lowering effects for a longer period. Nevertheless, they are considered invasive 

procedures, which can lead to higher risks of complications such as inflammation, 

local scarring, and pressure spikes (Conlon et al., 2017). Therefore, topical eye 

medications are often regarded as the first-line treatment for glaucoma. 

 

The AH is a transparent fluid that fills the anterior segment of the eye. IOP level 

reflects the balance between the rates of AH secretion and its drainage (Do and Civan, 

2004, Roy Chowdhury et al., 2015). Elevated IOP in glaucoma is often due to an 

increased outflow resistance rather than an increased AH secretion (Johnson, 2006). 

However, majority of the currently-available pharmacologic anti-glaucoma agents 

lower IOP by either suppressing AH secretion or increasing AH drainage. There are 
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several classes of drugs used in glaucoma management. They include beta-adrenergic 

blockers, carbonic anhydrase inhibitors, alpha-adrenergic agonists, prostaglandin 

analogs and Rho-associated kinase (ROCK) inhibitors (Schehlein and Robin, 2019, 

Weinreb et al., 2014). The first three classes decrease AH production while 

prostaglandin analogs and ROCK inhibitors improve fluid drainage (Toris et al., 2008, 

Rao et al., 2001). It has been demonstrated that the IOP-lowering efficacy reduces 

after prolonged periods of single drug treatment (Gehr et al., 2006). As a result, more 

than one medication may be required. For example, studies have shown that 

combination eye drops targeting different sites can achieve additive IOP-lowering 

effects (Tanihara et al., 2015). Nevertheless, potential unwanted side effects are 

similar to each individual drug combined, eventually reducing patient compliance 

(Conlon et al., 2017). Ocular adverse reactions include blurred vision, stinging 

sensation, superficial punctate keratitis, corneal erosion, loss of Meibomian gland, and 

instability of tear film (Arita et al., 2012, Inoue, 2014, Sugrue, 2000). In addition, 

there is a paradigm of limitations and contraindications related to existing medications. 

For example, beta-adrenergic blockers are contraindicated in patients with heart and 

respiratory diseases. It may lead to heart failure, arrhythmia and respiratory arrest 

(Stewart and Garrison, 1998). Adrenergic agonists and carbonic anhydrase inhibitors 

are also contraindicated in patients with systemic hypertension, cardiac arrhythmia, 
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and kidney stones (Lee and Higginbotham, 2005). Therefore, there is a pressing need 

to develop more potent and safer medications with fewer contraindications and side 

effects. This relies on a comprehensive understanding of the mechanism and 

regulation of AH dynamics, which is considered to be scientifically and clinically 

important. 

 

1.4 Overview of aqueous humor dynamics 

IOP levels are governed by a dynamic balance between the rates of AH secretion 

(inflow) and drainage (outflow). Impairment of the AH inflow and outflow pathways 

may upset this balance leading to elevated IOP. AH is produced by the ciliary 

processes and secreted into the posterior chamber. From there, it will pass through the 

pupil, into the anterior chamber and eventually leaves the eye through two distinct 

outflow pathways (Goel et al., 2010). The total volume of AH in the human eye is 

estimated to be 250-375 µl, with a turnover rate of about 100 minutes (Freddo et al., 

2020). Maintaining AH circulation is important. It provides oxygen and nutrients to 

avascular structures of the anterior segment, including the cornea and the crystalline 

lens. In addition, it removes metabolic wastes from the eye. A stable AH flow and 

IOP also help inflate the globe and maintain the structural integrity of the eye (To et 

al., 2002). 
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1.4.1 Aqueous humor secretion 

Several key steps are involved in AH secretion. First, filtrate is formed in the 

interstitial space of the ciliary stroma from the blood supply to the ciliary processes. 

Second, solutes are selectively transported by the ciliary epithelium to the posterior 

chamber. Last, an osmotic fluid flow results from the transport of solutes (Freddo et 

al., 2020, Bill, 1975). 

 

There are three major physiological processes responsible for AH secretion, namely 

diffusion, ultrafiltration and active secretion. Diffusion is a passive process by which 

the solutes move from a region of high to low concentration. Ultrafiltration is also a 

passive process which allows for the movement of solutes through a membrane. It is 

driven by a pressure difference between two compartments. In contrast, several lines 

of evidence show that AH secretion is primarily driven by active transport rather than 

ultrafiltration and diffusion. Active transport is an energy-dependent mechanism. 

Solutes and ions are transported against a concentration gradient across the plasma 

membrane (Bill, 1975). As such, the rate of AH production can be inhibited by anoxia 

(Chu and Candia, 1988, Krupin et al., 1984), hypothermia (Cole, 1969, Becker, 1960), 

and metabolic inhibitors (Shahidullah et al., 2003, Kodama et al., 1985). 
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AH is secreted by the ciliary epithelium. This dual-layered epithelium is comprised of 

pigmented ciliary epithelium (PE) facing the ciliary stroma and non-pigmented ciliary 

epithelium (NPE) facing the posterior chamber of the eye. These two cell layers are 

connected with each other at the apical surface via intercellular gap junctions. It has 

been demonstrated that active Cl- secretion is the major driving force for AH secretion 

(Kong et al., 2006, Do and Civan, 2004, Do and To, 2000). There are a number of 

transport steps involved in Cl- movement across the ciliary epithelium. First, Cl- 

uptake by PE cells from the ciliary stroma is achieved by two different pathways. 

They include the Na+-K+-2Cl- symport (Do and To, 2000) and the Na+/H+ coupled 

with Cl-/HCO3- antiports (Counillon et al., 2000), which are powered by the 

Na+-K+-ATPase in the PE cells (Shahidullah et al., 2017, Glynn, 2002). Second, Cl- is 

transferred from PE to NPE cells by diffusion (Coca-Prados et al., 1992). Third, Cl- is 

released from NPE cells to the posterior chamber via Cl- channels located at the 

basolateral membrane. The net Cl- secretion establishes an osmotic gradient allowing 

for passive water movement into the eye (To et al., 2002). It has been found that Cl- 

concentrations in both PE and NPE cells are similar and substantially higher than the 

electrochemical equilibrium. This suggests that the rate of Cl- uptake by PE-cells, as 

well as Cl- transfer from PE to NPE cells are quite similar. In addition, the activities 

of Cl- channels in NPE cells are relatively low compared with those of K+ channels 



15 

 

and Na+-K+-ATPase under baseline conditions (Do et al., 2005). Thus, out of the three 

transport steps, the release of Cl- from NPE cells into the posterior chamber is likely 

the rate-limiting step in AH secretion (Do and Civan, 2004, Do and To, 2000). We 

have previously demonstrated that non-selective Cl- channel blockers, including 

5-nitro-2-(3-phenylpropylamino) benzoic acid and niflumic acid, significantly inhibit 

net Cl- transport across native bovine and porcine ciliary epithelium by 80-90% 

(Cheng et al., 2016, Do and To, 2000, Kong et al., 2006). This evidence further 

supports the crucial role of Cl- efflux by NPE cells in AH secretion. Figure 1.1 

illustrates a simplified model of ion transport across the ciliary epithelium. 

 

Figure 1.1 A simplified model of ion transport across the ciliary epithelium. Created with 
BioRender.com 
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1.4.2 Aqueous humor drainage 

After AH is secreted into the posterior chamber, it passes through the pupil and into 

the anterior chamber. The AH leaves the eye through two independent drainage routes, 

namely conventional and unconventional outflow pathways (Goel et al., 2010). 

Similar to AH secretion, AH drainage is temperature-dependent and sensitive to 

metabolic inhibitors (Boussommier Calleja et al., 2012, Boussommier Calleja et al., 

2015). This suggests that the AH outflow pathways are likely to be, by some degree, 

an active process. The conventional pathway, also known as the trabecular meshwork 

(TM) pathway, is pressure-dependent. It accounts for ~80-90% of fluid drainage out 

of the eye (Toris et al., 1999, Pang and Clark, 2008). Here, AH passes through the 

trabecular meshwork (TM), and enters the Schlemm’s canal (SC) and collector 

channels. It then leaves the eye through the episcleral and conjunctival veins (Goel et 

al., 2010). It has been reported that TM outflow resistance is often elevated in POAG 

patients (Rohen et al., 1989). This increase in outflow resistance is considered to be 

the major cause of IOP elevation in in glaucoma patients. 

 

On the other hand, unconventional pathway, commonly known as the uveoscleral 

pathway, is pressure-independent. It contributes to 10-20% of the AH drainage in 

humans (Bill and Phillips, 1971, Bill, 1975, Townsend and Brubaker, 1980). The AH 
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first enters the root of the iris, and passes through the interstitial spaces of the ciliary 

muscles. It then enters the suprachoroidal space and lymphatic vessels (Pang and 

Clark, 2008). Since the conventional pathway is the major route of AH drainage, 

understanding the location of outflow resistance and its regulatory mechanisms are of 

paramount importance in developing better treatments for glaucoma. 

 

1.4.2.1 Location of resistance in outflow pathway 

For the conventional outflow route, AH passes through the TM before reaching the 

SC and collector channels (Goel et al., 2010). The TM is a filter-like structure with 

three major regions, namely the outermost uveal meshwork, middle corneoscleral 

meshwork and the innermost juxtacanalicular tissue (JCT) regions (Llobet et al., 2003, 

Tamm, 2009). In the TM, cells are covered and connected by connective tissue 

lamellae. These lamellae are composed of elastin and collagen fibers (Tamm, 2009). 

The removal of TM by a surgical procedure to treat glaucoma (termed as 

trabeculectomy) has been shown to reduce ~70% of the aqueous outflow resistance in 

human eyes (Van Buskirk, 1977, Rosenquist et al., 1989). TM cells located in the 

uveal and corneoscleral meshwork are covered by endothelial cells and arranged in 

sheets with a relatively large space among adjacent trabecular sheets (Tamm, 2009, 

Gong et al., 1996). It has numerous pores with pore size that can range from 2-75 µm 
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under normal range of IOP. Therefore, it is considered as a region with low outflow 

resistance that can generate low impedance to AH drainage (Johnson, 2006). The JCT 

is the innermost region of the TM adjacent to the SC, whereby TM cells are 

embedded in the loosely arranged extracellular matrix (ECM) including laminin, 

fibronectin, collagen, elastin, and myocilin (Acott and Kelley, 2008). The ECM 

cross-linking helps maintain the integrity and mechanical strength of the tissue; 

therefore, it is considered a major area of outflow pathway resistance (Stamer and 

Acott, 2012). However, excessive accumulation and deposition of ECM leads to an 

increase outflow resistance (Keller and Acott, 2013).  

 

Apart from JCT regions in the TM, about one third of outflow resistance is believed to 

be generated by the inner wall of the Schlemm’s canal (Schuman et al., 1999). The 

hydraulic conductivity of the basement membrane, pore density in the inner wall 

endothelium and stiffness of endothelial cells in the SC are the rate limiting factors 

governing outflow facility (Tamm, 2009). It has been shown that lower hydraulic 

conductivity, reduced pore density and increased stiffness of SC cells contribute to a 

higher outflow resistance (Stamer et al., 2015). It is likely that the JCT and SC work 

together and regulate outflow resistance through a funneling effect (Stamer and Acott, 

2012). This funneling effect is primarily affected by pore density and distance 
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between the two tissues (Stamer, 2012). After passing through the SC, AH enters the 

collector channels. There are about 30 collector channels in the human eyes (Johnson, 

2006). It has been demonstrated that the pressure in the episcleral vein and collector 

channels are similar in magnitude, suggesting that the collector channel has a minimal 

influence on outflow resistance (Mäepea and Bill, 1989). It is believed that the 

collector channel may contribute to distal components of the outflow pathway, but its 

functional significance remains controversial (Swaminathan et al., 2014). 

 

1.4.2.2 Cellular mechanisms controlling outflow resistance  

It has been shown that about one third of the outflow resistance is derived from the 

region distal to the inner wall of the SC in human eyes (Schuman et al., 1999). The 

TM is believed to be the diseased tissue involved in glaucoma because of prominent 

TM thinning and thickening of sheath-derived plaque materials in the JCT observed in 

POAG subjects (Tektas and Lütjen-Drecoll, 2009). These observed changes may 

impair outflow drainage and lead to IOP elevation (Vecino et al., 2015). Therefore, it 

is crucial to understand the potential cellular mechanisms governing outflow 

resistance. 
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TM cell volume regulation 

Some studies have demonstrated that regulation of TM cell volume may help 

modulate outflow resistance. It has been shown that there is a correlation between 

outflow facility and changes in TM cell volume (Dismuke and Ellis, 2009). Perfusion 

of hypertonic bathing solution can trigger shrinkage of TM cells and increases 

outflow facility in both calf and human eyes by more than 40%. On the other hand, 

research have shown that application of hypotonic solution merely reduced outflow 

facility by 12% (Al-Aswad et al., 1999, Dismuke et al., 2008). In addition to altering 

the osmolarity of bathing solutions, inhibition of Na+-K+-2Cl- cotransport with 

bumetanide and bathing Cl- replacement can also increase outflow facility (Al-Aswad 

et al., 1999). Similarly, studies also reported that cell shrinkage induced by activation 

of calcium-activated K+ (BKCa) channels can facilitate AH drainage (Dismuke and 

Ellis, 2009). Nitric oxide has been found to trigger TM cell volume decrease by 

activating BKCa channels, potentially leading to an increase in outflow facility 

(Dismuke et al., 2008). The time course of the cell volume responses are consistent 

with outflow facility changes, suggesting that altering TM cell volume may have a 

direct effect on outflow facility. It is noted that changes in outflow facility induced by 

cell volume changes is transient and reversible (Al-Aswad et al., 1999). 
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Apart from the direct effect on TM cell volume, volume regulatory response upon 

hypotonic stimulation can also influence outflow facility. Regulatory volume decrease 

(RVD) refers to a physiological response of osmotically swollen cells restoring to its 

original cell volume by activating ion transporters and channels (Hoffmann et al., 

2009). Like other cell types, TM cells exhibit RVD and are able to restore cell volume 

upon hypotonic stimulation by regulating swelling-activated K+ and Cl- channels 

(Mitchell et al., 2002).  

 

It has been shown that slowing RVD of TM cells may increase outflow facility. This 

may be caused by the stimulation of ATP release when subjected to cell swelling (Li 

et al., 2012). Studies have shown that the release of ATP promotes the secretion of 

MMPs such as MMP-2 and MMP-9 (Li et al., 2011a). As a result, increased MMP 

secretion may reduce the deposition of ECM in the TM, triggering a reduction of 

outflow resistance (De Groef et al., 2013). The increase of outflow facility induced by 

prolonged swelling of TM cells can be blocked by MMP inhibitor and A1 adenosine 

receptor (A1AR) antagonist (Crosson et al., 2005).  
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TM cell contractility 

It has been proposed that outflow resistance can be modulated by regulating TM cell 

contractility. In human TM, the elastin network within the trabecular lamellae is 

connected with the elastin fibers of the ciliary muscle (Park et al., 2016). The 

contraction or relaxation actions of ciliary muscles can induce morphological changes 

in the TM. For example, contraction of ciliary muscle leads to a widening of TM, 

resulting in an increase in outflow facility (Bárány, 1962, Overby et al., 2014a).  

 

Apart from the passive effect caused by ciliary muscle, direct modulation of TM cell 

contractility can alter outflow resistance. Studies have shown that contraction of TM 

cells triggers a reduction of outflow facility while relaxation of TM cells increases 

outflow facility in the mammalian eyes (Wiederholt et al., 1995, Rao et al., 2001). TM 

cell’s contractility can be modulated by endothelin-1 (Rosenthal et al., 2005, Dismuke 

et al., 2014), nitric oxide (Dismuke et al., 2014), ROCK inhibitors (Rosenthal et al., 

2005, Koga et al., 2006), and transforming growth factor -β1 (TGFB1) (Nakamura et 

al., 2002). The relaxation of TM and SC cells leads to a reduction of cell-cell adhesion, 

cell-ECM interaction, and a loss of actin fibers, causing an increase in outflow facility 

(Rao et al., 2001).  
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ECM deposition and remodeling 

Various extracellular matrix (ECM) components are found in the TM beams including 

fibronectin, laminin, elastin, myocilin, and collagen (Sato and Roy, 2002, 

Lutjen-Drecoll et al., 1981, Ueda and Yue, 2003). The ECM of the TM is thought to 

be crucial in regulating outflow resistance and IOP. Excessive deposition of ECM in 

the TM may account for decreased outflow facility in glaucoma (Acott et al., 1988). 

For example, elevated fibronectin and cross-linked actin networks are found in 

glaucomatous eyes (Hoare et al., 2009, Babizhayev and Brodskaya, 1989). The 

continuous turnover and remodeling of the ECM is regulated by the activities of 

degrading enzymes matrix metalloproteinases (MMPs) and endogenous tissue 

inhibitors of MMPs (TIMPs) (De Groef et al., 2013). MMPs activities are found to be 

inhibited in the TM of glaucomatous eyes (De Groef et al., 2013). In parallel with this 

finding, perfusion of MMPs significantly increase outflow facility while perfusion of 

TIMPs lower AH drainage (Bradley et al., 1998). In cultured TM cells, the application 

of mechanical stretch have significantly increased protein expression of MMP-2 and 

MMP-14 (Bradley et al., 2003). In addition, a decrease of TIMP-2 and an increase of 

membrane-type 1-MMP have been observed in mechanically-stretched human 

anterior segment organ culture and TM cell culture. These changes in MMPs 

activities have been found to alter ECM turnover; hence, outflow resistance (Bradley 
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et al., 2001). This feedback system helps maintain a stable IOP (Acott and Kelley, 

2008). On the contrary, a failure in this feedback system may upset IOP homeostasis, 

as observed in patients with POAG. For example, MMP-2, MMP-3 and MMP-9 are 

significantly reduced in the anterior segment of the eyes of POAG patients 

(Schlötzer-Schrehardt et al., 2003, Määttä et al., 2005), potentially increasing the 

deposition of ECM for an increased outflow resistance. 

 

Funneling effect 

Funneling effect refers to the interaction between JCT region in the TM and the inner 

wall of SC. When AH passes from JCT to SC through non-uniform and discrete pore 

size/density, it leads to a segmental flow pattern which is described as a funneling 

phenomenon (Overby et al., 2009). The distance between TM cells in JCT and inner 

wall of SC as well as the number of pores in the SC are the two major factors 

governing funneling effect and AH drainage (Stamer, 2012). It has been shown that 

application of serine-threonine kinase inhibitor H-7 (1-[5-isoquinoline 

sulfonyl]-2-methyl piperazine) which affects the actin cytoskeleton and increases the 

distance between TM and inner wall of SC; thus, facilitate outflow drainage (Sabanay 

et al., 2000). Moreover, perfusing cationic ferritin, which binds to negatively charged 

pores on the inner wall of SC, causes an accumulation in the intercellular pores; 
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thereby, significantly reducing pore numbers and outflow facility in human eyes 

(Ethier and Chan, 2001). In addition, ROCK inhibitor has been found to widen the 

separation between JCT and SC regions, increasing the number and size of 

paracellular pores in SC (Gong and Yang, 2014), potentially reducing outflow 

resistance.  

 

1.5 Introduction of baicalein  

Baicalein (5,6,7-trihydroxyflavone) is a natural flavonoid in the family of flavones. It 

can be isolated from Scutellariae radix, which is a dried root of the medicinal plant 

Scutellaria baicalensis Georgi (Li and Chen, 2005, Ong and Len, 2003). Scutellariae 

radix, also known as Huang-Qin, is commonly used in traditional Chinese medicine 

(Moon et al., 2006). The therapeutic potential of baicalein is related to its treatment 

effects on cancers, systemic hypertension, inflammation, and gastrointestinal 

disorders (Li et al., 2011b, Zhao et al., 2016). Baicalein is frequently found in 

vegetables such as spinach and green pepper (Ren et al., 2001). The chemical 

structure of baicalein is illustrated in Figure 1.2. It has a molecular formula of 

C15H10O5 (molecular weight = 270.24 g/mol). Baicalein is a hydrophobic flavonoid 

and has a limited solubility in water, ranging from 0.43 to 16.82 µg/ml (Liu et al., 

2006a, Huang et al., 2014). As suggested by Tu et al., the hydroxyl groups of 
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baicalein may possibly be the key structures responsible for its actions including 

radical scavenging and antibacterial activities (Tu et al., 2016).  

 

Figure 1.2 Molecular structure of baicalein. The hydroxyl groups are highlighted in red. 

  

1.5.1 Biological functions of baicalein 

Baicalein has been used in the treatment of cancers, cardiovascular and inflammatory 

diseases because of its anti-inflammatory, anti-apoptotic, and anti-oxidant properties 

(Su et al., 2000, Lee et al., 2015, Dinda et al., 2017, Sowndhararajan et al., 2017). It 

has been recognized to be safe and is well tolerated by patients (Pang et al., 2016). 
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1.5.1.1 Anti-oxidation 

Evidence suggests that baicalein is a natural antioxidant (Su et al., 2000). The 

anti-oxidative property of baicalein is related to its molecular structure. As shown in 

Figure 1.2, baicalein has an ortho-dihydroxy group (catechol structure), which serves 

as an effective radical quencher and provides an intrinsic antioxidant property by 

electron donation (Foti et al., 1996, Rice-Evans et al., 1996). Cai et al. have indicated 

that anti-oxidative effects of chalcones and flavones are associated with the position, 

number, and configuration of hydroxyl groups shown in Figure 1.3 and baicalein 

exhibits the highest radical scavenging activity among them (Cai et al., 2006). Similar 

results are also found in other studies; whereby, baicalein exerts the strongest 

anti-oxidative effects compared to other flavonoids in radix of Scutellaria baicalensis 

(Gao et al., 1999, Perez et al., 2009).  

 

Previous cellular and animal studies have found that baicalein inhibits oxidative 

stress-induced damages. For example, some studies have shown that baicalein reduces 

intracellular ROS-induced damages by H2O2 in different cell types; hence, attenuates 

mitochondrial dysfunction (Kang et al., 2012) and DNA damage (Kim et al., 2012). 

The protective effect of baicalein against mitochondrial dysfunction is possibly 

mediated by the inhibition of lipid peroxidation (Zhang et al., 2010). Factors such as 
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mitochondrial dysfunction have been suggested to play an important role in 

neurological diseases including Parkinson’s disease (Hald and Lotharius, 2005). 

Studies on baicalein have also demonstrated its ability to reduce the production of 

ROS and inhibit the 6-hydroxydopamine-induced changes of mitochondrial 

membrane potential and redox activity (Wang et al., 2013). In addition to in vitro 

studies, baicalein effectively suppresses the myocardial oxidative stress induced by 

doxorubicin and the cisplatin-induced renal oxidative stress in mice (Sahu et al., 2016, 

Sahu et al., 2015). Baicalein also ameliorates the oxidative stress in brain and shows 

neuroprotective effect by promoting the cell survival and preserving the motor and 

memory functions in different animal models (Lapchak et al., 2007, He et al., 2009). 

Due to its anti-oxidative property, baicalein is suggested to be a potential treatment 

for Alzheimer’s disease (Zhou et al., 2016) and Parkinson’s disease (Sarrafchi et al., 

2016). 

 

A 

 

B 

 
Figure 1.3 Molecular structures of A) chalcones and B) flavones 
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1.5.1.2 Anti-inflammation 

Previous research have suggested that baicalein has therapeutic potential for various 

inflammatory diseases including autoimmune hepatitis, osteoarthritis, chronic renal 

and neurodegenerative diseases (Firuzi et al., 2011, Dinda et al., 2017, Turner et al., 

2014). Inflammation causes activation of different pro-inflammatory cytokines such 

as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and IL-6 (Jaffer et al., 

2010). Data from both in vivo and in vitro studies have demonstrated that baicalein 

exhibits anti-inflammatory properties (Lee et al., 2015). For example, it has been 

observed that baicalein can significantly ameliorate the amount of macrophages and 

lymphocytes in bronchoalveolar lavage fluid and cytokine expression in lung tissue 

during pulmonary carcinogenesis-associated inflammation (Chandrashekar et al., 

2012). Moreover, it inhibits protein and mRNA expression of cytokines against 

carbon tetrachloride-induced damage and inflammation in the liver (Huang et al., 

2012), and after controlled cortical impact injury in the neurons and microglia of 

rodents (Chen et al., 2008). In addition, it has been reported that baicalein ameliorates 

kidney fibrosis by inhibiting pro-inflammatory cytokines such as TNF-α, IL-1β, and 

monocyte chemotactic proteins by abolishing the activation of nuclear factor-κB and 

mitogen-activated protein kinase cascades (Wang et al., 2015b). Similarly, studies 

have shown that baicalein inhibits the expression of cytokines through inhibition of 
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nuclear factor-κB pathway primary human umbilical vein endothelial cells (Lee et al., 

2015), human mast cells (Hsieh et al., 2007) and murine macrophages cells (Fan et al., 

2013). 

 

1.5.1.3 Anti-apoptosis 

Apoptosis or “programmed cell death” refers to a morphologically distinct form of 

cell death that involves numerous processes such as cell shrinkage, nuclear 

condensation, blebs development, membrane fragmentation and phagocytosis of 

apoptotic cells (Saikumar et al., 1999). Several studies have demonstrated the 

potential anti-apoptotic effects of baicalein on neurodegenerative disorders including 

Alzheimer's and Parkinson’s diseases (Sowndhararajan et al., 2017, Mattson, 2000, 

Lebeau et al., 2001). In cancer treatment, baicalein has been shown to have a 

protective effect by inducing cell cycle arrest in cancer cells (Gao et al., 2016, Min, 

2009). Extensive in vitro studies have shown that baicalein inhibits apoptosis in 

6-hydroxydopamine-treated SH-SY5Y cells (Mu et al., 2009), H2O2-treated lung 

fibroblast cells (Kim et al., 2012) and PC12 cells derived from pheochromocytoma of 

the rat adrenal medulla (Zhang et al., 2010). It has been found that the anti-apoptotic 

effects of baicalein in rat cortical neuron cultures treated with amyloid β peptide Aβ 

(25-35) is associated with c-Jun-dependent apoptotic pathway (Lebeau et al., 2001). 
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Consistent with in vitro results, studies using rats have found that baicalein attenuates 

amnesia and neuronal loss induced by Aβ (25-35) (Wang et al., 2004). In addition, 

baicalein has been found to improve retinal functions and reduce apoptotic RGC loss 

in rats with retinal ischemia (Chao et al., 2013).  

 

1.5.2 Baicalein as a potential anti-glaucoma agent 

Recently, increasing evidence demonstrates that baicalein may be a good therapeutic 

agent for neurological disorders including ischemic brain injury, stroke, Alzheimer’s 

and Parkinson’s diseases (Liang et al., 2017, Li et al., 2017). Numerous studies have 

demonstrated that baicalein possesses the following properties: 1) ameliorate neuronal 

cell death and brain microvasculature damage induced by 12/15-lipoxygenase (Jin et 

al., 2008); 2) alleviate mitochondria dysfunction, cognitive and motor impairments in 

rats with chronic cerebral hypoperfusion (He et al., 2009); and 3) reduce oxidative 

stress mediated by middle cerebral artery occlusion through the PI3K/Akt and 

Phosphatase and tensin homolog pathway (Liu et al., 2010a). Recent studies have 

demonstrated that it can protect neurons from ischemic and oxidative damage in 

different models of neuropathy (Chao et al., 2013, Hanneken et al., 2006, Maher and 

Hanneken, 2005), suggesting its potential significance for the prevention of 

glaucomatous optic neuropathy (Xiao et al., 2014). 
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A study of seawater killifish has shown that baicalein modulates transepithelial Cl- 

secretion in the opercular epithelium (Marshall et al., 1993). Subsequently, baicalein 

has been reported to increase cyclic adenosine monophosphate-dependent Cl- 

secretion across the colonic mucosa of rats (Ko et al., 2002). Consistent with the 

results obtained from rats, baicalein is also found to regulate Ca2+-dependent Cl- 

secretion in human intestinal T84 cells (Yue et al., 2004). Since the secretion of AH is 

driven primarily by a transepithelial Cl- transport across the ciliary epithelium (Do 

and Civan, 2004), there is a possibility that baicalein may regulate AH inflow and IOP. 

We have previously demonstrated that the addition of baicalein to the aqueous surface 

unexpectedly inhibits the short-circuit current (Isc) by 60-70% in excised porcine 

ciliary epithelium (Xiao, 2015); thus, suggesting that baicalein may suppress net Cl- 

secretion and AH inflow. In parallel with this finding, baicalein is found to reduce the 

net fluid movement by ~35% across isolated porcine ciliary body when added to the 

aqueous surface (Xiao, 2015). The baicalein-triggered Isc inhibition can be abolished 

when the tissue preparation is pretreated with either aqueous niflumic acid, a Cl- 

channel blocker or by replacing Cl- in the bath. This suggests that its effect may 

possibly be mediated by the inhibition of NPE Cl- channel activities. Subsequently, 

we have demonstrated that baicalein inhibits the swelling-activated Cl- channels in 
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native porcine NPE cells using whole-cell patch clamp configuration, further 

supporting the potential significance of baicalein in reducing AH inflow. 

 

Based on the published literature, baicalein is believed to play a role in the regulation 

of conventional outflow facility. First of all, baicalein regulates Cl- secretion (Yue et 

al., 2004), particularly through swelling-activated Cl- channels in the ciliary 

epithelium (Xiao, 2015). This suggests that baicalein may likely be involved in 

modulating TM cell volume, contributing to the regulation of outflow resistance (Soto 

et al., 2004). Second, the chemical structure of baicalein shares some similarities to 

that of genistein, which is a tyrosine kinase inhibitor (Evers et al., 2005, Po et al., 

2002). The inhibition of tyrosine kinase has been demonstrated to increase the 

relaxation of TM at both the cellular and tissue levels (Stumpff et al., 1999, 

Wiederholt et al., 1998); hence, increasing outflow facility (Wiederholt et al., 2000). 

Moreover, baicalein has been found to induce ECM remodeling by altering cell-ECM 

interaction and cell migration in different cell types (Liu et al., 2003, Liu et al., 2016), 

suggesting that it can potentially modulate ECM deposition in the TM.  

 

The loss of TM cells may also contribute to increased outflow resistance because of 

reduced degradation of ECM materials (Tektas and Lütjen-Drecoll, 2009, Gabelt and 
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Kaufman, 2005). The decrease in TM cellularity may be due to damages triggered by 

oxidation and inflammation. As mentioned before, it has been revealed that oxidative 

stress and inflammation responses are upregulated in glaucoma (Ichhpujani and 

Kumar, 2019). Baicalein has been shown to exhibit anti-inflammatory, anti-oxidative, 

and anti-apoptotic effects in both in vivo and in vitro studies (Chen et al., 2008, Zhang 

et al., 2017, Lee et al., 2015, Su et al., 2000, Kang et al., 2012). Therefore, the 

anti-inflammatory and anti-oxidative properties of baicalein may help improve the 

survival of TM cells and restore its role in maintaining IOP within the normal range. 

 

1.6 Objective 

Glaucoma is a sight-threatening eye disease with unclear pathogenesis. Lowering IOP 

continues to be the mainstay treatment for glaucoma. Despite this, there are several 

limitations and constraints with the existing treatment paradigm; thereby, 

compromising patient compliance and treatment prognosis. As a result, there is an 

urgent need for developing a safe, potent, and long-lasting anti-glaucoma agent for 

clinical use.  
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Currently, all anti-glaucoma medications act by either suppressing AH secretion or 

facilitating AH drainage. Baicalein is a natural compound that can be readily found in 

vegetables with low toxicity reported. The therapeutic significance of baicalein 

against sight-threatening ocular diseases including glaucoma has not been fully 

explored. We have previously demonstrated that baicalein inhibits the secretion of AH 

production, supporting its potential role in regulating AH dynamics. It is likely that 

baicalein may also be involved in the regulation of conventional outflow facility, 

which is considered as the major factor responsible for elevated IOP. Baicalein has 

been shown to regulate fluid secretion, cell contraction and migration, as well as ECM 

composition in other cell types (Ko et al., 2002, Marshall et al., 1993, Oh et al., 2012, 

Liu et al., 2003, Dinda et al., 2017). We have yet to establish whether or not baicalein 

mediates its effects by modulating the volume regulation, contractility and migratory 

properties, and ECM reorganization in TM cells.  

 

Given the complexity of the AH outflow pathway, it is important to adopt a highly 

sensitive and accurate evaluation of differential protein expression. Hence, we 

adopted the latest proteomics technology with state-of-the-art bioinformatics 

platforms to examine the cellular mechanisms underlying baicalein-mediated 

facilitation of outflow facility. This has been useful to determine the clinical relevance 
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of baicalein in regulating AH dynamics. By monitoring differential protein 

expressions at different times, we can evaluate the longitudinal changes in protein 

profiles after baicalein treatment. The analysis of proteomics data not only provided 

information regarding targeted candidates but also generated new insights into the 

involvement of other cellular mechanisms involved in the signaling cascade. As 

baicalein is known to exhibit anti-apoptotic, anti-inflammatory, and anti-oxidative 

properties in other cell types, the elucidation of these signaling cascades will provide 

new insights into novel targets for the restoration of normal functions of TM cells. 

 

In this study, we aimed to establish whether baicalein: 1) increases the conventional 

outflow facility in ex vivo mouse eyes; 2) is involved in the modulation of volume, 

contractility and migration of TM cells; 3) alters the expression of ECM and 

cytoskeleton proteins in TM cells; 4) participates in other signaling pathways that may 

be beneficial to glaucoma through its anti-apoptotic, anti-inflammatory, and 

anti-oxidative mediated cellular changes; and 5) produces detectable changes in IOP 

following treatment through various drug administration routes.  
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Chapter 2 Methodology 

2.1 Preparation of baicalein solution 

Given that baicalein has a limited solubility in water, it is frequently dissolved in 

organic solvents such as DMSO. In this study, we attempted to increase its solubility 

by dissolving it in 20% 2-hydroxypropyl-β-cyclodextrin (BCD). BCD is a cyclic 

oligosaccharide. It acts by encapsulating the drug inside a hydrophobic cavity to form 

an inclusion complex; thus, increasing the solubility of the hydrophobic compound 

(Liu et al., 2006a). BCD has been reported to have minimal adverse effects in animal 

and human studies (Gould and Scott, 2005).  

 

Transepithelial Cl- secretion has been considered to be a major driving force for 

aqueous humor formation across the ciliary epithelium (Kong et al., 2006, Do and To, 

2000). With the modified Ussing-Zerahn-type chamber, we have previously 

demonstrated that baicalein, when dissolved in DMSO, inhibited Isc in a 

concentration-dependent manner after adding to the aqueous surface (Xiao, 2015). 

Significant Isc inhibition was only detected when the concentration of baicalein was 

≥50 µM. At 50 and 100 µM, baicalein reduced Isc by 24% and 51%, respectively. No 

significant Isc inhibition was observed at 10 µM or below (Xiao, 2015). Using the 

same experimental setup, in Figure 2.1, we showed that baicalein dissolved in 20% 
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BCD produced a significant inhibition in Isc from 0.1 µM to 100 µM (n=19, p<0.001). 

In Figure 2.2, we showed that baicalein, when dissolved in 20% BCD, inhibited Isc at 

a much lower concentration (e.g. from 0.1 µM to 50 µM) compared to baicalein when 

dissolved in DMSO. At 0.1 µM, baicalein significantly inhibited Isc by 21%. As a 

result, BCD was chosen as a solvent to enhance the solubility of baicalein in all 

subsequent studies.   

 

 
Figure 2.1 Effects of baicalein (0.1, 1, 10 and 100 μM), when administrated to the aqueous 

side, on normalized short-circuit current (Isc) across the excised porcine ciliary epithelium. 

Results are expressed as Mean ±SEM (n=19; p<0.001; one-way repeated measures 

ANOVA). 
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Figure 2.2 Effect of baicalein dissolved in DMSO (Xiao, 2015) compared to 20% BCD  

corresponding to the percentage Isc inhibition across excised porcine ciliary epithelium when 

administrated to the aqueous side. 

 

In this project, baicalein was dissolved in PBS with 20% BCD. Hydrochloric acid was 

used to adjust the pH to 7.4. Baicalein was obtained from Cayman Chemical Co. 

(Cayman Chemical, MI, USA) while BCD and other drugs were purchased from 

Sigma-Aldrich (St. Louis, MO, USA).   
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2.2 Ex vivo study  

Measurement of conventional outflow facility 

Freshly enucleated eyes from adult C57BL/6J mice (C57 mice) were used. C57 mice 

was chosen because they show similar anatomical structures of the outflow pathway 

and response to anti-glaucoma drugs as in human eyes (Overby et al., 2014a, Smith et 

al., 2001, Boussommier Calleja et al., 2012). All experiments were performed in 

compliance with the Association for Research in Vision and Ophthalmology 

Statement for the Use of Animals in Ophthalmic and Vision Research. The 

measurement of conventional outflow facility was determined by the 

constant-pressure perfusion system. The details of the outflow measurements have 

been previously summarized (Millard et al., 2011, Sumida and Stamer, 2010, Lei et 

al., 2011). Briefly, enucleated mouse eye was kept in a water chamber at 37˚C. Then, 

the eye was cannulated by inserting a 33-gauge beveled NanoFil needle tip (World 

Precision Instruments) into the anterior chamber through the cornea using a 

micromanipulator. The needle was connected to a reservoir, a pressure transducer 

(model 142PC01G; Honeywell, Morristown, NJ) and a glass syringe (50 μl; Hamilton, 

Reno, NV) connected to a motorized syringe pump (PHD 2000 Syringe Pump, 

Harvard Apparatus). The flow rate to the perfused eyes could be adjusted under a 

computerized program (LabVIEW Software; National Instruments) to maintain the 
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desired pressures. A schematic diagram illustrating the experimental setup for outflow 

facility measurement is presented in Figure 2.3. After the intracameral cannulation, 

the eye was then perfused with Dulbecco's phosphate-buffered saline (PBS) 

containing 5.5 mM D-glucose (referred to as “DBG”). Baicalein and vehicle (BCD 

only) were added to the perfusates of both experimental and control eyes, respectively, 

and perfused to the eyes for at least 30 minutes at 8 mmHg during the equilibration 

period. Thereafter, the outflow facilities of both baicalein-treated and vehicle-treated 

eyes were determined by measuring flow rates at sequential pressure steps (i.e., 4, 8, 

12, 16, and 20 mmHg). The outflow facility was then derived from linear regression 

analysis between flow rates and pressure applied. Comparisons were made between 

baicalein-treated and vehicle-treated eyes of the same animal. Y39983, a selective 

ROCK inhibitor, which is known to increase conventional outflow facility, was used 

as a control for comparison. 
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Figure 2.3 Schematic diagram showing the measurement of conventional outflow facility in 

enucleated mouse eyes. 

 

2.3 In vitro study  

2.3.1 Human trabecular meshwork (hTM) cell culture 

Human trabecular meshwork (hTM) cells were obtained from Prof. W. Daniel Stamer 

at the Department of Ophthalmology, the Duke University School of Medicine. These 

hTM cells were isolated from six human donors (aged from 3 months to 88 years old) 

with no known eye diseases and had been characterized previously (Keller et al., 2018, 

Stamer et al., 1995, Stamer et al., 2000). The primary hTM cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM, Low glucose; Invitrogen), containing 
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penicillin (100 units/ml), streptomycin (100 mg/ml), glutamine (0.29 mg/ml), and 

10% fetal bovine serum (FBS) (Invitrogen) and incubated at 37°C until confluence. 

Subsequently, 1% FBS was used and incubated for at least a week before the 

experiments. 

  

2.3.2 Measurement of cell viability and proliferation  

2.3.2.1 Measurement of cell viability by Trypan blue exclusion assay 

The cytotoxicity of baicalein was evaluated by Trypan blue exclusion assay according 

to the reported methodology (Honjo et al., 2007, Strober, 2015). Confluent hTM cells 

seeded on 24-well plates were incubated in serum-free DMEM overnight before 

treatment. Subsequently, 1, 10, and 100 µM baicalein, vehicle, or PBS were added to 

the cells and incubated for 2 and 4 days. After drug treatment, cells were harvested 

with 0.25% trypsin at 1,500 rpm for 5 minutes. Cells were then re-suspended in PBS 

and mixed with 0.4% Trypan blue in a 1:1 ratio for about 3 minutes. Cell counting 

was conducted within 3-5 minutes after mixing with Trypan blue. 10 µl of Trypan 

blue/cell mixture was applied to a hemacytometer. A total of 300 unstained (viable) 

and stained (dead) cells were counted. The cell viability was determined by the 

following equation: 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣 =  
𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝐶𝐶𝑁𝑁 𝑜𝑜𝑜𝑜 𝑁𝑁𝑢𝑢𝑢𝑢𝑣𝑣𝑣𝑣𝑣𝑣𝑢𝑢𝐶𝐶𝑢𝑢 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢
𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝐶𝐶𝑁𝑁 𝑜𝑜𝑜𝑜 𝑣𝑣𝑜𝑜𝑣𝑣𝑣𝑣𝐶𝐶 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢

× 100% 

 

2.3.2.2 Measurement of cell proliferation by MTT assay 

The proliferation of hTM cells was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2, 

5-diphenyltetrazolium bromide (MTT) (Thermo Fisher Scientific) assay according to 

the manufacturer’s instruction (Honjo et al., 2007). MTT assay is a colorimetric assay 

that provides a rapid and convenient method for evaluating cell proliferation. In MTT 

assay, a yellow water-soluble tetrazolium salt MTT was reduced to purple 

water-insoluble formazan crystals by the proliferating cells. The insoluble formazan 

crystals were subsequently dissolved, resulting in a color change which can be 

quantified by measuring light absorbance at around 570 nm using a microplate reader 

or spectrophotometer (Mosmann, 1983, Wang et al., 2010b). 

 

A total of 5 x 103 hTM cells per well were seeded in 96-well plates in culture medium. 

Prior to the experiments, the cells were incubated overnight with serum-free DMEM. 

Baicalein at various concentrations (1, 10, 100 µM), vehicle or PBS were added to the 

cells and incubated for 2 and 4 days. After treatment, 10 µl of 12 mM MTT in PBS 

was added and incubated at 37˚C for 4 hours. 50 µl DMSO was added into the 

medium and incubated in the dark for 10 minutes with gentle shaking. The absorbance 
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at 570 nm was measured by an AO microplate reader (Azure Biosystems Inc, CA, 

USA). 

 

2.3.3 Effects of baicalein on cell volume regulation under isotonic and hypotonic 

conditions  

The effects of baicalein on cell volume was monitored by electronic cell sorting as 

previously described (Li et al., 2011a, Yantorno et al., 1989). hTM cells were seeded 

in T-75 culture flask until confluence. Cells were harvested by incubating with 0.25% 

trypsin for 3 minutes. Afterwards, cells were centrifuged at 1,500 rpm for 5 minutes. 

The cell pellets were re-suspended in 30 ml of isotonic solution with a 40 μm nylon 

cell strainer (Falcon, Corning, NT, USA) and settled for 30 minutes. The isotonic 

bathing solution contained (in mM): 110 NaCl, 1.2 MgCl2, 4.7 KCl, 2.5 CaCl2·H2O, 

1.2 KH2PO4, 30 NaHCO3, 15 HEPES and 10 glucose (290-305 mOsmol/kg H2O, pH 

= 7.4) (Mitchell et al., 2002). Real-time cell volume measurements were conducted 

with a Coulter Counter (Multisizer 3, Beckmann Coulter, Inc., Fullerton, CA) with a 

100 μm aperture tube. When the cells passed through the aperture tube, alterations of 

electrical resistance followed due to the difference in distance between the cells and 

the aperture wall caused by the cell volume changes (Bryan et al., 2012, Don, 2003). 

A schematic diagram showing the measurements of cell volume change is presented 
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in Figure 2.4. Cell volume was determined by the peak of distribution function 

throughout the experiment. Under equilibration period, hTM cell volume was 

monitored every 5 minutes for 20-30 minutes. Subsequently, baicalein (1, 10, and 100 

µM) or vehicle was added to the isotonic bathing solution. Cell volume was 

monitored at 2.5, 5, 10, 15, 20, 25 and 30 minutes after drug treatment. 

 

The regulatory volume decrease (RVD) was achieved by exposing the hTM cells to 

hypotonic solution for 30 minutes. The hypotonic solution was prepared similar to 

that of isotonic solution except that the final NaCl concentration was reduced from 

110 mM in the isotonic solution to 37 mM in the hypotonic solution (150-160 

mOsmol/kg H2O, pH = 7.4). Cell volume was continuously monitored at 2.5, 5, 10, 15, 

20, 25 and 30 minutes after hypotonicity. 
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Figure 2.4 Schematic diagram showing the measurements of real-time cell volume changes 

 

2.3.4 Measurement of cell contractility 

2.3.4.1 Measurements of hTM cell contractility with collagen gel assay 

The collagen gel (1.5 mg/ml) was prepared by mixing 4.42 mg/ml collagen (BD 

Bioscience, Bedford MA) with 10x PBS, 1M sodium hydroxide and water, according 

to previously published protocol (Dismuke et al., 2014, Luna et al., 2012). Primary 

hTM cells were harvested and seeded on the collagen gel (1.5 × 105 cell/cm2) in a 

48-well plate at 37˚C in 5% CO2 / 95% air for 24 hours. Cells were then changed to 

serum-free media for an overnight incubation. The collagen gels were detached from 

the well using 200 µl MultiFlex round tips (SorensonTM BioScience, Inc.) and settled 
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in an incubator at 37°C for 9 hours (Dismuke et al., 2014). Baicalein (at various 

concentrations) and vehicle were added and incubated for 3 and 6 hours. Carbachol (5 

μM) was used as a control (Rosenthal et al., 2005). The gel area was monitored at 

baseline and at 3 hours and 6 hours after drug treatment. Measurements of gel areas 

were determined using the Motic analysis program (Moticam BTW 8, MMS 

Microscopes, UK). 

 

2.3.4.2 Measurements of phosphorylated myosin light chain (MLC) expression 

Phosphorylation of MLC was used to determine cell contraction in hTM cells. In our 

experiments, the effect of baicalein on phosphorylated MLC (pMLC) as the 

percentage of total MLC protein expression was investigated by Western blot analysis 

(Rosenthal et al., 2005, Dismuke et al., 2014, Rao et al., 2005). The primary hTM 

cells were plated and incubated at 37°C until confluence. Cells were treated with 

various concentrations of baicalein (1, 10 and 100 µM) or vehicle for 5 minutes. hTM 

cells were rinsed with ice-cold PBS, scraped and lysed in lysis buffer (7 M urea, 2 M 

thiourea, 30 mM TRIS, 2% CHAPS and 1% ASB14, pH = 8.5) with phosphatase and 

protease inhibitors. Samples were then sonicated in ice water to complete cell lysis, 

followed by the determination of protein concentrations using Bradford protein assay 

(Bio-Rad, Hercules, CA, USA). After that, 30 µg proteins were mixed with 
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β-mercaptoethanol and Laemmli Sample Buffer (BioRad, Hercules, CA, USA). 

Samples were heated at 95°C for 5 minutes, cooled on ice and loaded into 12% 

polyacrylamide gels. PageRuler™ Prestained Protein Ladder (10 to 180 kDa) 

(Thermo Scientific, Waltham, MA, USA) was loaded to the gel for the determination 

of protein size. After fractionation in SDS-PAGE gel, proteins were transferred onto 

polyvinylidene fluoride (PVDF) membranes following the published procedures 

(Mahmood and Yang, 2012). The membranes were blocked with 10% milk in 

Tris-buffered saline with Tween®20 (TBST) for 1 hour under room temperature in 

order to block the non-specific binding. It was then incubated overnight with primary 

(1:1000) antibodies at 4°C for the detection of phosphor-specific MLC 2 

(Thr19/Ser18) and MLC 2. The blot was washed by TBST three times (10 minutes 

each) at room temperature and incubated with secondary antibodies (1:5000) for 1 

hour. After washing the blot by TBST three times, the blots were developed using 

Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare - Life 

Sciences) for 5 minutes and subsequent exposure in ChemiDocTM MP Imaging 

System (Bio-Rad). The changes in signal intensity of pMLC and MLC were 

determined by Image Studio Lite (version 5.2). 
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2.3.5 Measurement of cell migration 

hTM cells were incubated overnight with serum-free DMEM before the experiments. 

The hTM cell monolayer was scratched by a 200 µl pipette tip to create a gap area at 

the center of the well (Figure 2.5), similar to previous studies (Koga et al., 2006, Yee 

et al., 2007). The center of the gap area (cross) was used as the reference point. 

Subsequently, vehicle and various concentrations of baicalein was added and 

incubated for a period of up to 4 days. Movement of hTM cells into the gap area was 

photographed by a light microscope (Nikon Eclipse Ti-S, Melville, NY) at baseline, 2 

and 4 days after drug treatment. The gap area was calculated using ImageJ (version 

1.49) software and represented as a percentage of the initial gap area. As shown in 

Figure 2.6, the normalized gap area was calculated by the ratio of gap area after 

treatment to its initial gap area taken at baseline. 

 

 
Figure 2.5 The center cross created by a 200 µl pipette tip at the center of the well. 
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A 

 

B 

 
Figure 2.6 The gap area measured by ImageJ for cell migration experiment. A) Gap area 

before treatment on day 0 (initial gap area). B) Gap area after treatment. The normalized area 

gap was derived from the ratio of gap area after treatment to its initial gap area. 

 

2.3.6 Proteomics study of hTM cells following baicalein treatment 

2.3.6.1 Cell preparation 

In order to determine the acute and relatively long-term effects of baicalein on protein 

changes in hTM cells, two time points (i.e. 3 hours and 2 days) were chosen. 

Baicalein (10 µM) or vehicle was added to the preparations and incubated for 3 hours 

and 2 days, respectively. 

 

Cells were harvested by 0.25% trypsin. Cell pellets were washed twice with PBS 

before centrifugation at 1,500 rpm for 5 minutes. A 1 ml lysis buffer composed of 7 

M urea, 2% CHAPS, 0.1 M TEAB and protease inhibitor was added to the sample. 
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The lysate was then sonicated on ice for 30 minutes and centrifuged for 15 minutes at 

4˚C. Subsequently, supernatants were collected and protein concentration was 

determinate by Bradford protein assay.  

 

2.3.6.2 Sample preparation for iTRAQ reagent- 8plex 

Samples were mixed with 100% acetone in a 1:4 ratio for acetone precipitation 

overnight at -20˚C. After a 15,000 rpm centrifugation for 30 minutes at 4˚C, 

supernatants were discarded and 500 µl of 80% acetone was added to the pellets for 5 

minutes. Later, the samples were centrifuged for 20 minutes at 4˚C. Supernatants 

were removed and the pellets were dried up by speed-vac at 4˚C.  

 

After collecting the sample pellets, proteins were reduced and blocked by cysteine 

according to the following procedures. The pellets were re-suspended in 10 µl 7 M 

urea in 0.5 M TEAB. Protein concentrations were measured by Bradford protein assay 

(Bio-Rad, Hercules, CA, USA). 50 µg of protein was collected from each sample and 

the volume was equalized among samples with the same buffer. A 1 µl reducing 

reagent, TCEP, was added to all samples and incubated at 37˚C for 1 hour. Then, 0.5 

µl cysteine blocking reagent was added to each sample. The samples were thoroughly 

mixed, spun down and incubated at room temperature for 10 minutes. 
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Double-distilled water was added to the samples to dilute TEAB from 0.5 M to 0.1 M. 

Then 0.1 M TEAB was added to obtain a final concentration of 1 M uvea. Proteins 

blocked by cysteine were digested by trypsin. Samples were incubated at 37˚C with 

0.5 µg/µl trypsin (1: 20 trypsin to total protein) for 16 hours with gentle agitation. 

 

Before labeling, a total of 9 µl proteins were collected from all samples. ZipTip 

(ZipTip C18, Millipore) was used to clean up the samples. 10 µl 100% acetonitrile 

(ACN) was aspirated and dispensed 3 times. Afterwards, aspiration / dispensation was 

repeated with 0.1% formic acid (FA). The samples were then pipetted slowly up and 

down 10 times. After loading the peptides to ZipTip, 0.1% FA was loaded and 

discarded 3 times, which was repeated with 5% methanol in 0.1% FA. Sample 

peptides were finally eluted from ZipTip by pipetting up and down 10 µl 60% ACN in 

0.1% FA for five times. The peptide concentration was measured by peptide assay 

(PieceTM Quantitative Colormetric Peptide Assay, Thermo Scientific) and the peptide 

concentration was equalized to 0.5 µg/µl using 0.1% FA. A peptide ion library was 

constructed using data-dependent acquisition (DDA) from the collected sample 

peptides (4 µg). 
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After DDA, the sample digests were dried at 4˚C by speed-vac. 12.5 µl TEAB (0.5 M) 

was added to dissolve the peptides. Each digest was labeled by iTRAQ® 

Reagent-8-plex and mixed with 50 µl isopropanol. The digested sample was labeled 

by 25 µl of the mixed iTRAQ® Reagent-8plex for 2 hours at room temperature. After 

labeling each sample, the contents of each iTRAQ® Reagent-8plex-labeled samples 

were combined and mixed. The combined labeled sample was dried at 4˚C by 

speed-vac and cleaned by ZipTip.  

 

2.2.6.3. Mass spectrometry acquisition 

Analysis was done by using a reverse phase high pressure liquid chromatography 

electrospray ionization tandem mass spectrometry (RP-HPLC-ESI-MS/MS) 

TripleTOF® 6600 mass spectrometer (AB SCIEX; Framingham, US) with Analyst 

TF 1.7 software.  

 

For DDA, iTRAQ labeled peptides (2 µg) were loaded on to a trap column (350 µm x 

0.5 mm, C18) by loading buffer (0.1% FA, 2% acetonitrile in water) at 2 µl/min for 

15 minutes. It was then separated on a nano-LC column (100 µm x 30 cm, Smartube 

C18, 5 µm) using an Ekisgent 415 nano-LC system. 
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Solvent A: 0.1% formic acid, 2% acetonitrile in water and Solvent B: 0.1% formic 

acid, 98% acetonitrile in water were used in the loading and separating procedures, 

respectively. The details are listed in Table 2.1.  

 

Table 2.1 Details of Solvent A and Solvent B during MS acquisition. 

Loading gradient 

Time (min) Flow rate of solvent A (µl /min) Flow rate of solvent B (µl /min) 

0 2 0 

15 2 0 

Separation gradient 

Time (min) Solvent A (%) Solvent B (%) 

0 95 5 

0.5 90 10 

90 80 20 

120 72 28 

130 55 45 

135 20 80 

140 20 80 

141 95 5 

155 95 5 

 

DDA: TOF-MS mass scan was set from 350 m/z to 1,800 m/z with 250 ms 

accumulation time, followed by 100 m/z – 1,800 m/z for MS/MS scans in high 

sensitivity mode with 100 ms accumulation time of up to top 20 ion candidates per 

cycle. Ions with charge state 2 to 5 that exceeded a threshold of 125 count per second 
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(cps) was counted for MS/MS. Rolling collision energy (CE) was selected to trigger 

collision-induced dissociation and adjusted CE when using iTRAQ reagent was 

selected. 

 

2.3.6.4 Liquid Chromatography and MS Analysis 

Data-dependent acquisition was searched against Homo sapiens Uniprot reviewed 

database (version, 26095 entries). Protein identification (ID) was acquired using the 

ProteinPilot 5.0 software (SCIEX). iTRAQ-8-plex (peptide labeled) was selected as 

the sample type, and trypsin was selected as the enzyme. Other parameters selected 

include: cysteine alkylation using MMTS, thorough search effort, biological 

modification, quantitate, bias correction and background correction. A 1% false 

discovery rate (FDR) was set as the filter for protein identification. Only proteins 

containing at least 2 peptides were analyzed for quantification.  

 

The Protein ANalysis THrough Evolutionary Relationships (PANTHER) 

classification system (version 15 released on Feb, 2020, analysis performed on March 

2020) (Geneontology Unifying Biology) was used for the protein classification for all 

significantly regulated proteins (p<0.05) based on gene ontology analysis (homo 

sapiens). The imported proteins were classified in terms of molecular functions, 
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protein classes, cellular component-cellular anatomical entity and biological 

processes.  

 

Online Search Tool for the Retrieval of Interacting Genes (STRING) (version 11 

released January 2019, analysis performed on March 2020, http://www.string-db.org/) 

was used to investigate the protein-protein interaction (PPI) network for all 

significantly regulated proteins (p<0.05). The minimum interaction score was set to 

medium confidence (0.4) for the PPI network.  

 

To perform a comprehensive analysis of protein database after baicalein treatment at 

different time points (i.e. 3 hours and 2 days), software ingenuity pathway analysis 

(IPA, Ingenuity Systems) was used for upstream regulator analysis and ingenuity 

canonical pathways analysis. Only iTRAQ protein database with at least 2 unique 

peptides were imported for analysis. The species was set to human and a p value of 

<0.05 (paired t-test) was adopted. The possible upstream regulator and ingenuity 

canonical pathways were predicted by the calculated significance using the Core 

Analysis in IPA. It was based on a comparison between database of Ingenuity® 

Knowledge Base and the input protein list.   

  

http://www.string-db.org/
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2.3.7 Verification of MS results by quantitative polymerase chain reaction 

Quantitative PCR (qPCR) was used to validate and quantify the gene expression of 

the targeted proteins (Wilhelm and Pingoud, 2003, Kubista et al., 2006).  

  

2.3.7.1 Primer design  

Pyruvate dehydrogenase E1 component subunit beta (PDHB, P11177), 

proliferation-associated 2G4 (PA2G4, Q9UQ80) and arylsulfatase B (ARSB, P15848) 

were selected for validation. Moreover, these protein coding genes were previously 

reported in the TM and/or potentially involved in signaling pathways related to 

glaucoma. The corresponding mRNA sequences were searched from the database of 

National Center for Biotechnology Information, U.S. National Library of Medicine 

(NCBI). The primers were designed from online Primer3 software tool (Steve Rozen) 

and confirmed with the database of NCBI (NCBI). Human 18S ribosomal RNA 

(X03205.1) was used as the internal control for the normalization of target gene 

expression (Nakajima et al., 2005). Table 2.2 lists the genes responsible for the target 

proteins, and the primers sequences of each target gene.  
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Table 2.2 Primer sequences of pyruvate dehydrogenase E1 component subunit beta, 

proliferation-associated 2G4, arylsulfatase B and human 18S ribosomal RNA used for qPCR. 

Gene Corresponding proteins Sequence (5'-3') 

huPDHB 
Pyruvate dehydrogenase E1 
component subunit beta, 
mitochondrial OS 

Forward strand: 
CTGCAGGTGACAGTTCGTGA 

Reverse strand: 
TTCTTCCACAGCCCTCGACT 

huPA2G4 Proliferation-associated 2G4  

Forward strand: 
AAGGCCTCCAAGACTGCAGA 

Reverse strand: 
AGTCTGGGGTTTGGTGGGAA 

huARSBv1 Arylsulfatase B  

Forward strand: 
ACTGCCATCACCTCCCACTT 

Reverse strand: 
TGGGAGGACAGCAGCGATAA 

huRN18S Human 18S ribosomal RNA 

Forward strand: 
GTGGTGCATGGCCGTTCTTA 

Reverse strand: 
ATTGCTCAATCTCGGGTGGC 

 

2.3.7.2 Sample collection and phase separation 

hTM cells were treated with baicalein or vehicle and were harvested by 0.25% trypsin. 

The collected cell pellets were washed twice by PBS. Each sample was lysed by 1 ml 

TRIzolTM Reagent for 5 minutes at room temperature. 0.2 ml chloroform was then 

added to each sample and incubated at room temperature for 3 minutes. After 

centrifuging the samples at 12,000 g for 15 minutes at 4˚C, the upper clear aqueous 

layer was collected for RNA isolation.  
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2.3.7.3 RNA isolation 

Isopropanol (0.5 ml) was added to the aqueous layer collected from the samples as 

described in Section 2.2.7.2. It was incubated at room temperature for 10 minutes. 

After centrifuging the samples at 12,000 g for 10 minutes at 4˚C, the supernatant was 

discarded. The pellet was washed in 1 ml 70% ethanol and was centrifuged at 7,500 g 

for 5 minutes at 4˚C. The supernatant was discarded and the remaining RNA pellet 

collected was air dried and re-dissolved in 30 µl RNAase-free water. Finally, the 

samples were incubated at 60˚C for 15 minutes and stored at -80˚C before use.  

 

2.3.7.4 Reverse transcription from RNA to cDNA 

RNA concentration was measured by NanoDropTM Spectrometer (Thermo Scientific). 

The sample RNA concentration was calculated as follow:  

 

𝑅𝑅𝑁𝑁𝑅𝑅 𝑐𝑐𝑜𝑜𝑢𝑢𝑐𝑐𝐶𝐶𝑢𝑢𝑣𝑣𝑁𝑁𝑣𝑣𝑣𝑣𝑣𝑣𝑜𝑜𝑢𝑢 (µ𝑔𝑔 𝑁𝑁𝐶𝐶⁄ )

=
(𝑂𝑂𝐷𝐷260) × (𝑢𝑢𝑣𝑣𝐶𝐶𝑁𝑁𝑣𝑣𝑣𝑣𝑜𝑜𝑢𝑢 𝑜𝑜𝑣𝑣𝑐𝑐𝑣𝑣𝑜𝑜𝑁𝑁) × (40µ𝑔𝑔𝑅𝑅𝑁𝑁𝑅𝑅/𝑁𝑁𝐶𝐶)

1
𝑂𝑂𝐷𝐷260  𝑁𝑁𝑢𝑢𝑣𝑣𝑣𝑣

 

 

OD 260 was a reading taken at the wavelength of 260 nm.  
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1 µg RNA was collected for the reverse transcription process. High-capacity cDNA 

Reverse Transcription Kits (Applied Biosystems, Thermo Fisher Scientific) were used. 

2 µl 10x Reverse Transcription Buffer, 0.8 µl 25X dNTP mix (100 mM), 2 µl 10x 

Reverse Transcription Random Primers, and 1 µl MultiScribe Reverse Transcriptase 

were added to each RNA sample. RNAase-free water was added until the final sample 

volume reached 20 µl. The RNA samples were then loaded into thermal cycler: 25˚C 

for 10 minutes, 37˚C for 120 minutes, and 85˚C for 5 minutes. The samples were 

stored at -20˚C before use.  

 

2.3.7.5 Real-time polymerase chain reaction 

The cDNA samples collected from vehicle- and baicalein-treated hTM cells after 

reverse transcription (described in section 2.3.7.4) was diluted 10 times by 

RNAase-free water prior to measurement. qPCR mixture was prepared by 

LightCycler® 480 SYBR Green I Master, qPCR graded water, 10 nM forward and 

reverse primers (listed in Table 2.2) in ratio of 5:1:1:1. Then, 2 µl of the diluted 

cDNA (i.e. 10 ng cDNA) and 8 µl qPCR mixture were loaded into and mixed 

thoroughly in the LightCycler® 480 Multiwell Plate 96. For negative control, 2 µl of 

qPCR graded water and 8 µl qPCR mixture were loaded. Three technical replicates 

were prepared for each cDNA sample and negative control. 
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The 96-well plates were put into the LightCycler® 480 Instrument (Roche) for 

pre-incubation and amplification. During pre-incubation, the target temperature was 

set to 95˚C for 5 minutes in order to activate the DNA polymerase. In order to amplify 

the target DNA, the temperature was changed to 95˚C, 61˚C and 72˚C, 30 seconds 

each for 40 cycles. Signal was collected at the end of each cycle. The mRNA 

expression of the target gene was normalized with the internal control and compared 

between vehicle- and baicalein-treated samples.   

  

2.4 In vivo study  

2.4.1 Animals 

Adult male Sprague-Dawley rats (SD rats) and C57BL/6J mice (C57 mice) (aged 2-4 

months) were used in the experiments. Prior to the experiments, they were kept in 

cages with daily 12-hour light / dark cycles with unlimited food and water for at least 

a week. All animals were maintained and handled according to the Association for 

Research in Vision and Ophthalmology (ARVO) guidelines. All animal work were 

reviewed and approved by the Animal Subjects Ethics Sub-Committee (ASESC) of 

The Hong Kong Polytechnic University. 
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2.4.2 Non-invasive measurements of IOP in rodents 

These series of experiments served as a proof-of-concept to determine whether 

baicalein elicited any detectable reduction of IOP in rodents. Rebound tonometer 

(Tonolab, iCare, Finland), designed for IOP measurements in rodents was used for 

IOP measurements. At least three readings were taken and averaged for data analysis. 

Because of diurnal IOP variations, for some experiments, IOP measurements were 

conducted both in daytime and nighttime. All IOP measurements were conducted 

under awake conditions except for the initial experiments with intraperitoneal 

administration of baicalein. In that experiment, animals were anesthetized with 2% 

isoflurane inhalation during IOP measurements. 

 

2.4.2.1 Intraperitoneal injection of baicalein 

SD rats were used. Measurement of IOP was conducted daily (at the same time of the 

day) under anesthesia (2% isoflurane inhalation). IOP was monitored daily for at least 

3 days before and 4 weeks after drug treatment. There were two groups of animals. In 

the treatment group, 500 µl of baicalein solution at a concentration of 4 mg/kg was 

injected via intraperitoneal route once daily for 2 weeks. IOP measurements were 

conducted immediately before intraperitoneal drug administration. After 2 weeks, the 

concentration of baicalein was increased to a daily dose of 40 mg/kg for an additional 
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2 weeks. For the control group, a vehicle (instead of baicalein) was injected daily after 

IOP measurements.  

 

2.4.2.2 Topical administration of baicalein  

Both SD rats and C57 mice were used. IOP was monitored for 3 days both before and 

after drug treatment under awake condition. Because of diurnal IOP variation, 

experiments were conducted under daytime and nighttime separately for each species. 

In other words, changes in IOP were monitored during daytime and nighttime with 

two different groups of animals. For the daytime group, topical administration of 

baicalein (10 mM, 20 µl) was applied to the experimental eye twice, separated by a 

10-minute interval. A vehicle was used in the contralateral fellow eye as control. IOP 

measurements were conducted after drug treatment at 1.5, 3, 6, 24, 48, and 72 hour 

intervals. For the nighttime group, same treatment was given except that all 

measurements were conducted in the dark.  

 

To determine the bioavailability of baicalein in the eye, the concentration of baicalein 

in the AH was determined by the multiple reaction monitoring (MRM) approach. C57 

mice were used for this experiment. Similar to the above-mentioned experiments, 

after baseline IOP measurement, baicalein and vehicle (20 µl) was applied topically 
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twice (separated by 10 minutes) to the experimental and control eyes, respectively. 

IOP was measured 1.5 hours following drug application. The animal was then 

sacrificed and the AH was extracted from the anterior chamber by a 33-G needle. 

Because of the limited volume of AH in mice, three individual samples collected from 

eyes receiving the same treatment were pooled together as one sample. After 3 times 

dilution with 100% methanol, baicalein concentration was measured by the MRM 

approach in a triple quadrupole MS (QTRAP® 6500+ System, Sciex). Eksigent 

Ekspert UltraLC 110, Sciex QTRAP 6500+ and Kinetex 2.6 µl C18 were used in the 

MRM system. . During measurement, aqueous solvent (0.1% FA in double-distilled 

water) and organic solvent (0.1% FA in methanol) were pumped into the system 

under different proportions. The pump flow rate was set as 0.6 ml/min for 5 minutes 

in each measurement. In the first 2 minutes, there was 40% of organic solvent of the 

pump flow. Then the percentage of organic solvent was increased to 98% for 2 

minutes. In the final minute of measurement, organic solvent percentage was reduced 

back to 40%. The source optimization is listed under Table 2.3 and the selected 

daughter ions with the conditions are shown in Table 2.4. The expected retention time 

of the daughter ions was 3.9 minute. 
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Table 2.3 Parameters of MRM source optimization. 

Item Condition Item Condition 

Curtain Gas 20 psi Ion Source Gas 1 45 psi 

Collision Gas Medium Ion Source Gas 2 40 psi 

Ionspray Voltage 5200 V Declustering Potential 96 V 

Temperature 500 ˚C Entrance Potential 10 V 

 

Table 2.4 Details of daughter ions of baicalein. 

 
Q1 mass (+ve polarity) Q3 mass Collision energy Collision cell exit potential 

1 270.992 m/z 123.0 m/z 41 eV 8 V 

2 270.992 m/z 168.9 m/z 39 eV 12 V 

 

2.4.2.3 Intravitreal injection of baicalein on IOP 

SD rats were used because it has a larger eyeball for intravitreal drug administration. 

The experiment was divided into two parts. During the intravitreal injection 

procedures, all animals were anesthetized by intraperitoneal injection of a mixture of 

ketamine (80 mg/kg) and xylazine (8 mg/kg). The SD rats were divided into 4 groups 

(n=6 in each group). In each group, 2 µl of vehicle, 7.5 µM, 75 µM, and 750 µM of 

baicalein was injected to the experimental eye, while the contralateral eye of the same 

animal was treated as control. Nighttime IOP was measured because baicalein was 

shown to have a larger ocular hypotensive effect during nighttime. It is estimated that 
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the total volume of AH and vitreous humor was about 65 to 75 µl (Valderrama et al., 

2008, Sha and Kwong, 2006), resulting in an estimated baicalein concentration of 0.2 

µM, 2 µM and 20 µM in the anterior chamber. IOP measurements were monitored 

daily for 3 days before and up to 9 days after drug treatment. Total retinal thickness 

was measured by a spectral domain optical coherence tomography (SD-OCT) system 

(Micron IV, Phenix Research Laboratories) at baseline and at the end of the 

experiment (i.e. day 9) to rule out any retinal cytotoxicity.  

 

For the second part of the experiment, 2 µl of 750 µM baicalein or vehicle was 

injected intravitreally to the experimental eye while the fellow untreated eye was used 

as the control. IOP was measured under awake condition every 12 hours for 3.5 days 

(84 hours) after drug treatment. 

 

2.5 Data analysis 

All data were expressed as Mean ±SEM. SigmaPlot for Windows (version 13.0) was 

used for statistical analysis. When comparing between mean results of two groups, 

paired or unpaired t-test was used. For multiple groups’ comparison, one- or two-way 

Analysis of Variance (ANOVA) followed by Bonferroni t-test was used. A p-value of 

<0.05 was considered statistically significant (*p<0.05; ** p<0.01; *** p<0.001).    
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Chapter 3 Results 

3.1 Ex vivo study  

Effect of baicalein on outflow facility in mouse eyes 

The effect of baicalein (0.1, 1, 10 µM) on outflow facility C (µl/min/mmHg) in 

enucleated mouse eyes was investigated by constant-pressure perfusion system. The 

average flow rates of both baicalein-treated and vehicle-treated control eyes at each 

pressure step are presented in Figure 3.1. Since conventional outflow is 

pressure-dependent, linear regression was adopted to determine the line of best-fit 

between flow rate (Q, µl/min) and pressure applied (P, mmHg) (Lei et al., 2011, 

Boussommier Calleja et al., 2012). A good correlation was yielded with R2 > 0.9 in all 

cases. Subsequently, the outflow facility (C) was determined by calculating the slope 

of the respective regression line. Our results showed that there was no significant 

difference of outflow facility in control eyes among different groups (range: 0.023 to 

0.029 µl/min/mmHg, p>0.05, one-way ANOVA). In order to minimize individual 

variations among animals, a comparison was made between experimental 

(baicalein-treated) and their corresponding control (vehicle-treated) eyes of the same 

animal. As shown in Figure 3.2, at 0.1 µM, baicalein had no effect on outflow facility 

when compared to the vehicle-treated control eye (p>0.05, paired t-test). At 1 µM and 

10 µM, baicalein significantly increased outflow facility by 37 ±13% (p<0.01, paired 
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t-test) and 89 ±20% (p<0.01, paired t-test), respectively. Our results suggest that 

administration of baicalein elicited a concentration-dependent increase in outflow 

facility. The effect of Y39983, a selective ROCK inhibitor, was used for comparison 

as a control. At 50 µM, Y39983 significantly increased the outflow facility by 74 

±18% (n=3, p<0.05, paired t-test) in paired enucleated eyes. Comparing the results 

obtained from baicalein, the increase in outflow facilities induced by 1 µM and 10 

µM baicalein were no different from that of 50 µM Y39983 (p>0.05, one-way 

ANOVA). 

 

A 
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B 

 

C 

 
Figure 3.1 Flow rate (Q) measured at different pressures (P) applied in paired enucleated eyes 

in C57BL/6J mice with different concentrations of baicalein A) 0.1 μM (n=3); B) 1 μM 

(n=10); and C) 10 μM (n=6). Results are expressed as Mean ±SEM. 
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Figure 3.2 The calculated outflow facility of 0.1 µM baicalein (n=3), 1 µM baicalein (n=10) 

and 10 µM baicalein (n=6) treated eyes and their fellow vehicle-treated control eyes. Results 

are expressed as Mean ±SEM (**p<0.01, paired t-test). 

 

3.2 In vitro study  

3.2.1 Effects of baicalein on cell viability and proliferation 

To determine whether baicalein influences cell survival and normal cell growth, the 

effects of baicalein, at various concentrations (1, 10 and 100 µM), on cell viability 

and proliferation of hTM cells were investigated. Cell viability and cell proliferation 

were monitored after treatment with baicalein for 2 and 4 days by Trypan blue 

exclusion test and MTT assay, respectively.  
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3.2.1.1 Effect of baicalein on cell viability 

The cytotoxicity of baicalein was assessed by monitoring the viability of hTM cells 

using Trypan blue assay. As shown in Figure 3.3, cell viability was expressed as a 

percentage of viable cells (i.e. no. of viable cells / total no. of cells). Our results 

showed that cell viability after a 2-day PBS treatment and vehicle were 82.7 ±2.8% 

and 84.8 ±2.1%, respectively, with no significant difference detected (p>0.05). 

Similarly, we did not observe any significant difference in cell viability between PBS 

(79.0 ±4.5%) and vehicle (80.0 ±3.4%) after the 4-day treatment. These results reflect 

the subtle effects of vehicle on hTM cell viability. Likewise, no significant difference 

was found in cell viability between baicalein-treated (1 to 100 µM) and 

vehicle-treated hTM cells after a 2-day and 4-day treatment (Figure 3.3, p>0.05, 

one-way ANOVA). Our results indicated that baicalein did not affect the cell viability 

at both time points. 
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A. 2 days of treatment 

 

B. 4 days of treatment 

 

Figure 3.3 Cell viability measured by Trypan blue exclusion test after A) 2-day; and B) 4-day 

treatment with PBS, vehicle, and baicalein (1 µM, 10 µM and 100 µM) in hTM cells. Results 

are expressed as Mean ±SEM (n=4, p>0.05, one-way ANOVA). 
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3.2.1.2 Effect of baicalein on cell proliferation 

The effect of baicalein on cell growth and proliferation was measured by MTT assay. 

The normalized hTM cell proliferation after 2- and 4-day treatment under various 

conditions are summarized in Figure 3.4. No significant change was observed in 

proliferation rates between PBS and vehicle after 2-day and 4-day treatments      

(p>0.05). Our results suggested that vehicle did not affect normal cell proliferation or 

growth. In addition, there was no significant difference in proliferation rates between 

vehicle-treated and baicalein-treated at all concentrations (1 to 100 µM) after 2- and 

4- day treatment (p>0.05, one-way ANOVA). Thus, baicalein did not affect hTM cell 

proliferation. These results show that baicalein have minimal effect on both cell 

viability and proliferation, indicating that baicalein may have low toxicity and viable 

safety profile as a pharmacologic agent that can be used in subsequent experiments. 
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A. 2 days of treatment 

 
B. 4 days of treatment 

 
Figure 3.4 Cell proliferation after A) 2-day; and B) 4-day treatment with PBS, vehicle, and 

baicalein (1 µM, 10 µM and 100 µM) in hTM cells. Results are expressed as Mean ±SEM 

(n=4, p>0.05, one-way ANOVA). 
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3.2.2 Effects of baicalein on volume regulation in hTM cells 

Cell volume regulation has been proposed to participate in the regulation of outflow 

resistance. To test the acute effects of baicalein on volume regulation, hTM cells were 

treated with baicalein or vehicle under both isotonic and hypotonic conditions. The 

hTM cells were suspended in isotonic bathing solution (290-305 mOsmol/kg H2O) for 

equilibration and then treated with either baicalein (1, 10, and 100 µM) or vehicle for 

30 minutes. The relative cell volume changes after different treatments are presented 

in Figure 3.5. Our results demonstrated no significant difference between 

vehicle-treated and baicalein-treated groups at all concentrations tested (p>0.05, 

one-way ANOVA). 

 
Figure 3.5 Relative hTM cell volume after treatment with vehicle, and baicalein (1 µM, 10 

µM, 100 µM) in isotonic condition for 30 minutes. Results are expressed as Mean ±SEM 

(n=3, p>0.05, one-way ANOVA). 
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The changes in cell volume over 30 minutes with hypotonic stimulation (150-160 

mOsmol/kg H2O) are summarized in Figure 3.6. As expected, reducing the 

osmolarity of the bathing solution triggered a rapid cell swelling in the first 2-3 

minutes followed by a gradual restoration to its initial cell volume (termed as 

regulatory volume decrease RVD) throughout the experiments. Our results showed 

that 10 µM and 100 µM baicalein significantly inhibited RVD while 1 µM baicalein 

had no significant effect on cell volume recovery.  

 

  
 

Figure 3.6 Relative cell volume changes in hTM cells after treatment with vehicle, and 

baicalein (1 µM, 10 µM, and 100 µM) upon hypotonic stimulation. Results are expressed as 

Mean ±SEM (n=3, **p<0.01, ***p<0.001, one-way ANOVA followed by Bonferroni t-test). 
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3.2.3 Effect of baicalein on contractility of hTM cells 

3.2.3.1 Effect of baicalein on gel contraction  

The effect of baicalein on hTM cell contractility was determined by collagen gel 

contraction assay. The changes in collagen gel areas measured before and after 

treatment were normalized for comparison. Figure 3.7 summarizes the changes in 

collagen gel areas after baicalein treatment as compared to their respective 

vehicle-treated controls. We found that baicalein elicited a concentration-dependent 

relaxation of TM cells after 3- and 6-hour treatment. At 100 µM, baicalein triggered a 

sustained relaxation of hTM cells by 10 ±3% (p<0.01) and 10 ±3% (p<0.05) after 3- 

and 6-hour treatment, respectively. The effects of 1 and 10 µM baicalein on hTM cell 

relaxation were not statistically significant. In this set of experiment, 5 µM carbachol, 

which was previously demonstrated to induce TM cell contraction (Rosenthal et al., 

2005), was used as a control. Consistent with previous finding, our results showed 

that carbachol triggered a sustained contraction of hTM cells by 14 ±8% and 13 ±8% 

after 3-hour and 6-hour of treatment, respectively, when compared with PBS-treated 

cells (n=5, p<0.05, two-way repeated measures ANOVA). Our results indicated that 

baicalein elicited a concentration-dependent hTM cell relaxation lasted for at least 6 

hours. 
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Figure 3.7 Effects of baicalein on the contractility of hTM cells. Results are presented as 

normalized collagen gel area after treatment with vehicle (n=5), 1 µM (n=3), 10 µM (n=5), 

and 100 µM (n=5) baicalein for 3 and 6 hours. Results are expressed as Mean ±SEM 

(*p<0.05, **p<0.01, two-way repeated measures ANOVA followed by Bonferroni t-test). 

 

3.2.3.2 Effect of baicalein on phosphorylated myosin light chain (pMLC) 

In addition to gel contraction, the contractility of hTM cells can be measured as a 

percentage of phosphorylated 20-kDa myosin light chain (pMLC) to total MLC. It 

was previously shown that there is a positive correlation between the pMLC/MLC 

level and the magnitude of cell contraction (Rao et al., 2005). Figure 3.8 shows the 

expression of pMLC/MLC after baicalein or vehicle treatment by Western blot 

analyses. Baicalein was found to downregulate the expression pMLC/MLC after 5 

minutes of treatment. 100 µM baicalein reduced pMLC/MLC expression by 18 ±9% 

(p<0.05, paired t-test). As expected, carbachol (5 µM) increased the pMLC/MLC 
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expression by 85 ±51% (n=4, p<0.05, paired t-test) in hTM cells. Our results were 

consistent with the findings of gel contraction assay that baicalein elicited a relaxation 

of hTM cells.  

 

 

Figure 3.8 Effects of baicalein on percentage expression of phosphorylated myosin light 

chain (pMLC) to total MLC in hTM cells using Western blot analyses. Results are presented 

as normalized pMLC/MLC expression after treatment with vehicle and 100 µM baicalein for 

5 minutes. A typical experiment showing pMLC and MLC bands is shown on the top 

right-hand corner of the diagram. Results are expressed as Mean ±SEM (n=4, *p<0.05, paired 

t-test). 

 

3.2.4 Effect of baicalein on hTM cell migration 

To investigate whether baicalein influences hTM cell motility, we measured hTM cell 

migration after baicalein treatment for a period of 2 to 4 days. This was achieved with 
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measuring the cell-free gap area after making vertical and horizontal scratches on the 

confluent hTM cell layer. As mentioned in Section 3.2.1, we demonstrated that 

baicalein had no influence on cell proliferation. Hence, any changes in gap areas were 

possibly mediated by cell migration. The effects of baicalein on hTM cell migration 

as compared to vehicle control are summarized in Figure 3.9. Our results showed that 

baicalein triggered a progressive concentration-dependent inhibition of cell migration. 

After 2 days of treatment, 10 and 100 µM baicalein significantly inhibited cell 

migration by 35 ±12% (p<0.05) and 60 ±11% (p<0.001, two-way repeated measures 

ANOVA), respectively, when compared to vehicle-treated control. Likewise, 

baicalein inhibited the cell migration by 29 ±6% (1 µM, p<0.05), 48 ±4% (10 µM, 

p<0.001), and 78 ±9% (100 µM, p<0.001) after 4 days of treatment. Y39983 was used 

as a control. Similar to the results of baicalein treatment, 1 µM of Y39983 inhibited 

the TM cell migration by 37 ±5% (n=4 p<0.05).  
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Figure 3.9 Normalized cell migration (%) after 2-day and 4-day treatments with vehicle, and 

baicalein (1 µM, 10 µM, and 100 µM) in hTM cells. Results are expressed as Mean ±SEM 

(n=3, *p<0.05, ***p<0.001, two-way repeated measures ANOVA followed by Bonferroni 

t-test). 

 

3.2.5 Proteomic study in hTM cells after treatment of baicalein                                                                                                                

In the preceding sections, baicalein was shown to enhance outflow facility in a 

dose-dependent manner. We proposed several potential mechanisms influencing the 

observed increase in outflow facility through: 1) cell volume regulation, 2) cell 

relaxation, and 3) reduced cell migration in the TM. In order to better understand the 

potential mechanisms involved, we investigated protein expression profiles after 

baicalein treatment. 10 µM of baicalein was used because it was the lowest 

concentration shown to elicit changes in TM cells and outflow facility. Two profiling 
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time points were chosen for the experiments, i.e. 3-hour and 2-day. The protein 

changes after 3 hours may possibly reflect the underlying mechanisms leading to an 

acute increase in outflow facility while the 2-day baicalein treatment could provide 

more insight into the immediate to long-term post treatment effects on hTM cells.  

 

Using LC MS/MS isobaric tags for relative and absolute quantitation (iTRAQ) 

proteomics, with FDR set to 1%, 1,342 and 1,866 unique hTM cell proteins with at 

least two unique peptides were identified and quantified after baicalein treatment for 3 

hours and 2 days, respectively. The ProteinPilot 5.0 Software (SCIES) was used to 

support proteomics data analysis. The distribution of all identified proteins is 

summarized as a volcano plot (Figure 3.10). We observed a total of 47 proteins (with 

27 upregulated and 20 downregulated) with significantly altered expressions after 

baicalein treatment for 3 hours (p<0.05, paired t-test). For the 2-day treatment, 119 

proteins (with 35 upregulated and 84 downregulated) were significantly regulated 

(p<0.05, paired t-test). With a fold change of >1.3 (log2 > 0.31 or log2 < -0.42), 17 

proteins were upregulated and 14 proteins were downregulated after a 3-hour 

treatment. For 2-day treatment, 11 proteins were upregulated and 20 proteins were 

downregulated with a fold change of >1.3. 
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A. 3-hour treatment 

 

B. 2-day treatment 

 
 

Figure 3.10 Volcano plot based on proteomics data after A) 3 hours (1,342 proteins) and B) 2 

days (1,866 proteins) treatment of baicalein (10 µM). The distribution of all proteins with at 

least 2 unique peptides is presented. The x-axis shows a log2 fold change and y-axis shows the 

negative log10 p-value calculated by paired t-test (2 tailed). A total of 47 proteins and 119 

proteins were significantly altered in expressions (p<0.05) after baicalein treatment for 3 

hours and 2 days, respectively. For 3-hour treatment, a total of 17 proteins were upregulated 

(red circle) while 14 proteins were downregulated (green circle) with at least a 1.3-fold 

change. For 2-day treatment, a total of 11 proteins were upregulated (red circle) and 20 

proteins were downregulated (green circle) with a fold change of >1.3. 

 

All significantly regulated proteins (p<0.05), regardless of fold changes were subject 

to gene ontology (GO) (Homo sapiens) analysis according to the PANTHER 

classification system (http://www.pantherdb.org). The genes were classified into four 

categories: molecular functions, cellular components, proteins classes, and biological 

processes. Under molecular functions (Figure 3.11 A and B), 4 and 83 genes were 

identified among all significantly regulated proteins after the 3-hour and the 2-day 

time point treatment of baicalein, respectively. GO: 0003824 (catalytic activity) was 

http://www.pantherdb.org/
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the top molecular function aspect regulated. A total of 16 and 42 genes were 

identified to be responsible for catalytic activity after 3-hour and 2-day baicalein 

treatment, respectively. The second ranked GO molecular function involved was 

binding (GO: 0005488), which was related to the interaction of a molecule with 

another molecule through specific binding sites. There were 23 and 29 genes 

identified to be related to binding after the 3-hour and the 2-day time point baicalein 

treatment, respectively.  

 

For protein class classification (Figure 3.11 C and D), metabolite inter-conversion 

enzyme (PC00262) was the top regulated protein class at both time points with 9 and 

23 genes identified after 3-hour and 2-day baicalein treatment, respectively. This 

result was in alignment with a higher number of significantly regulated proteins 

identified after 2 days as compared to 3 hours’ treatment (119 vs 47 proteins). At the 

2-day time point, there were additional protein candidates, including protein-binding 

activity modulator (PC00095) and cell adhesion molecule (PC00069).  

 

Likewise, changes in cellular components were more pronounced after 2-day 

baicalein treatment as compared to 3-hour treatment. Proteins related to cellular 

component- cellular anatomical entity are summarized in Figure 3.11 E and F. A 
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total of 20 and 49 genes were identified at these two time points. Organelle (GO: 

0043226) including nucleus, mitochondria, vesicles, and cytoskeleton was the highest 

ranked at both time points. The next top regulated cellular component was membrane 

(GO: 0016020) with 8 and 27 genes identified after the 3-hour and the 2-day 

treatment time points, respectively.  

 

The top three biological processes after 3 hours of baicalein treatment were cellular 

process (GO: 0009987), metabolic process (GO: 0008152) and cellular component 

organization or biogenesis (GO: 0071840) with 28, 18, and 15 genes identified 

(Figure 3.11 G). Similarly, after 2 days of treatment, the top regulated biological 

processes were cellular process (53 genes), metabolic process (34 genes), and cellular 

component organization or biogenesis (18 genes), as shown in Figure 3.11 H. 
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Figure 3.11 PANTHER classification with GO annotation of proteins showed significant 

expression (n=3, p<0.05, paired t-test). A, C and E represented proteins after 3 hours 

treatment of 10 µM baicalein. B, D and F represented proteins after 2 days treatment of 10 

µM baicalein. A and B were molecular functions, C and D were protein classes, E and F were 

cellular component- cellular anatomical entity, G and H were biological processes. 

 

Using the PANTHER classification system, despite the fact that a number of 

significantly regulated proteins were higher after 2 days as compared to the 3-hour 

treatment, the top regulated molecular functions, protein classes, cellular component 

and biological process involved: namely catalytic activity, metabolite inter-conversion 

enzyme, organelle and cellular process, were the same at both time points. This 

suggested that baicalein exerted similar effects on hTM cells, particularly for 

molecular functions and biological processes in which the top three functions and 

processes involved were the same for both time points.  
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To further elucidate the regulatory system, all differentially expressed proteins with 

p<0.05, regardless of their fold changes were searched to establish a protein-protein 

interaction (PPI) network. As shown in Figure 3.12 and Figure 3.13, all differentially 

expressed proteins are presented in different colors according to their potential 

regulated biological process, molecular function and pathways involved. In addition, 

different colored lines represent the potential interactions among those proteins. We 

observed that most of the differentially expressed proteins were closely related and 

interacted with each other. Of all 47 and 119 significantly regulated proteins, only 13 

and 14 “isolated” proteins were found after 3 hours and 2 days baicalein treatment, 

respectively. 

  

The PPI network after baicalein treatment for 3 hours is shown in Figure 3.12 and the 

full list of proteins with altered expression is presented in Supplementary Table 1. 

Of all the 47 identified proteins (nodes), there were 53 edges between the nodes with 

an average node degree of 2.26 (an index expressing the average interaction among 

proteins) in the network. The average local clustering coefficient was found to be 

0.456, suggesting that the number of edges obtained from our results were 

significantly higher than the expected number of edges from a random set of proteins 
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of similar size drawn from the genome (53 vs 23). Our results suggested that the 

proteins were biologically connected, with a PPI enrichment p-value of <0.001. 

 

For biological process, organonitrogen compound metabolic process (GO: 1901564) 

was the most regulated process with 28 proteins involved with FDR <0.01. There 

were 8 proteins with FDR= 0.0422 associated with oxidation-reduction process. For 

molecular function, similar to the results obtained from PANTHER, catalytic activity 

was one of the top regulated functions with 27 proteins involved (FDR<0.01), while 

for binding function, there were 38 proteins involved with FDR <0.05.  

 

Likewise, the PPI network of baicalein treatment for 2 days is illustrated in Figure 

3.13 and the full list of proteins with altered expression is presented in 

Supplementary Table 2. There were 119 nodes and 356 edges between the nodes, 

with an average node degree of 5.98. The average local clustering coefficient was 

0.408. The expected number of edges was 203, which was significantly less than the 

actual 356 edges observed. The PPI enrichment p-value was <0.001, which was 

similar to the 3-hour treatment.  
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For biological processes, exocytosis (GO: 0006887) was the top regulated process 

with 23 identified proteins (FDR <0.001). There were 22 proteins that were related to 

oxidation-reduction process with FDR <0.001. For molecular functions, small 

molecule binding (GO: 0036094) and nucleotide binding (GO: 0000166) were the top 

regulated functions with FDR <0.001. There were 66 proteins identified for catalytic 

activity with FDR <0.001 and 93 proteins identified for binding with FDR <0.01. In 

addition to molecular functions and biological processes, after 2-day treatment of 

baicalein, 11 and 8 proteins were identified to be involved in Huntington's disease 

(hsa05016, purple nodes) and Parkinson's disease (hsa05012, dark green nodes), 

respectively (FDR <0.001). 

 

Based on the PPI network generated by STRING analysis, more than 70% of the 

regulated proteins were closely related, affecting molecular functions through binding 

and catalytic activity, similar to that of PANTHER results. In addition, 

oxidation-reduction process was involved after baicalein treatment at both time points. 

It was shown that the 2-day treatment also affected the pathway related to 

neurodegenerative diseases, including Huntington's disease and Parkinson's disease. 
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3 hours of treatment 

 

 
Known interactions Predicted interactions Others 

 From curated databases  Gene neighborhood  Co-expression 

 

Experimentally 

determined 
 Gene fusions  Textmining 

 Gene co-occurrence   
 

 

Figure 3.12 Protein-protein interaction network of 47 differentially expressed proteins 
(p<0.05) after baicalein treatment for 3 hours, as reported in STRING analysis (version 11). 
Network analysis was set at medium confidence (0.4). The relationships of 34 proteins 
(presented as nodes) were derived from the curated databases, experimentally determined 
evidence, gene neighborhood, gene fusions, gene co-occurrence, co-expression and 
textmining. Proteins related to organonitrogen compound metabolic process, 
oxidation-reduction process, catalytic activity and binding are presented in yellow, green, red 
and blue colored (nodes), respectively. A full list of proteins with altered expression is 

presented in Supplementary Table 1. 

 

  



93 

 

2 days of treatment 

 
Known interactions Predicted interactions Others 

 From curated databases  Gene neighborhood  Co-expression 
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 Gene co-occurrence   

 

Figure 3.13 Protein-protein interaction network of 119 differentially expressed proteins 
(p<0.05) after baicalein treatment for 2 days, as reported in STRING software (version 11). 
Network analysis was set at medium confidence (0.4). The relationships of 105 proteins 
(presented as nodes) were derived from the curated databases, experimentally determined 
evidence, gene neighborhood, gene fusions, gene co-occurrence, co-expression and 
textmining. Proteins related to exocytosis, oxidation-reduction process, catalytic activity, 
binding, Huntington's disease and Parkinson's disease are presented in yellow, green, red, blue, 
purple and dark green colored (nodes), respectively. A full list of proteins with altered 

expression is presented in Supplementary Table 2. 
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Figure 3.14, Table 3.1 and Table 3.2 present all differentially expressed proteins 

(p<0.05) with >1.3 fold change after 3-hour and 2-day of baicalein treatment. Proteins 

with significant upregulation are represented in green bars while those with 

significant downregulation are shown in red bars. After 3 hours of baicalein treatment, 

17 proteins were upregulated and 14 proteins were downregulated. Likewise, there 

were 11 upregulated and 20 downregulated proteins after 2 days treatment of 

baicalein. 

 

A. 3 hours of treatment 
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B. 2 days of treatment 

 

Figure 3.14 Quantitative differential protein expressions with at least 2 unique peptides and 

>1.3 fold change after baicalein treatment for A) 3 hours (17 upregulated and 14 

downregulated proteins) and B) 2 days (11 upregulated and 20 downregulated proteins). 

Proteins marked with * are the proteins selected for further discussion. Results are presented 

as Mean ± SEM (n=3, p<0.05, paired t-test). 
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Table 3.1 Quantitative differential protein expressions with at least 2 unique peptides and >1.3 fold 

change after 3 hours treatment of baicalein (17 upregulated and 14 downregulated proteins). GN: Gene 

Name; ∆: Fold change (treatment/ control) (Mean ± SEM); p: p-value (n=3, paired t-test); proteins 

highlighted in red are the proteins selected for further discussion. 

GN Protein (UniProt Accession) ∆ p 

NAGA  Alpha-N-acetylgalactosaminidase (P17050) 0.2 ±0.0 0.001 

PBXIP1  Pre-B-cell leukemia transcription factor-interacting protein 1 (Q96AQ6) 0.4 ±0.1 0.018 

SAE1 Isoform 3 of SUMO-activating enzyme subunit 1 (Q9UBE0-3) 0.4 ±0.0 0.004 

BCAP29 Isoform 2 of B-cell receptor-associated protein 29 (Q9UHQ4-2) 0.5 ±0.1 0.022 

AKR1B10  Aldo-keto reductase family 1 member B10 (O60218) 0.5 ±0.1 0.027 

PSMD10  26S proteasome non-ATPase regulatory subunit 10 (O75832) 0.5 ±0.0 0.005 

PDCD6  Programmed cell death protein 6 (O75340) 0.5 ±0.1 0.011 

XRCC6  X-ray repair cross-complementing protein 6 (P12956) 0.6 ±0.1 0.048 

DDT  D-dopachrome decarboxylase (P30046) 0.6 ±0.0 0.000 

MANF  Mesencephalic astrocyte-derived neurotrophic factor (P55145) 0.6 ±0.1 0.015 

ARPC1A  Actin-related protein 2/3 complex subunit 1A (Q92747) 0.6 ±0.1 0.044 

MIF  Macrophage migration inhibitory factor (P14174) 0.7 ±0.0 0.015 

KLC1 Isoform I of Kinesin light chain 1 (Q07866-9) 0.7 ±0.1 0.038 

DAB2  Disabled homolog 2 (P98082) 0.7 ±0.1 0.050 

AHCYL1  S-adenosylhomocysteine hydrolase-like protein 1 (O43865) 1.3 ±0.0 0.030 

TUFM  Elongation factor Tu, mitochondrial (P49411) 1.3 ±0.1 0.038 

ATP5PO  ATP synthase subunit O, mitochondrial (P48047) 1.3 ±0.1 0.048 

EML4  Echinoderm microtubule-associated protein-like 4 (Q9HC35) 1.3 ±0.1 0.032 

RUVBL2  RuvB-like 2 (Q9Y230) 1.3 ±0.1 0.031 

RBMX  RNA-binding motif protein, X chromosome (P38159) 1.3 ±0.1 0.042 

ACTA2  Actin, aortic smooth muscle (P62736) 1.4 ±0.0 0.006 

CTSB  Cathepsin B (P07858) 1.5 ±0.0 0.009 

PA2G4  Proliferation-associated protein 2G4 (Q9UQ80) 1.5 ±0.1 0.018 

CARS Isoform 3 of Cysteine--tRNA ligase, cytoplasmic (P49589-3) 1.5 ±0.1 0.047 

PDHB  Pyruvate dehydrogenase E1 component subunit beta, mitochondrial (P11177) 1.6 ±0.1 0.022 

SLC25A3 Isoform B of Phosphate carrier protein, mitochondrial (Q00325-2) 1.8 ±0.1 0.037 

XPNPEP1  Xaa-Pro aminopeptidase 1 (Q9NQW7) 2.1 ±0.2 0.030 

TLR7  Toll-like receptor 7 (Q9NYK1) 2.2 ±0.1 0.014 

PFDN6  Prefoldin subunit 6 (O15212) 2.7 ±0.2 0.012 

CPA4  Carboxypeptidase A4 (Q9UI42) 3.1 ±0.1 0.003 

MGARP  Protein MGARP (Q8TDB4) 3.8 ±0.5 0.035 
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Table 3.2 Quantitative differential protein expressions with at least 2 unique peptides and >1.3 fold 

change after 2 days treatment of baicalein (11 upregulated and 20 downregulated proteins). GN: Gene 

Name; ∆: Fold change (treatment/ control) (Mean ± SEM); p: p-value (n=3, paired t-test); proteins 

highlighted in red are the proteins selected for further discussion. 

GN Protein (UniProt Accession) ∆ p 

RPL37A  60S ribosomal protein L37a (P61513) 0.3 ±0.1 0.013 

COPS5  COP9 signalosome complex subunit 5 (Q92905) 0.4 ±0.1 0.023 

AHSG  Alpha-2-HS-glycoprotein (P02765) 0.4 ±0.1 0.041 

FDXR  NADPH:adrenodoxin oxidoreductase, mitochondrial (P22570) 0.5 ±0.1 0.015 

ALB  Serum albumin (P02768) 0.5 ±0.1 0.033 

SOD1  Superoxide dismutase [Cu-Zn] (P00441) 0.5 ±0.1 0.045 

CFAP100  Cilia- and flagella-associated protein 100 (Q494V2) 0.6 ±0.0 0.006 

BASP1  Brain acid soluble protein 1 (P80723) 0.6 ±0.0 0.004 

CLIC4  Chloride intracellular channel protein 4 (Q9Y696) 0.6 ±0.0 0.009 

EMC4 Isoform 3 of ER membrane protein complex subunit 4 (Q5J8M3-3) 0.6 ±0.1 0.024 

NAGK  N-acetyl-D-glucosamine kinase (Q9UJ70) 0.7 ±0.1 0.040 

AP2A1  AP-2 complex subunit alpha-1 (O95782) 0.7 ±0.1 0.026 

SMPD4 Isoform 4 of Sphingomyelin phosphodiesterase 4 (Q9NXE4-4) 0.7 ±0.1 0.049 

NMT1  Glycylpeptide N-tetradecanoyltransferase 1 (P30419) 0.7 ±0.1 0.026 

PURA  Transcriptional activator protein Pur-alpha (Q00577) 0.7 ±0.0 0.003 

SCRN1  Secernin-1 (Q12765) 0.7 ±0.1 0.040 

TMSB4X  Thymosin beta-4 (P62328) 0.7 ±0.0 0.022 

IRGQ  Immunity-related GTPase family Q protein (Q8WZA9) 0.7 ±0.1 0.047 

PRKCSH  Glucosidase 2 subunit beta (P14314) 0.7 ±0.0 0.007 

GAP43  Neuromodulin (P17677) 0.7 ±0.0 0.022 

MTHFD1  C-1-tetrahydrofolate synthase, cytoplasmic (P11586) 1.3 ±0.1 0.048 

SORBS2 Isoform 11 of Sorbin and SH3 domain-containing protein 2 (O94875-11) 1.3 ±0.0 0.008 

DLG1  Disks large homolog 1 (Q12959) 1.3 ±0.1 0.042 

AP1M1 Isoform 2 of AP-1 complex subunit mu-1 (Q9BXS5-2) 1.3 ±0.1 0.038 

SERBP1  Plasminogen activator inhibitor 1 RNA-binding protein (Q8NC51) 1.3 ±0.0 0.014 

AOC3  Membrane primary amine oxidase (Q16853) 1.3 ±0.0 0.004 

ARSB  Arylsulfatase B (P15848) 1.3 ±0.0 0.009 

P3H1  Prolyl 3-hydroxylase 1 (Q32P28) 1.4 ±0.1 0.024 

RTRAF  RNA transcription, translation and transport factor protein (Q9Y224) 2.7 ±0.2 0.012 

AGPAT1  1-acyl-sn-glycerol-3-phosphate acyltransferase alpha (Q99943) 3.1 ±0.1 0.003 

EFTUD2  116 kDa U5 small nuclear ribonucleoprotein component (Q15029) 3.8 ±0.5 0.035 
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In order to understand the potential underlying pathways involved in baicalein 

treatment, the iTRAQ protein database with at least 2 unique peptides was analyzed 

by ingenuity pathway analysis (IPA). The analysis was conducted with filter set for 

human with a p<0.05. Upstream regulator and ingenuity canonical pathways were 

predicted by IPA. A total of 190 and 170 upstream regulators were found after 3 hours 

and 2 days treatment of baicalein, respectively (p<0.05 for both time points). Based 

on the suggested guidelines on IPA Upstream Regulator Analysis, p-value and 

activation z-score were considered in the analysis. The p-value (Fisher’s Exact Test) 

measures the significance of overlapping between our dataset genes with the genes 

potentially regulated by transcriptional regulator. Calculated z‐score reflects the 

overall predicted activation state of the regulator (<0: inhibited, >0: activated). The 

potential upstream regulators were considered significant according to the whitepaper 

of upstream regulator analysis in IPA with a p-value less than 0.01 and an activation 

z-score less than -2 or greater than 2. Our results identified eight upstream regulators 

for the 2-day treatment time point (Table 3.3) while no upstream regulator fulfilled 

our selection criteria for the 3-hour treatment time point. 

 

Transforming growth factor beta 1 (TGFB1) was the top upstream regulator 

(activation z-score = -2.94, p<0.001). As shown in Figure 3.15, 29 downstream 
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molecules were associated with their upstream regulator (TGFB1). The predicted 

relationships between downstream molecules and upstream regulator are connected 

by lines of different colors. We observed that TGFB1 downregulated the expressions 

of most of the downstream molecules. A full list of protein expression changes and 

p-value are listed in Supplementary Table 3.  

 

Table 3.3 The eight upstream regulators predicted from IPA after 2 days treatment of 

baicalein. (PAS represents the Predicted Activation State; z represents the activation z-score; 

p represents the p‐value; # represents the number of downstream proteins). 

Upstream Regulator Molecule Type PAS z p # 

Transforming growth factor beta-1(TGFB1) Growth factor Inhibited -2.94 0.000 29 

Interleukin-4 (IL4) Cytokine Inhibited -2.53 0.008 13 

Pituitary adenylate cyclase-activating 

polypeptide(ADCYAP1) 
Other Inhibited -2.45 0.005 6 

Hepatocyte nuclear factor 4-alpha(HNF4A) 
Transcription 

regulator 
Inhibited -2.43 0.001 29 

X-box-binding protein 1(XBP1) 
Transcription 

regulator 
Inhibited -2.35 0.000 9 

MAP kinase-interacting 

serine/threonine-protein kinase 1(MKNK1) 
Kinase Inhibited -2.24 0.001 5 

E3 ubiquitin-protein ligase synoviolin 

(SYVN1) 
Transporter Inhibited -2.24 0.004 5 

Insulin-like growth factor 1 receptor 

(IGF1R) 

Transmembrane 

receptor 
Inhibited -2.22 0.002 7 
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Figure 3.15 Relationship between upstream regulator (TGFB1) and downstream protein 

targets generated by IPA software after 2 days of baicalein treatment. Blue, yellow and grey 

lines represent inhibition, inconsistent relationships with different state of downstream 

molecules and no predicted effects. A full list of proteins with altered expression is presented 

in Supplementary Table 3. 

 

Based on IPA analysis, a number of ingenuity canonical pathways were identified 

from our protein expression results. We obtained 26 and 66 predicted pathways after 

baicalein treatment for 3 hours and 2 days, respectively (p<0.05). As shown in Table 

3.4, there were five common pathways after 3 hours and 2 days treatment of 

baicalein- namely oxidative phosphorylation, clathrin-mediated endocytosis signaling, 

mitochondrial dysfunction, regulation of actin-based motility by Rho, and γ-linolenate 
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biosynthesis II (Animals). Among them, only oxidative phosphorylation was 

anticipated to downregulate (p<0.01, z-score: -0.447) after 2 days baicalein treatment. 

 

Table 3.4 The five common pathways predicted from the IPA canonical pathway analysis 

after 3 hours and 2 days baicalein treatment (p represented the p‐value; z represented the 

activation z-score; # represented the number of targeted proteins). 

Ingenuity Canonical Pathways 
3 hours 2 days 

p z # p z # 

Oxidative Phosphorylation 0.038 ∕ 2 0.001 -0.447 5 

Clathrin-mediated Endocytosis Signaling 0.003 ∕ 4 0.005 ∕ 6 

Mitochondrial Dysfunction 0.013 ∕ 3 0.002 ∕ 6 

Regulation of Actin-based Motility by Rho 0.025 ∕ 2 0.025 ∕ 3 

γ-linolenate Biosynthesis II (Animals) 0.048 ∕ 1 0.007 ∕ 2 

 

Taken together, a total of 47 and 119 proteins were significantly regulated after 3 

hours and 2 days baicalein treatment, respectively. Among all differentially expressed 

proteins, we selected arylsulfatase B (ARSB), proliferation-associated protein 2G4 

(PA2G4) and pyruvate dehydrogenase E1 component subunit beta (PDHB) for 

validation by qPCR because they were among the top regulated proteins that might be 

involved in cell migration, proliferation or ECM remodeling.  
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3.2.6 Validation of MS results by qPCR 

Pyruvate dehydrogenase E1 beta subunit (PDHB) and proliferation-associated protein 

2G4 (PA2G4) were among the top upregulated proteins with >1.5 fold change in the 

3-hour time point treatment group. Based upon the upstream regulator predicted by 

IPA software, PDHB and PA2G4 were the related downstream proteins. Both PDHB 

and PA2G4 have previously been implicated in the pathogenesis of glaucoma (Bailey 

et al., 2014, Sacca et al., 2016). For 3 hours of baicalein treatment, baicalein 

upregulated the expression of PDHB protein by 61 ±9%. The qPCR results also found 

a 7 ±9% increase in mRNA; however, the effect was not statistically significant (n=3, 

p=0.229, paired t-test). Moreover, baicalein caused a significant upregulation of 

PA2G4 protein by 51 ±7% after 3 hours treatment. As opposed to the protein changes 

observed, mRNA was not significantly affected (n=3, p>0.05, paired t-test). 

 

In addition, after baicalein treatment for 2 days, arylsulfatase B (ARSB) was found to 

be significantly upregulated. ARSB had previously been reported to regulate RhoA 

activities, cell migration and ECM deposit in colonic epithelial cells (Bhattacharyya 

and Tobacman, 2009), potentially accounting for its effects on hTM cells. For 2 days 

baicalein treatment, the protein expression of ARSB was shown to increase by 32 
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±3%. Consistent with the protein profile, mRNA expression increased by 18 ±6% 

(n=3, p<0.05, paired t-test).  

 

3.3 In vivo study  

From the above mentioned in vitro and ex vivo studies, baicalein was shown to 

regulate hTM cell volume, contractility, and migratory properties, potentially 

contributing, at least in part, to the observed increase in AH drainage in mouse eyes. 

Therefore, the ocular hypotensive effects of baicalein via different routes of drug 

administration including intraperitoneal injection, topical administration and 

intravitreal injection were studied. Comparison of three different baicalein 

administration approaches for lowering IOP was made.  

 

3.3.1 Effect of intraperitoneal injection of baicalein on IOP in SD rats 

As a starting point, we studied the effect of intraperitoneal administration of baicalein 

on IOP in vivo. Prior to the experiments, IOP was monitored daily for at least 3 days 

until a stable reading was achieved. Afterwards, baicalein was injected 

intraperitoneally once daily in the treatment group while vehicle was used in the 
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control group. In the first 2 weeks, 4 mg/kg of baicalein was used and the 

concentration of baicalein was increased to 40 mg/kg in the following two weeks.  

 

Before drug treatment, the baseline IOP in the treatment and control groups were 14.7 

±0.5 mmHg and 14.5 ±0.4 mmHg, respectively. No significant IOP differences was 

found between treatment and control groups (p>0.05, unpaired t-test). The relative 

change of IOP between treatment and control groups (treatment – control) over time 

is illustrated in Figure 3.16. Intraperitoneal administration of baicalein (4 mg/kg) 

caused a significant IOP reduction of 1.2 ±0.4 mmHg after two weeks of treatment 

(9%, p<0.05). When baicalein concentration increased to 40 mg/kg following a period 

of two weeks, baicalein had an IOP-lowering effect of 2.7 ±0.5 mmHg on day 28 

when compared with baseline IOP taken on day 0 (20%, p<0.001). These results 

suggest that baicalein, when applied intraperitoneally, lowered IOP in a 

concentration-dependent manner.   
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Figure 3.16 Effects of daily intraperitoneal injection of baicalein (4 mg/kg and 40 mg/kg) on 

IOP in SD rats. Relative IOP changes between treatment and control groups throughout the 

experimental period are presented (with 4 mg/kg baicalein during the initial two weeks 

followed by 40 mg/kg in the subsequent two weeks). Results are expressed as Mean ±SEM 

(n=8). *p<0.05, ***p<0.001 (one-way repeated measures ANOVA, followed by Bonferroni 

t-test). 

 

3.3.2 Effect of topical administration of baicalein on IOP in SD rats and C57 

mice 

Given that the ocular hypotensive effect observed with intraperitoneal injection of 

baicalein was in the range of 2-3 mmHg after 4 weeks, we investigated whether direct 

administration of baicalein via topical application triggered any detectable changes of 
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IOP. The acute IOP changes during daytime and nighttime in both SD rats and C57 

mice were monitored.  

 

3.3.2.1 Effect of topical administration of baicalein on IOP in SD rats 

Baseline IOP was monitored for at least 3 days before drug treatment and was found 

to be comparable between baicalein-treated and vehicle-treated eyes of the same 

animal (p>0.05, paired t-test). For the daytime group, baseline IOPs were taken during 

the daytime and were found to be 12.2 ±0.2 and 11.8 ±0.2 mmHg for the treatment 

and control eyes, respectively. For the nighttime group, baseline IOPs were taken at 

night and were found to be 21.7 ±0.3 and 21.5 ±0.3 mmHg for the treatment and 

control eyes, respectively. Topical administration of baicalein and vehicle was applied 

to the treatment and control eyes of the SD rats and the IOP was monitored at 1.5, 3, 6, 

24, 48 and 72 hours after treatment.   

 

For the daytime group, the IOP changes in baicalein-treated and vehicle-treated eyes 

over a three-day period are summarized in Figure 3.17 A. Our results showed a 

significant IOP reduction after topical baicalein by 0.7 ±0.1 mmHg (6%, p<0.05), 1.1 

±0.2 mmHg (10%, p<0.001) and 0.9±0.2 mmHg (8%, p<0.001) after 1.5 hours, 3 
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hours and 6 hours, respectively. For the nighttime group (Figure 3.17 B), baicalein 

lowered the IOP by 2.3 ±0.4 mmHg (11%, p<0.001), 1.9 ±0.3 mmHg (9%, p<0.001), 

and 1.1 ±0.2 mmHg (5%, p<0.01) at 1.5, 3 and 6 hours post treatment. There was no 

significant IOP difference between treatment and control eyes from 24 to 72 hours 

after treatment in both the daytime and nighttime groups of SD rats. Overall, our 

results showed that baicalein had a larger ocular hypotensive effect during the 

nighttime than daytime. 

 

 

A. Daytime 

 
 

 

 



108 

 

B. Nighttime 

 
 

Figure 3.17 Effects of topical baicalein (10 mM) on IOP in SD rats during A) daytime and B) 

nighttime, respectively. Baicalein and vehicle (2 x 20 µl separated by 10 minutes) were 

applied to the treatment and control eyes, respectively, of the same animal. Data are expressed 

as Mean ±SEM (n=23, *p<0.05, **p<0.01, ***p<0.001, one-way repeated measures 

ANOVA). 

 

3.3.2.2 Effect of topical administration of baicalein on IOP in C57 mice 

To test whether baicalein acted across species, the effect of topical application of 

baicalein on IOP in C57 mice was studied. Similar to the experiments with SD rats, 

IOP was monitored in two separate groups, i.e. daytime and nighttime groups. For the 

daytime group, the baseline IOP of the treatment and control eyes were 18.2 ±0.2 

mmHg and 18.1 ±0.3 mmHg, respectively. For the nighttime group, the baseline IOP 
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of the treatment and control eyes were 22.1 ±0.2 mmHg and 22.0 ±0.2 mmHg, 

respectively. There was no significant IOP difference between treatment and control 

eyes before drug treatment in both groups (p>0.05). Similar to the results of SD rats, 

significant IOP reduction was observed after baicalein treatment for at least six hours 

under daytime (Figure 3.18 A) and nighttime (Figure 3.18 B) in C57 mice. The 

maximum IOP-lowering effect was found to be 1.6 ±0.3 mmHg (9%, p<0.001), at 3 

hours after baicalein treatment in the daytime group. For the nighttime group, the 

maximum IOP reduction was 2.3 ±0.4 mmHg (11%, p<0.001), at 1.5-hour post 

treatment. Again, no ocular hypotensive effect was shown from 24 hours to 72 hours 

after baicalein treatment (p>0.05). Our results suggest that baicalein acted across 

species and lowered IOP in both species.  
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A. Daytime 

 
B. Nighttime 

 
 

Figure 3.18 Effects of topical baicalein (10 mM) on IOP in C57 mice during A) daytime and 

B) nighttime, respectively. Baicalein and vehicle (2 x 20 µl separated by 10 minutes) were 

applied to the treatment and control eyes, respectively, of the same animal. Data are expressed 

as Mean ±SEM (n=23, **p<0.01, ***p<0.001, one-way repeated measures ANOVA). 
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3.3.2.3 Bioavailability of baicalein in the aqueous humor after topical drug 

administration in C57 mice 

It appeared that baicalein, when given topically, had a significant yet small 

IOP-lowering effect of ~10% in both SD rats and C57 mice. To address whether 

permeability of the cornea to baicalein (drug penetration) limited its IOP lowering 

efficacy, we determined the concentration of baicalein in the AH after topical 

application of baicalein.  

 

As before, baicalein and vehicle were applied topically in C57 mice. The AH was 

collected from the mouse eyes 1.5 hours after drug treatment. Because of the limited 

volume of AH in the anterior chamber, AH from 3 mice were pooled together as one 

sample for analysis. The concentration of baicalein in the AH was measured by 

MRM-MS. Figure 3.19 shows the results as measured by the MRM-MS system. 

After drug treatment, baicalein concentrations were 0.030 ±0.009 µM and 0.007 

±0.003 µM in the baicalein-treated and vehicle-treated eyes, respectively (p<0.05, 

paired t-test), accounting for a 4.3-fold increase in concentration in the 

baicalein-treated eye. The relationship between mean IOP reduction and increase in 

baicalein concentration after topical administration was plotted and analyzed by linear 

regression, as shown in Figure 3.20. We found that the observed IOP reduction (mean 
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IOP reduction of 3 mice from the same sample) was directly proportional to the 

increased baicalein concentration in the AH with a R2 of 0.941. Our results suggested 

that the mean ocular hypotensive effect was directly proportional to the increase in 

baicalein concentration in the AH, although the absolute concentration was found to 

be relatively low (~0.0003%) compared with the stock baicalein concentration.   

 

 
Figure 3.19 Concentration of baicalein in the aqueous humor 1.5 hours after topical 
administration (10 mM) in C57 mice. Baicalein and vehicle (2 x 20 µl) were applied to the 
treatment and control eyes, respectively. Data are expressed as Mean ±SEM (n=4, each 
sample was pooled from aqueous humor of 3 mice) (*p<0.05, paired t-test). 
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Figure 3.20 Linear regression plot showing the relationship between mean IOP reduction and 

increase of baicalein concentration in the aqueous humor. 

 

3.3.3 Effect of intravitreal injection of baicalein on IOP and retinal thickness in 

SD rats 

Based on the above results, it was shown that baicalein significantly lowers IOP when 

administered topically. Despite that, the maximum IOP reduction was limited to 2 to 3 

mmHg within 6 hours post treatment. This might reflect a limited penetration of 

baicalein across intact cornea. As a result, we studied whether intravitreal injection of 

baicalein provided more efficacious ocular hypotensive effects. SD rats were used 

because it has a relatively larger eyeball for performing intravitreal injection. 
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This experiment consisted of two parts. In the first part, baicalein (at various 

concentrations) or vehicle was injected intravitreally and IOP was monitored for a 

period of 9 days post treatment. The changes in IOP of both experimental (either 

baicalein or vehicle injected) and control (untreated) eyes are summarized in Figure 

3.21. No significant IOP difference between the experimental and untreated control 

eyes was detected in vehicle-treated, and (7.5 and 75 µM) baicalein-treated groups 

after intravitreal injection. However, the 750 µM baicalein-treated eye had a 

significant IOP reduction by 2.8 ±1.2 mmHg (p<0.01) 3 days after intravitreal 

injection. No significant IOP difference was observed at other time points.  
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A 

 

B 

 
C 

 

D 

 
Figure 3.21 Intravitreal injection of baicalein/vehicle on IOP in both experimental and 

control eyes. A) vehicle-treated; B) 7.5 µM baicalein-treated; C) 75 µM baicalein-treated; and 

D) 750 µM baicalein-treated group in SD rats (n=6 in each group). Results are expressed as 

Mean ±SEM (**p<0.01; two-way repeated measures ANOVA followed by Bonferroni t-test). 

 

To examine whether intravitreal injection of baicalein affect retinal physiology and 

morphology, the effect of baicalein on total retinal thickness was investigated. The 

central retinal thickness around the optic disc was measured by SD-OCT. No 

significant difference in total retinal thickness was observed between experimental 

and control eyes in all groups before drug treatment (p>0.05, two-way ANOVA). 

Figure 3.22 summarizes changes in total retinal thickness after nine days of 
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intravitreal injection of baicalein or vehicle. Our results showed that intravitreal 

application of baicalein had no effects on total retinal thickness between all 

baicalein-treated and their contralateral control eyes (p>0.05, two-way ANOVA) 

suggesting that baicalein had minimal effect on retinal thickness after intravitreal drug 

administration.  

 

 

Figure 3.22 Changes in total retinal thickness (post-/pre-treatment) of SD rats after 
intravitreal injection in both experimental (either vehicle-treated or baicalein-treated) and 
untreated control eyes. Vehicle, 7.5 µM baicalein, 75 µM baicalein, and 750 µM baicalein 
(n=6 in each case). Results are expressed as Mean ±SEM (p>0.05, two-way ANOVA). 

 

In the second part, we further looked into the ocular hypotensive effect exerted by 

baicalein. As before, 750 µM of baicalein or vehicle was injected intravitreally to the 
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experimental eye while the fellow untreated eye was used as the control. IOP was 

monitored every 12 hours for a period of 3-4 days. Figure 3.23 presents ocular 

hypotensive effects of baicalein compared to the untreated fellow eye. There was no 

significant difference in baseline IOP between experimental and control eyes under 

daytime and nighttime in vehicle-treated and baicalein-treated groups (p>0.05). For 

the vehicle-treated group, there was no significant difference between experimental 

and control eyes at all time points (p>0.05). For the baicalein-treated group, baicalein 

produced a sustained IOP-lowering effect during both daytime and nighttime. The 

maximum IOP reductions were found to be 2.4 ±0.5 mmHg (22%, p<0.01) and 9.3 

±1.6 mmHg (51%, p<0.01), under daytime and nighttime, respectively. Our results 

suggested that baicalein had a significant IOP-lowering effect when administered 

intravitreally, as opposed to topical application.  
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A. Vehicle-treated group 

 

B. 750 µM baicalein-treated group 

 
Figure 3.23 Changes in IOP of both experimental and control eyes following intravitreal 
injection in SD rats. A) vehicle-treated; and B) 750 µM baicalein-treated groups (n=6 in each 
group). Results are expressed as Mean ±SEM (*p<0.05, **p<0.01, paired t-test) 
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Chapter 4 Discussion 

4.1 Rationale of the study 

Glaucoma is a common, age-related optic neuropathy characterized by the progressive 

loss of sight, and ultimately, total blindness. It is often called “the silent thief of sight” 

as glaucoma can remain asymptomatic until it has reached an advanced stage. Despite 

tremendous efforts toward studying the mechanisms underlying glaucoma, its 

complete pathogenesis remains unclear. Elevated intraocular pressure (IOP) is the 

major and perhaps the only modifiable risk factor for progression among others. Thus, 

IOP-lowering therapy continues to be the first-line treatment to retard its development 

and progression (Collaborative Normal-Tension Glaucoma Study Group, 1998a, The 

AGIS Investigators, 2000). To date, glaucoma remains incurable; thus, requires 

lifelong care. As such, the importance of good patient compliance and adherence to 

therapy should not be overlooked as they affect treatment outcomes (Reardon et al., 

2011). Many anti-glaucoma agents have significant contraindications, limitations, and 

long-term side effects (Lee and Higginbotham, 2005, Detry-Morel, 2006). For these 

reasons, our initial objective warrants the need to explore a novel agent with 

long-lasting actions and fewer unwanted side effects. This can bring profound clinical 

implications for future glaucoma management.  
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IOP levels are governed by the dynamics balancing AH inflow- secreted by the ciliary 

epithelium, and AH outflow- mainly through the conventional TM route. Elevated 

IOP in glaucoma patients is believed to stem primarily from an impeded fluid 

drainage through the TM. Currently, most existing medications used in glaucoma 

therapy act by either reducing AH secretion or facilitating AH drainage via 

uveoscleral outflow. Research on agents facilitating fluid drainage through the 

conventional TM outflow pathway represents an appealing approach as TM is the 

diseased tissue responsible for increased IOP (Vranka et al., 2015, Tektas and 

Lütjen-Drecoll, 2009). Most recently, ROCK inhibitors targeting TM outflow have 

been successfully developed for clinical use (Pan et al., 2013). Two ROCK inhibitors 

have been approved as IOP-lowering agents: Netarsudil (AR-13324) in the United 

States and Ripasudil (K-115) in Japan (Hoy, 2018, Garnock-Jones, 2014). Despite this 

success, no dual-action medication has been developed targeting both secretion and 

drainage of AH simultaneously. Such medication targeting both inflow and outflow 

may greatly improve treatment efficacy for the prevention of glaucoma. 

 

Baicalein is a natural flavonoid originally derived from the root of Scutellaria 

baicalensis, and is often found in fruits and vegetables (Ren et al., 2001). Baicalein 

has been frequently used in traditional Chinese medicine because it is safe and well 
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tolerated by patients (Li et al., 2014, Pang et al., 2016). The therapeutic potential of 

baicalein has been associated with its anti-inflammatory, anti-oxidative, and 

anti-apoptotic properties (Gasiorowski et al., 2011, Huang et al., 2005, Schweiger et 

al., 2007). Although not yet fully explored, several studies have proposed that 

baicalein may have therapeutic significance in treating ocular diseases (Majumdar and 

Srirangam, 2010, Xiao et al., 2014). A number of reports have demonstrated that 

baicalein protects neurons from ischemic and oxidative damage in different models of 

neuropathy (Maher and Hanneken, 2005, Chao et al., 2013, Hanneken et al., 2006), 

indicating its potential significance for the prevention of glaucomatous optic 

neuropathy. 

  

Our previous study evaluating baicalein’s effects on AH inflow have demonstrated 

that baicalein inhibits Cl- and fluid secretion across porcine ciliary epithelium (Xiao, 

2015). We hypothesized that these effects were likely mediated by the inhibition of 

ICl,swell in NPE cells, potentially leading to a suppression of AH production. To date, 

the precise physiological mechanisms on how conventional outflow is regulated are 

not fully clear. Previous studies have suggested that regulations of TM cell volume, 

contractility, ECM synthesis and remodeling all contribute to the maintenance of 

outflow resistance (Stamer, 2012). Baicalein has been shown to exert its effects on 
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cell contractility (Chen et al., 1999, Huang et al., 2004), ion and fluid secretion (Ko et 

al., 2002, Xue et al., 2018) and ECM remodeling (Sun et al., 2010, Gao et al., 2013) 

in other cell types. Whether or not baicalein modulates conventional TM outflow and 

IOP, as well as its mechanistic actions are yet to be established. In addition, loss of 

TM cells has been reported in glaucoma patients (Alvarado et al., 1984). This may 

cause a reduced degradation of ECM materials, resulting in an increase in outflow 

resistance (Gabelt and Kaufman, 2005). Several studies have reported that baicalein 

demonstrates the anti-inflammatory, anti-oxidative, and anti-apoptotic properties, 

suggesting that it may be a good candidate for strengthening and restoring the 

functions of TM cells, eventually improving the outflow resistance of glaucomatous 

eyes. Given that baicalein may act through multiple pathways, a comprehensive 

exploration of the protein profile and signaling cascades responsible for 

baicalein-induced responses was warranted.  

 

4.2 Facilitation of conventional outflow facility by baicalein 

The conventional outflow facility was determined by constant-pressure perfusion 

approach in ex vivo mouse eyes. C57BL/6J mice was chosen as experimental animals 

for the following reasons: 1) mouse eyes were more readily available for experiments 

than human eyes; 2) lack of washout effect was reported in mice; 3) mice eye had 



123 

 

similar anatomical outflow structures as humans; and 4) mouse eyes responded to 

anti-glaucoma agents similar to humans (Lei et al., 2011, Millar et al., 2011, 

Boussommier Calleja et al., 2012). As shown in Figure 3.1 and Figure 3.2, baicalein 

elicited an acute concentration-dependent increase in conventional outflow facility in 

freshly enucleated mouse eyes. At 0.1 µM, baicalein had no significant effect on 

outflow facility in paired eyes. When treated with 1 and 10 µM, baicalein, we found 

an increase in outflow facility by 37% and 89%, respectively. The magnitude of AH 

outflow increase was comparable to the previous studies with ROCK inhibitors. For 

example, studies have shown that Y27632 increases outflow facility by 40-80% in 

porcine (Rao et al., 2001), bovine (Lu et al., 2008), and human eyes (Yang et al., 

2013). Consistent with these findings, we found that Y39983 (50 µM) increased the 

outflow facility by 74% compared with the vehicle-treated control. These results 

support the notion that baicalein may be as effective as ROCK inhibitors in enhancing 

AH drainage. It was reported that Y39983, an analog of Y27632, was more potent as 

it had an IC50 ~30 times lower than Y27632 in inhibiting ROCK activity; thereby, 

triggering a larger reduction of IOP (Tokushige et al., 2007). Our results are also in 

agreement with a recent study in which Netarsudil increased outflow facility by 56% 

in C57 mice (Li et al., 2016). In that study, a five-day topical administration of 

Netarsudil lowered the IOP by 5.2 mmHg (Li et al., 2016). Similarly, perfusion with 
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Netarsudil-M1, an active metabolite of Netarsudil, increased the outflow facility by 

51% when compared to paired controls in human eyes (Ren et al., 2016). 

 

In addition to ROCK inhibitors, perfusion of NO donors such as 

S-nitroso-N-acetylpenicillamine (100 µM) and Diethylenetriamine/nitric oxide adduct 

(100 µM) increased the outflow facility by 62% and 97%, respectively (Chang et al., 

2015a, Ge et al., 2016). In our study, it was found that baicalein, when perfused at 10 

µM, increased conventional outflow to a similar extent. Generally, a lower 

concentration of drug is preferred because of reduced risks of cytotoxicity and ocular 

side effects. Comparatively, even at 1 µM, we observed a nearly 40% increase in 

outflow facility. Our results are consistent with the hypothesis that baicalein enhances 

conventional TM outflow, in addition to its inhibitory effect on AH secretion, as 

observed previously. This suggests that baicalein may potentially be a good candidate 

for lowering IOP because of its dual actions on both AH secretion and drainage.  

 

4.3 Effects of baicalein on viability and proliferation in hTM cells  

The effects of baicalein on cell viability and proliferation in hTM cells were 

investigated before studying its potential mechanisms of actions in enhancing TM 
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outflow. Our results showed that baicalein (1 to 100 µM) and vehicle had no 

significant effects on cell viability after 2- and 4-day treatment. Similarly, it was 

found that baicalein did not exert any effects on TM cell proliferation. Our results are 

in line with published findings reported in other cell types. For instance, baicalein (1 

to 5 µM) did not affect cell viability nor proliferation in mouse macrophages (Cheng 

et al., 2007). At higher concentrations (e.g. 10 to 100 µM), it was reported that 

baicalein did not exhibit adverse effects on cell viability in rat heart myoblasts (Oh et 

al., 2012) and human LNCaP cells (Lee et al., 2008). Our results also accord with 

these observations, which showed that baicalein has minimal cytotoxicity and is safe 

to use.  

 

4.4 Potential mechanisms involved in the regulation of aqueous 

humor outflow 

As discussed before, the precise mechanisms by which conventional outflow is 

regulated are still unclear. The regulation is complicated, involving at least four 

different mechanisms including the modulations of 1) TM cell volume; 2) TM cell 

contractility; 3) ECM remodeling; and 4) funneling effect between JCT and the inner 

wall of SC (Stamer, 2012). Regulations of TM cell volume and contractility may 

trigger acute changes in outflow resistance, as the modulations of cell volume and 
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contractility are relatively fast. Conversely, alterations of ECM composition usually 

take a few hours to several days for structural remodeling in the outflow pathway to 

take place (Crosson et al., 2005). Current anti-glaucoma medications targeted at TM 

outflow act by modulating, at least in part, TM cell relaxation (Ramachandran et al., 

2011, Dismuke et al., 2014), volume regulation (Dismuke et al., 2008) and ECM 

remodeling by inhibiting the matrix cross-linking (Yang et al., 2016). It is likely that 

these mechanisms are inter-related, mutually influencing the resultant outflow 

resistance.  

 

4.4.1 Effect of baicalein on cell volume regulation in hTM cells  

According to our data, it was found that baicalein triggers a significant increase in 

outflow facility over a period of 2-3 hours. These findings suggest that baicalein may 

exert acute effect(s) on TM cells. Outflow resistance in TM cells can be modulated by 

cell volume regulation (Gual et al., 1997, Al-Aswad et al., 1999). A number of K+, Cl- 

channels and ion transporters have been identified in the TM cells responsible for 

volume regulation (Dismuke and Ellis, 2009, Comes et al., 2006, O'Donnell et al., 

1995, Mitchell et al., 2002). It is likely that fluctuation of AH’s osmolarity may 

trigger swelling- and stretch-activated channels in TM cells, leading to an alteration of 

outflow facility (Mitchell et al., 2002, Gasull et al., 2003, Carreon et al., 2017). In the 
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isotonic bathing solution, we did not observe any changes of cell volume by baicalein 

at all concentrations (1, 10 and 100 µM) tested over a period of 30 minutes. 

Subsequently, when subjected to hypotonic stimulation, baicalein triggered a 

concentration-dependent inhibition of RVD. After 30 minutes of hypotonic challenge, 

a significant inhibition of RVD was observed with 10 and 100 µM baicalein when 

compared to vehicle-treated cells respectively. At 1 µM, baicalein had a subtle effect 

on RVD. Generally, the effects of volume regulation on outflow facility are fast and 

transient, then return to the baseline level over a few hours (Soto et al., 2004, Comes 

et al., 2006, Dismuke et al., 2008). It has previously been shown that bumetanide (a 

blocker of Na+-K+-2Cl-), NS1619 (a BKCa activator), and Cl- replacement cause a 

shrinkage of TM cells and increase outflow facility under isosmotic conditions 

(Al-Aswad et al., 1999, Dismuke and Ellis, 2009). In addition, it has been shown that 

NO donor diethylenetriamine reduces TM cell volume and increases outflow facility 

in a concentration-dependent manner (Dismuke et al., 2008). In our study, baicalein 

did not elicit any detectable change in cell volume under isosmotic condition, 

indicating that baicalein did not influence baseline steady-state cell volume 

homeostasis, unlike other channel inhibitors.  
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On the other hand, baicalein inhibited the RVD upon hypotonicity, potentially leading 

to a reduction of outflow resistance. Our data are consistent with that of Banerjee et al. 

in which inhibition of anoctamin-6 (a swelling-activated Cl- channel) has been found 

to modulate ICl,swell and RVD in TM cells, potentially reducing outflow resistance 

(Banerjee et al., 2017). It has been shown that ATP release increases in human TM 

cells following hypotonic cell swelling (Fleischhauer et al., 2003). Cell swelling 

resulting from RVD inhibition also stimulates ATP release and activates A1 

adenosine receptors (A1ARs) (Li et al., 2011a), subsequently facilitating AH drainage 

and IOP reduction (Crosson et al., 2005, Crosson, 2001, Crosson, 1995). The ATP 

release stimulated by cell swelling is subjected to purinergic regulation via pannexin‐1, 

connexin hemichannels, and P2X7 receptors (Li et al., 2012). It has been revealed that 

ATP alters ecto-enzymatic delivery of adenosine to A1ARs, which in turn modulates 

cytoskeletal remodeling through MMP-2 and MMP-9 secretion (Li et al., 2011a). In 

contrast, dexamethasone is known to increase outflow resistance (Leung et al., 2003, 

Overby et al., 2014b). Dexamethasone has been found to accelerate RVD following 

hypotonic treatment in TM cells, subsequently inhibiting ATP release and 

A1AR-triggered MMP secretion (Li et al., 2011a). Our results support the notion that 

baicalein retards RVD in hTM cells, potentially regulating subsequent cytoskeletal 

remodeling through MMP secretion, leading to an increased outflow facility.  
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4.4.2 Effect of baicalein on hTM cell relaxation 

In addition to cell volume regulation, we hypothesized that baicalein regulates the 

contractility of TM cells. TM cells display smooth muscle-like properties (Wiederholt 

et al., 2000). The increase of outflow facility following treatment with ROCK 

inhibitors can be explained, at least in part, by the relaxation of TM cells (Honjo et al., 

2001, Rao et al., 2001, Rosenthal et al., 2005). Using collagen gel contraction assay, 

we demonstrated that baicalein mediated a concentration-dependent relaxation of TM 

cells over a period of 6 hours. At 100 µM, baicalein triggered a significant TM cell 

relaxation by 10% after both 3-hour and 6-hour treatment. No statistically significant 

effects were observed at 1 and 10 µM. On the other hand, carbachol (5 µM) 

stimulated TM cell contraction by ~10-15% after a 3-hour and 6-hour treatment, 

which is consistent with previous work (Rosenthal et al., 2005). 

 

It is likely that the relaxation effect of baicalein may be related to its inhibitory 

activity on ROCK and protein kinase C (PKC) (Somlyo and Somlyo, 2000), as 

demonstrated in cardiac myoblast cells (Oh et al., 2012) and vascular smooth muscle 

(Chen et al., 1999). In cardiac myoblast cells, baicalein triggers a 

concentration-dependent inhibition of PKC activities and ROCK activities with 

reduced phosphorylation of MLC (Oh et al., 2012). Similarly, baicalein (30 to 300 
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µM) has been shown to induce a relaxation of arterial smooth muscle by inhibiting 

PKC activity (Chen et al., 1999). It has been suggested that PKC inhibits actin 

binding action between caldesmon and calponin (Menice et al., 1997). This may 

facilitate the binding between actin and myosin for MLC phosphorylation and cell 

contraction through the mitogen-activated protein kinase pathway (Thieme et al., 

1999, Harnett and Biancani, 2003).  

 

It has been demonstrated that contractility of TM cells can be altered by agents 

including endothelin-1 (Rosenthal et al., 2005, Dismuke et al., 2014), nitric oxide 

(Dismuke et al., 2014), ROCK inhibitors (Rosenthal et al., 2005, Koga et al., 2006), 

and TGFB1 (Nakamura et al., 2002). In addition, TM cells exhibit a Ca2+-independent 

contractile mechanism which is linked to RhoA and PKC (Thieme et al., 2000). Nitric 

oxide donor diethylenetriamine / nitric oxide adduct is shown to trigger a 

concentration-dependent inhibition of MLC phosphorylation with a maximum 

relaxation of 63% in TM cells (Dismuke et al., 2014). In contrast, Dismuke et al. have 

reported that endothelin-1 elicits TM cell contraction along with an increase of MLC 

phosphorylation (Dismuke et al., 2014). This further supports the functional 

importance of MLC phosphorylation in regulating contractility of TM cells. Similarly, 

Ramachandran et al. have shown that Y27632 inhibits the phosphorylation of MLC 
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and can produce a maximum cell relaxation by 50% (Ramachandran et al., 2011). Our 

results indicate that baicalein can significantly relax hTM cells in a dose-dependent 

manner, which is consistent with the baicalein-mediated increase in outflow facility. 

Comparing the maximum TM cell relaxation exerted by nitric oxide donors (Dismuke 

et al., 2014) and ROCK inhibitor (Ramachandran et al., 2011), the effects of baicalein 

on TM cell relaxation is relatively small. This is also supported by the subtle changes 

detected in MLC phosphorylation (Figure 3.8). Our findings imply that baicalein 

triggers a relaxation of TM cells, potentially contributing to the observed increase in 

outflow facility. However, its effect was not as strong as nitric oxide and ROCK 

inhibitors. 

 

4.4.3 Effect of baicalein on cell migration in hTM cells 

In contrast to the acute responses of cell volume regulation and cell contractility, the 

modulation of TM cell migration on outflow facility can take place over a relatively 

long period of time. We observed that baicalein produced a concentration-dependent 

inhibition of TM cell migration up to nearly 80% after 4 days. At 1 µM, significant 

inhibition of cell migration was only evident after 4 days. At 10 and 100 µM, 

inhibition of cell migration was observed in both 2- and 4-day post treatment. Our 

results are consistent with previous findings demonstrating baicalein’s inhibitory 
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properties on cell migration in other cell types (Liu et al., 2003, Wang et al., 2010a, 

Chiu et al., 2011). Consistent with the findings of baicalein treatment, we found that 

Y39983 (1 µM) inhibited TM cell migration by 37%. This is in alignment with a 

previous study where ROCK inhibitor reduces the migration rate in glioblastoma cells 

(Zohrabian et al., 2009). TM cell migration has been implicated in the pathogenesis of 

glaucoma for the following reasons. First, TM cells collected from POAG patients 

have been shown to have a higher migration rate compared to normal TM cells (Hogg 

et al., 2000). Second, the levels of myocilin and fibronectin, which have been found to 

be elevated in glaucomatous eyes, cause an increase in TM cell migration and outflow 

resistance (Kwon and Tomarev, 2011, Calthorpe and Grierson, 1990, Fautsch et al., 

2006, Li et al., 2004). Third, cell migration is found to alter the substrate modulus of 

TM, increasing the stiffness in glaucomatous TM (Provenzano et al., 2008, Last et al., 

2011, Gabelt and Kaufman, 2005). These findings support the important role of TM 

cell migration in the regulation of outflow facility and IOP. 

 

It has been previously shown that administration of noladin ether, an endocannabinoid 

ligand selective for cannabinoid CB1 receptor, increases outflow facility (Njie et al., 

2006), leading to IOP reduction (Laine et al., 2002). Similar to the effect of baicalein, 

noladin ether has been shown to trigger a dose-dependent inhibition of TM cell 
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migration which is blocked by CB1 antagonist SR141716A (Kumar and Song, 2006). 

The inhibition of TM cell migration is possibly mediated by a decrease of actin stress 

fibers and focal adhesions (Kumar and Song, 2006). Nevertheless, it has been found 

that ROCK inhibitor, Y27632, elicits an increased TM cell migration (Koga et al., 

2006, Honjo et al., 2001). In our experiments, we observed that baicalein triggered a 

concentration-dependent inhibition of TM migration concomitant with a parallel 

increase in outflow facility. In parallel with the results of baicalein, Y39983 was 

found to inhibit hTM cell migration. The exact reason(s) for this discrepancy is not 

clear. This might be due to the differences in ROCK inhibitors and experimental 

conditions used. It has been shown that ROCK inhibitors may have different affinities 

to the binding pocket residues of ROCKs and inhibitory activities (Wheeler and 

Ridley, 2004, Pan et al., 2013). Also, ROCK inhibitors might elicit multiple cellular 

effects in TM cells, attributing to the resultant observed changes in outflow facility. In 

addition, there might be other non-specific effects modulating TM cell migration that 

are independent of ROCK inhibition. Further studies are needed to confirm this 

hypothesis. 

 

It has been proposed that the inhibition of cell migration by baicalein is associated 

with the decreased activities of MMP-2 and MMP-9 (Liu et al., 2003, Wang et al., 
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2010a). Studies have shown that MMPs can inhibit extensive cell proliferation and 

migration (Larkins et al., 2006). It has also been found that baicalein reduces the 

activities of MMP-2 and MMP-9 induced by benzo(a)pyrene in Swiss albino mice 

(Chandrashekar et al., 2012). MMPs serve as important modulators of outflow 

resistance and IOP through continuous remodeling of ECM (De Groef et al., 2013). 

However, in the TM of glaucomatous eyes, the activities of MMPs have been shown 

to be inhibited (De Groef et al., 2013). We cannot exclude the possibility that 

baicalein may have inhibited MMP-2 and MMP-9 activities in hTM cells. However, it 

is unlikely because downregulations of MMP-2 and MMP-9 are expected to trigger a 

reduction, rather than an increase of outflow facility (Bradley et al., 1998). 

 

The inhibition of cell migration induced by baicalein could also be attributed to the 

inhibitory effects on swelling-activated Cl- channels (Xue et al., 2018). Studies have 

demonstrated that regulation of volume-activated Cl- channels is involved in the 

migration on HeLa cells (Mao et al., 2009). It has been shown that the inhibition of 

volume-activated Cl- channels reduces the migration rate of carcinoma cells (Mao et 

al., 2007). Since baicalein is shown to modulate RVD by potentially inhibiting ICl,swell 

in hTM cells, additional studies are required to elucidate the precise relationship 
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between cell migration and volume regulation, and its relationship to outflow 

resistance.             

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

4.5 Effect of baicalein on protein profile in hTM cells 

To better delineate the functional significance of baicalein, proteomic approaches 

were employed to study the protein expression profile after baicalein treatment in 

hTM cells. It was likely that baicalein acted through multiple pathways; therefore, 

conventional methods of targeting candidate proteins provided only a limited view of 

its mechanism of action. Quantitative proteomics is the core research technology 

underlying high-throughput protein profiling in the post-genomic era (Lao et al., 2014, 

Lin et al., 2014, Wilhelm et al., 2014). This approach allowed us to better understand 

the differential protein expressions and the potential signaling pathways involved in 

the regulation of outflow facility. 

 

In this study, hTM cells were treated with baicalein under two time points: i.e. 3 hours 

and 2 days. The rationale of studying 3-hour post-treatment was to identify protein 

changes and early cellular signals responsible for the acute effects (e.g. hTM cell 

volume and contractility) exerted by baicalein. For the 2-day treatment, it allowed us 
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to have a better understanding of the proteins involved in cell migration and ECM 

homeostasis.  

 

Based on our results, there were 47 and 119 differentially expressed proteins after 3 

hours and 2 days baicalein treatment, respectively. These differentially expressed 

proteins were analyzed by PANTHER classification system. Our results suggested 

that baicalein significantly regulated the catalytic and binding activities at both time 

points. In addition, cellular process, metabolic process and cellular component 

organization or biogenesis were the top biological processes regulated by baicalein. 

With both the IPA software and STRING analysis, we identified a number of the 

potential upstream regulators and ingenuity canonical pathways following baicalein 

treatment.  

  

4.5.1 Potential protein candidates regulating conventional outflow facility 

Within the physiological IOP range, TM accounts for more than 70% of outflow 

resistance in human eyes (Van Buskirk, 1977, Rosenquist et al., 1989). Various ECM 

components such as collagens and laminin are commonly found in the TM. ECM not 

only serves as a structural protein, but also influences different cellular processes and 
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functions such as cell contraction, cytoskeletal tension, cell migration, cell-cell and 

ECM adhesion (Acott and Kelley, 2008). 

 

As shown in Figure 3.9, a concentration-dependent inhibition of hTM cell migration 

was observed after baicalein treatment. This inhibition was possibly mediated by 

changes in cytoskeletal rearrangement and ECM remodeling. Consistent with the 

migration results, we revealed a number of related proteins with altered expressions 

after baicalein treatment at both time points. For 3-hour treatment, baicalein was 

shown to upregulate cathepsin B (CTSB; P07858; p<0.01) by 51%. CTSB belongs to 

cysteine cathepsins under the C1 papain family of cysteine proteases, which is 

involved in numerous processes including cell adhesion, cell motility, and ECM 

degradation (Obermajer et al., 2008). It has been shown that increase of CTSB may 

facilitate ECM degradation via caveolae-mediated endocytosis (Cavallo Medved et al., 

2009). This finding is consistent with a previous study that an upregulation of CTSB 

were demonstrated after a phagocytic challenge to E. coli and collagen I-coated bead, 

and that was found to be associated with the regulation of cell-matrix interactions and 

ECM remodeling in TM cells (Porter et al., 2013). Recently, it has been shown that 

CTSB expression is inhibited in the TM of glaucoma patients (Porter et al., 2015). 

Recent evidence demonstrating CTSB’s role on attenuating fibrosis and ECM 
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deposition in TM cells further suggests CTSB upregulation by baicalein may 

contribute to ECM homeostasis (Nettesheim et al., 2021).  

 

Likewise, D-dopachrome decarboxylase (DDT; P30046; p<0.05) and pre-B-cell 

leukemia homeobox interacting protein 1 (PBXIP1; Q96AQ6; p<0.05) were reduced 

by 42% and 60%, respectively. DDT is the homologue of macrophage migration 

inhibitory factor MIF and has been regarded as the MIF-like cytokine responsible for 

inflammatory response (Sonesson et al., 2003). Knockdown of DDT was found to 

inhibit the migration and proliferation of human cancer cells (Wang et al., 2017). 

PBXIP is a co-repressor of pre-B-cell leukemia homeobox 1 involved in cell 

migration, proliferation, growth and differentiation (Manavathi et al., 2012, 

Abramovich et al., 2002). It has previously been shown that PBXIP1 can promote cell 

migration in gastric (Feng et al., 2015), thyroid (Wang et al., 2015a) and human 

alveolar basal epithelial cells (Pan et al., 2016), through the PI3K/AKT signaling 

pathway. Besides, actin-related protein 2/3 complex subunit 1A (ARPC1A; Q92747; 

p<0.05) was reduced by 35% after 3 hours. Actin-related protein 2/3 complex played 

a crucial role in actin cytoskeletal functions (Machesky and Gould, 1999). Although 

there was limited evidence on ARPC1A, a study demonstrated that silencing of 

actin-related protein 2/3 complex subunit 5 significantly reduced the cell migration in 
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squamous cell carcinoma cell lines (Kinoshita et al., 2012). In our study, the 

upregulation of CTSB along with the downregulation of PBXIP1, DDT and ARPC1A 

may serve as an early signal for the subsequent inhibition of hTM cell migration. 

After 2 days of baicalein treatment, we found a number of proteins with altered 

expressions, which may contribute to the slower rate of cell migration. Baicalein 

increased the expression of arylsulfatase B (ARSB; P15848; p<0.01) by 32%. This 

was confirmed by an increase in mRNA expression by 18% (p<0.05). ARSB is a 

lysosomal enzyme commonly found in epithelial or endothelial cells 

(Mitsunaga-Nakatsubo et al., 2009, Prabhu et al., 2011). It has been reported that an 

increase of ARSB retarded the migration rate by nearly 40% in primary colonic 

epithelial cells (Bhattacharyya and Tobacman, 2009). Overexpression of ARSB 

resulted in reduced MMP-9, activated RhoA and cell migration while silencing of 

ARSB led to opposite effects (Bhattacharyya and Tobacman, 2009). Increased RhoA 

expression may also enhance the migration rate in human umbilical vein endothelial 

cells (Zhao et al., 2006). This finding is in good agreement with our results 

corresponding to a significant downregulation of RhoA (13%; p<0.05) after 2 days of 

baicalein treatment. Moreover, ARSB deficiency is associated with shallow anterior 

chamber depth and angle-closure glaucoma due to glycosaminoglycan deposit in the 

TM (Ashworth et al., 2006, Veerappan et al., 2017). Similar findings have been 
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reported in human bronchial and colonic epithelial cells that ARSB activity is found 

to be inversely proportional to the amount of cellular sulfated glycosaminoglycans 

(Bhattacharyya and Tobacman, 2012). Our results suggest that increase of ARSB may 

reduce ECM deposit and cell contractility in the TM; thus, facilitating AH drainage.  

  

In addition to ARSB, baicalein reduced the expressions of Cl- intracellular channel 

protein 4 (CLIC4; Q9Y696, p<0.01) by 39%. It has previously been demonstrated that 

CLIC4 plays a crucial role in cytoskeletal organization in which CLIC4 

downregulation has been shown to reduce cell migration via MMP-9 downregulation 

(Chiang et al., 2013). Recently, it has been found that CLIC4 acts as a matrix 

microenvironment modulator by regulating the matrix degradation of MMP-14; 

thereby, influencing focal adhesion and ECM remodeling in human RPE cells (Hsu et 

al., 2019). Likewise, baicalein significantly reduced the expressions of secernin-1 

(SCRN1; Q12765; p<0.05) and thymosin beta-4 (TMSB4X; P62328; p<0.05) by 26% 

in both. Increased protein expressions of SCRN1 and TMSB4X have been found to 

correlate with increased cell migration via upregulation of MMP activities (Lin et al., 

2015, Malinda et al., 1997, Malinda et al., 1999, Qiu et al., 2007). This is in 

agreement with previous studies that baicalein reduced MMPs expression and 
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activities in chondrocytes (Chen et al., 2015) and lung cells (Chandrashekar et al., 

2012). 

 

Different ECM proteins including laminin, fibronectin, and collagen are highly 

expressed in sheath-derived plaques in the JCT region of TM (Ueda et al., 2002). 

Excessive ECM deposition has been found to be associated with higher outflow 

resistance in glaucomatous TM (Tektas and Lütjen-Drecoll, 2009). In relation to ECM 

proteins, we observed an 18% reduction of laminin subunit beta-1 (LAMB1, P07942, 

p<0.01), an ECM component, after baicalein treatment. Increased expression and 

activities of MMPs has been found to trigger ECM degradation through an IOP 

homeostasis feedback mechanism (De Groef et al., 2013). There are approximately 25 

types of MMPs discovered (Zitka et al., 2010, Lindsey, 2018). Most are secreted-type 

MMPs, including MMP-2 and MMP-9, while MMP-14 is a membrane-anchored type 

enzyme (Yang et al., 2007, Shiomi et al., 2010). The increase of MMP expressions, 

particularly MMP-2 and MMP-9, has been thought to enhance ECM digestion; hence, 

outflow facility (Yang et al., 2016, Keller et al., 2009). Our results also showed a 14% 

increase in MMP-14 expression after the 3-hour treatment (p<0.05). Other MMPs 

were; however, not detected in our MS results. The exact reason for this difference is 

not apparent. This could be due to the fact that only TM cells were used by proteomic 
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studies. As a result, it may have limited the detection of secreted proteins such as 

MMP-2 and MMP-9. Our findings are in parallel with a previous study where 

MMP-14 enhanced ECM digestion in isolated human skin tropoelastin and elastin 

(Miekus et al., 2019). In TM cells, MMP-14 was found to be upregulated under 

mechanical stress (Bradley et al., 2003). More recently, it has been demonstrated that 

genipin, an agent to induce matrix cross-linking, reduced outflow facility in porcine 

and human anterior segments, which may have been mediated by a reduction of 

MMP-14 (Yang et al., 2016). Taken together, baicalein potentially triggered ECM 

remodeling, which may account for increase in outflow facility by reducing the 

resistance to fluid drainage. 

 

4.5.2 Other properties of baicalein in potentially regulating TM functions                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

4.5.2.1 Anti-oxidative properties of baicalein 

Baicalein has been shown to display anti-oxidative property by reducing oxidative 

stress against cellular damage (Su et al., 2000, Liu et al., 2013). Oxidative stress has 

been implicated in the pathogenesis of glaucoma because elevated ROS has been 

found in the TM, AH, and RGCs of glaucomatous eyes (Saccà et al., 2005, Ghanem et 

al., 2010, Wax and Tezel, 2009). Based on the STRING analysis, a total of 8 and 22 
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proteins related to oxidation-reduction process were differentially expressed after 

baicalein treatment for 3 hours and 2 days, respectively. This supported the notion 

that baicalein was involved in the regulation of oxidation-reduction process in hTM 

cells, consistent with earlier reports for other cell types. After 3 hours baicalein 

treatment, peroxiredoxin-1 (Prdx1; Q06830; p<0.05) was upregulated by 20%. Prdx1 

is an abundant antioxidant protein found in erythrocytes to scavenge excessive ROS 

(Neumann et al., 2009). Prdx1 also serves as an intracellular messenger for H2O2 

homeostasis by reducing the intracellular level of H2O2 (Rhee et al., 2003). Prdx1 has 

been shown to inhibit oxidant-induced damages to cellular DNA, lipids, and proteins 

(Mu et al., 2002). Previous study has shown that ROS level increased in red blood 

cells of Prdx1 knockout (Prdx1-/-) mice. Significant increase in DNA damage has 

been found in the brain, liver and spleen of Prdx1-/- mice (Egler et al., 2005). 

Suppression of H2O2-induced DNA damage has been reported after baicalein 

treatment by reducing DNA double-strand breaks; thereby, increasing cell viability in 

Chinese hamster lung fibroblast (Kim et al., 2012) and human vestibular schwannoma 

cells (Park et al., 2019). 

 

In addition to Prdx1, baicalein has been found to prevent ROS-induced mitochondrial 

dysfunction by increasing mitochondrial activities and inhibiting apoptotic-related 
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changes in mitochondria (de Oliveira et al., 2015). In our experiment, pyruvate 

dehydrogenase E1 component subunit beta (PDHB; P11177; p<0.05) was upregulated 

by 61% after 3 hours of treatment. PDHB has been found to be a major subunit of 

pyruvate dehydrogenase complex (PDHC), which plays an important role in aerobic 

energy metabolism (Martin et al., 2005). The covalent catalysis with thiamin 

diphosphate induced by PDHB has been suggested to be the rate-limiting step in 

PDHC catalysis (Balakrishnan et al., 2012). Therefore, upregulation of PDHB by 

baicalein is expected to enhance mitochondrial activities. An increase in lipid 

peroxidation in the mitochondria, which is induced by ROS has been reported in 

various neurodegenerative diseases including Alzheimer’s disease (Pocernich and 

Butterfield, 2003) and POAG (Aslan et al., 2008). Patients with POAG have been 

found to have lower levels of ATP production and mitochondrial potentials in the TM 

(He et al., 2008). In neurodegenerative diseases, baicalein has also been found to 

inhibit lipid peroxidation and increase cell viability in PC12 (Zhang et al., 2010) and 

SH-SY5Y cells (Wang et al., 2013). These findings are consistent with our results 

where an upregulation of PDHB by baicalein can potentially reduce ROS-induced 

mitochondrial dysfunction in hTM cells.  
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After 2 days treatment of baicalein, we found that superoxide dismutase [Cu-Zn] 

(SOD1; P00441; p<0.05) was downregulated by 50%. SOD1 is an antioxidant 

enzyme reducing oxygen-derived cytotoxicity (Kobayashi et al., 2019). SOD1 has 

been considered a clinical biomarker of oxidative stress in renal (Pawlak et al., 2005) 

and eye diseases (Ferreira et al., 2004, Ghanem et al., 2010). It has been reported that 

the activity of superoxide dismutase increased by >50% in the AH of POAG patients 

compared to controls (Ferreira et al., 2004, Ghanem et al., 2010). Our results are in 

good agreement with previous in vitro studies whereby baicalein significantly 

attenuated oxidative stress by scavenging ROS and reduced apoptotic cell death in 

cardiomyocytes (Shao et al., 1999), fibroblasts (Gao et al., 1998), retinal pigment 

epithelium cells (Liu et al., 2010b) of different species. For in vivo studies, baicalein 

has also been found to alleviate cognitive and motor impairments by reducing 

mitochondrial ROS; thereby, protecting brain mitochondria against chronic cerebral 

hypoperfusion-induced oxidative damage (He et al., 2009). Likewise, an association 

of cardiomyocyte apoptosis with excessive ROS and baicalein has been found to 

ameliorate doxorubicin-induced cardiotoxicity in mice (Sahu et al., 2016).  
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4.5.2.2 Anti- inflammatory properties of baicalein 

In our experiments, several proteins related to inflammation were significantly altered 

in expression after baicalein treatment. For example, macrophage migration inhibitory 

factor (MIF; P14174; p<0.05) were downregulated by 33% after 3 hours of incubation. 

As mentioned above, DDT, a MIF-like cytokine, was reduced in expression by 42% 

(p<0.001) after baicalein treatment. It has been previously suggested that MIF act as a 

regulator on the production of different cytokines and initiators of inflammatory 

response (Bucala, 1996). Upon UV exposure, inflammatory responses such as 

increased expressions in protein and mRNA of IL-8 and tumor necrosis factor TNF-α 

has been found in human blister fluid (Strickland et al., 1997). Similarly, a later study 

also revealed an increase of MIF and DDT activities in human blister fluid compared 

to non-irradiated skin after UVB irradiation (Sonesson et al., 2003). The injection of 

anti-MIF antibodies in BALB/c mice significantly inhibits T-cell proliferation and 

IL-2 production (Bacher et al., 1996). Injection of anti-MIF antibodies in 

atherosclerosis apolipoprotein E-deficient mice model significantly reduced the levels 

of MIF, IL-6 and IL-12 (Burger Kentischer et al., 2006). In addition, reduced MIF has 

been found to be associated with the suppression of inflammatory response such as 

reduced accumulation of neutrophils and macrophages in the wound (Ashcroft et al., 

2003). Merk et al. reported that intraperitoneal injection of anti-DDT antibodies 
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significantly reduced the expressions of IL-6, IL-1β and TNF-α in the serum of mice 

(Merk et al., 2011). Our results imply that downregulations of MIF and DDT may be 

mediated by the anti-inflammatory property of baicalein.   

 

Elevated levels of IL-8 and TGFB1 have been observed in the AH of POAG patients 

(Kuchtey et al., 2010, Takai et al., 2012). In the TM of POAG patients, TGFB1, IL-6, 

IL-1β and TNF-α levels have been found to be significantly higher than normal 

subjects (Taurone et al., 2015). The potential anti-inflammatory response of baicalein 

found in our study was consistent with the properties reported in previous studies. Lee 

et al. found that baicalein suppressed both the production of pro-inflammatory 

cytokines TNF-α and lipopolysaccharide-mediated inflammatory responses of IL-6 in 

human umbilical vein endothelial cells (Lee et al., 2015). Similar results have also 

been found in IL-1β and TNF-α activated mast cells in which baicalein inhibited the 

production of IL-6, IL-8, and monocyte chemotactic protein 1 (Hsieh et al., 2007). 

Moreover, it has been shown that rats receiving controlled cortical impact injury can 

recover their motor function and balance following baicalein treatment. The effects 

were likely mediated by the inhibition of inflammatory responses related to IL-6, 

IL-1β, and TNF-α (Chen et al., 2008). These findings are in good alignment with the 
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anti-inflammatory properties of baicalein, which may potentially play an important 

role in modulating TM cell functions. 

 

It is worth noting that in our STRING analyses, we demonstrated a correlation with 

Parkinson’s and Huntington’s diseases with a FDR of <0.001. Parkinson’s and 

Huntington’s diseases are neurodegenerative disorders that are related to 

neuroinflammation, similar to glaucoma (Przedborski, 2010, Chang et al., 2015b, 

Vohra et al., 2013). Our results suggest that regulation of TM cell function by the 

anti-inflammatory properties of baicalein may share similar signaling cascades as 

reported in other neurodegenerative diseases.  

 

4.5.2.3 Anti- apoptotic properties of baicalein  

Loss of TM cellularity has been observed in patents with POAG (Alvarado et al., 

1984), which may be a result of increased TM cell death. It has been shown that 

apoptotic cell death induced by microRNA-93 was upregulated in glaucomatous TM 

cells (Wang et al., 2016), suggesting that the anti-apoptotic properties of baicalein 

may be important for the maintenance of normal functions and viability of hTM cells. 

Based on the STRING analysis of significantly regulated proteins, there were 19 

proteins that were related to the apoptosis process with FDR <0.05. 
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After 3 hours treatment of baicalein, the expression of proliferation-associated protein 

2G4 (PA2G4; Q9UQ80; p<0.05) significantly increased by 51%. ErbB3 

receptor-binding protein (Ebp1) has been found to be a human member of PA2G4 

family (Kowalinski et al., 2007). Two isoforms of Ebp1, p48 and p42, have been 

isolated as important in regulating cell survival and differentiation. For example, p48 

has been found to inhibit apoptotic cell depth while p42 suppresses cell proliferation 

in PC12 cells (Liu et al., 2006b). Depletion of Ebp1 has been found to induce a 50% 

increase of cell apoptosis in PC12 cells (Okada et al., 2007). Reduced expression of 

PA2G4 has been shown in aging retina with glaucoma (Sacca et al., 2016). In a study 

on episcleral vein occlusion in SD rats, a significant loss of RGCs and downregulation 

of PA2G4 expression have been observed in aged rats receiving cauterization at 47 

weeks when compared with controls (Anders et al., 2018). In view of that, elevated 

PA2G4 expression after baicalein treatment may lead to an anti-apoptotic effect on 

TM cells.  

 

Additionally, isoform 3 of SUMO-activating enzyme subunit 1 (SAE1; Q9UBE0-3; 

p<0.01) and programmed cell death protein 6 (PDCD6; O75340; p<0.05) were 

downregulated for 53% and 57%, respectively, after 3 hours. As reported by Gareau 

and Lima (2010), SAE1 belonged to a family of small ubiquitin-related modifier 
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(SUMO) and was responsible for regulating cellular process involving nuclear 

transport and DNA repair (Gareau and Lima, 2010). Overexpression of SUMO is 

shown to correlate with the neuronal apoptosis in Huntington’s disease (Dorval and 

Fraser, 2007). PDCD6 is found as a Ca2+- binding modulator protein regulating cell 

apoptosis (Vito et al., 1996). Rao et al. reported that inhibition of PDCD6 resulted in a 

reduction of endoplasmic reticulum stress-induced cell death in mouse embryonic 

fibroblasts (Rao et al., 2004). Our results suggested that downregulations of SAE1 

and PDCD6 and upregulation of PA2G4 by baicalein may potentially exert 

anti-apoptotic effects on hTM cells.  

 

Additionally, after baicalein treatment for 2 days, plasminogen activator inhibitor 1 

RNA-binding protein (SERBP1; Q8NC51; p<0.05) was significantly upregulated by 

29%. SERBP1 has been found to regulate and maintain mRNA stability (Heaton et al., 

2001). Apart from that, SERBP1 plays an important role in DNA repairing. For 

example, SERBP1 depletion has been reported to impair DNA repairing process by 

affecting strand-binding protein phosphorylation; thereby, reducing cell survival (Ahn 

et al., 2015). Therefore, upregulation of SERBP1 after baicalein treatment may help 

maintain mRNA stability and DNA repairing process in hTM cells.  
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It is likely that there are protein candidates displaying multiple functional properties. 

For example, Prdx1 was found to exhibit anti-oxidative effects in erythrocytes 

(Neumann et al., 2009). In addition to that, knockdown of Prdx1 led to a higher 

phosphorylated level of apoptosis signal-regulating kinase 1 (ASK1) and p38 upon 

H2O2 treatment in HeLa cells (Kim et al., 2008). Both ASK1 and p38 were involved 

in the activation of apoptosis (Kim et al., 2008). Overexpression of Prdx1/2 has been 

found to significantly suppress the H2O2-induced ASK1/p38 signaling pathway and 

apoptosis (Lu et al., 2019), further supporting the role of Prdx1 in inhibiting the 

oxidative stress-induced apoptosis. Other studies have also demonstrated protective 

effects of baicalein against apoptosis. For example, it has been demonstrated that 

baicalein protects against H2O2-induced intracellular ROS production and apoptosis in 

PC12 cells (Zhang et al., 2010). This was supported by a study in which baicalein 

reduces apoptosis induced by 6-hydroxydopamine in human neuroblastoma cells (Mu 

et al., 2009).  

 

Table 4.1 summarizes all the differentially expressed proteins mentioned in the 

discussion. In our study, we focused primarily on the effects of baicalein on normal 

healthy TM cells. Further investigations are needed to determine the anti-oxidative, 
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anti-inflammatory and anti-apoptotic properties of baicalein in glaucomatous TM in 

order to address our hypothesis.  

 
Table 4.1 Summary of the differentially expressed proteins mentioned in the discussion (GN: 
Gene name; ∆: percentage changes). 

  Proteins GN ∆ (%) References 

R
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tio

n/
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d 
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ll 
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3 
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D-dopachrome 

decarboxylase 

DDT -42 (Wang et al., 2017) 

Pre-B-cell leukemia 

homeobox interacting 

protein 1 

PBXIP1 -60 (Feng et al., 2015, Wang et al., 

2015a, Pan et al., 2016) 

Actin-related protein 2/3 

complex subunit 1A 

ARPC1A -35 (Kinoshita et al., 2012) 

2 
da

ys
 

Arylsulfatase B ARSB +32 (Bhattacharyya and Tobacman, 

2009, Zhao et al., 2006). 

Transforming protein RhoA RhoA +13 (Zhao et al., 2006). 

Chloride intracellular 

channel protein 4 

CLIC4 -39 (Chiang et al., 2013) 

Secernin-1 SCRN1 -26 (Lin et al., 2015) 

Thymosin beta-4 TMSB4X -26 (Malinda et al., 1997, Malinda 

et al., 1999, Qiu et al., 2007) 

In
cr

ea
se

d 
EC

M
 d

eg
ra

da
tio

n/
 re

du
ce

d 
EC

M
 d

ep
os

iti
on

 

3 
ho

ur
s 

Laminin subunit beta-1 LAMB1 -18 (Stamer et al., 2011, Zhao et 

al., 2004) 

Matrix metalloproteinase-14 MMP14 +14 (Yang et al., 2016, Miekus et 

al., 2019). 

Cathepsin B CTSB -51 (Obermajer et al., 2008, 

Cavallo Medved et al., 2009, 

Porter et al., 2013, Nettesheim 

et al., 2021) 

2 
da

ys
 

Arylsulfatase B ARSB +32 (Ashworth et al., 2006, 

Veerappan et al., 2017, 

Bhattacharyya and Tobacman, 

2012) 

Chloride intracellular 

channel protein 4 

CLIC4 -39 (Hsu et al., 2019) 
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A
nt

i-o
xi

da
tio

n 

3 
ho

ur
s 

Peroxiredoxin-1 Prdx1 +20 (Rhee et al., 2003, Neumann et 

al., 2009, Mu et al., 2002, 

Egler et al., 2005, Kim et al., 

2012, Park et al., 2019). 

Pyruvate dehydrogenase E1 

component subunit beta 

PDHB +61 (Zhang et al., 2010, Wang et 

al., 2013) 

2 
da

ys
 Superoxide dismutase 

[Cu-Zn] 

SOD1 -50 (Pawlak et al., 2005, Ferreira et 

al., 2004, Ghanem et al., 2010) 

A
nt

i-i
nf

la
m

m
at

io
n 

3 
ho

ur
s 

Macrophage migration 

inhibitory factor 

MIF -33 (Bucala, 1996, Sonesson et al., 

2003, Burger Kentischer et al., 

2006). 

D-dopachrome 

decarboxylase 

DDT -42 (Sonesson et al., 2003, Merk et 

al., 2011). 

A
nt

i-a
po

pt
os

is
 

3 
ho

ur
s 

Proliferation-associated 

protein 2G4 

PA2G4 +51 (Liu et al., 2006b, Okada et al., 

2007) 

SUMO-activating enzyme 

subunit 1 

SAE1 -53 (Gareau and Lima, 2010, 

Dorval and Fraser, 2007) 

Programmed cell death 

protein 6 

PDCD6 -57 (Vito et al., 1996, Rao et al., 

2004) 

2 
da

ys
 Plasminogen activator 

inhibitor 1 (PAI-1) 

RNA-binding protein 

SERBP1 +29 (Heaton et al., 2001, Ahn et al., 

2015, Lu et al., 2019) 

 

4.5.3 Potential upstream regulators 

In addition to the differentially expressed proteins found in the dataset, TGFB1 was 

identified to be the most significant potential upstream regulator. Leveraging the 

Upstream Regulator Analysis of IPA software, an inhibition of TGFB1 was predicted 

(z-score= -2.9, p<0.001). Our results suggest that TGFB1 inhibition may be a 

potential regulator responsible for the observed changes in protein expressions after 
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baicalein treatment. This finding is in line with the significant inhibition of 

transforming growth factor beta-1-induced transcript 1 protein (TGFI1; O432294; 

p<0.05) by 41%.  

 

TGFB1 has been shown to play an important role in the pathogenesis of glaucoma as 

an elevated level of TGFB1 was reported in AH and TM of POAG patients (Takai et 

al., 2012, Taurone et al., 2015). Overexpression of TGFB1 has been reported to 

increase IOP in rats (Robertson et al., 2010). Similar to the results of baicalein, the 

ocular hypotensive effect of TGFB1 was believed to be mediated by regulating 

different cellular processes including cell proliferation, apoptosis and ECM 

production (Prendes et al., 2013, Shi and Massagué, 2003).   

 

TGFB1 has been shown to induce contraction in rat peritubular cells (Ailenberg et al., 

1990). Nakamura et al. found a concentration-dependent contraction of bovine TM 

cells accompanied by a reorganization of actin cytoskeleton after TGFB1 treatment 

(Nakamura et al., 2002). Similarly, TGFB1 significantly induced the expression of 

α-smooth muscle actin in both monkey and human TM cells (Tamm et al., 1996). Cell 

contraction induced by TGFB1 can be suppressed by ROCK inhibition (Nakamura et 

al., 2002).  
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Similar results has been shown in human tenon fibroblasts whereby TGFB1 triggered 

cell contraction through ROCK activation (Meyer-ter-Vehn et al., 2006). In addition, 

numerous evidence have shown that TGFB1 promoted cell migration, via the 

activation of NF-кB, in human pulmonary (Fong et al., 2009) and lens epithelial 

(Zhang and Huang, 2018) cells. It has been demonstrated that TGFB1 increases the 

expressions of fibronectin (Calthorpe and Grierson, 1990, Welge-Lüßen et al., 2000), 

ECM cross-linking lysyl oxidase (Sethi et al., 2011), connective tissue growth factor 

and tissue transglutaminase (tTgase) (Chudgar et al., 2006, Welge-Lüßen et al., 2000) 

in TM cells, potentially leading to an increased outflow resistance. Therefore, 

inhibition of TGFB1 is expected to trigger a reduction of outflow resistance and IOP.  

 

4.5.4 Potential ingenuity canonical pathway 

With the core analysis in IPA software, the potential ingenuity canonical pathways 

were determined by analyzing all identified proteins in the database. This enabled us 

to determine the potential signaling pathways mediated by baicalein in influencing 

TM cell functions. We identified five common pathways (p<0.05) that were involved 

at both time points: namely oxidative phosphorylation, clathrin-mediated endocytosis 

signaling, mitochondrial dysfunction, γ-linolenate biosynthesis II (animals), and 

regulation of actin-based motility by Rho following baicalein treatment. Oxidative 
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phosphorylation was the only pathway provided with a calculated z-score after the 

2-day treatment, suggesting that baicalein likely mediated its effects by inhibiting 

oxidative phosphorylation.  

 

Oxidative phosphorylation (OXPHOS) is the key reaction in mitochondria for 

adenosine triphosphate (ATP) synthesis during aerobic respiration (Senior, 1988, 

Schmidt-Rohr, 2020, Tahara et al., 2009). Although OXPHOS is important for energy 

production in metabolism, excessive production of ROS can lead to mitochondrial 

dysfunction (Martin et al., 2005) and DNA damages (Yu and Anderson, 1997), 

eventually accelerating cell apoptosis (Kannan and Jain, 2000). Mitochondrial 

dysfunction, as regulated by OXPHOS pathway, has been found in neurodegenerative 

diseases including Parkinson’s disease, Huntington’s disease, and autosomal 

dominant optic atrophy (Federico et al., 2012). Our results suggest that 

downregulation of OXPHOS pathway by baicalein may potentially reduce 

mitochondrial dysfunction and DNA damage, as reflected by a significant 

downregulation of SOD1.  
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4.6 Ocular hypotensive effect of baicalein 

Based on the encouraging results obtained from both in vitro and ex vivo studies, we 

evaluated the IOP-lowering effects of baicalein in rodents using various routes of drug 

administration. SD rats and C57 mice were chosen as they are the commonly used 

animal species for glaucoma studies (Izzotti et al., 2003, Ruiz-Ederra and Verkman, 

2006, Lin and Liu, 2010, Morgan and Tribble, 2015). The time- and dose-dependent 

responses were determined for pre-clinical evaluation. 

  

As a proof of concept, we determined the longitudinal changes of IOP after daily 

intraperitoneal injection of baicalein in SD rats. Two concentrations of baicalein (i.e. 

4 mg/kg for two weeks followed by 40 mg/kg for additional two weeks) were used to 

determine whether there is a concentration-dependent ocular hypotensive response. 

We observed that, at 4 mg/kg, baicalein lowered the IOP by 1.2 mmHg (equivalent to 

9% of baseline IOP) after 2 weeks. Subsequently, increasing the dosage to 40 mg/kg 

triggered a 2.7 mmHg reduction (equivalent to 20% of baseline IOP). The dosages 

were chosen according to a previous study using similar drug administration approach 

(Li et al., 2014).  
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However, the absolute change in IOP observed at the higher baicalein dosage is 

relatively small compared to the expected IOP reduction generated by a 90% increase 

in outflow facility. One possible reason for this discrepancy is that only a limited 

amount of baicalein could reach the anterior segment of the eye, resulting in a reduced 

IOP response. In addition, it is noted that both IOP measurements and intraperitoneal 

injections were conducted under anesthesia; therefore, the observed IOP responses 

might have been affected by anesthetic agents, which are known to lower IOP (Ding 

et al., 2011, Jia et al., 2000). In order to address that, we conducted a separate set of 

experiments to determine whether topical administration of baicalein triggered a 

direct IOP reduction without anesthesia. 

 

To better understand the precise ocular hypotensive actions of baicalein in vivo, the 

effects of topical application of baicalein on IOP were studied using both SD rats and 

C57 mice. IOP measurements were conducted under awake conditions to minimize 

IOP artifacts that could be caused by anesthetic agents. Our results showed that 

baicalein lowers IOP substantially in both SD rats and C57 mice, suggesting that 

baicalein can act across different animal species. After a single dose of topical 

baicalein administration, the ocular hypotensive effects lasted for a period of six hours 

during both daytime and nighttime. The maximum IOP-lowering effects were found 
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to be 1.1 mmHg and 2.3 mmHg under daytime and nighttime in SD rats. Similarly, 

baicalein triggered a maximum reduction of IOP by 1.6 mmHg and 2.3 mmHg during 

daytime and nighttime in C57 mice. Consistent with the results obtained from 

intraperitoneal injection, our findings suggest that topical baicalein causes a 

significant IOP reduction. In addition, we determined the concentration of baicalein in 

the AH following baicalein treatment. A positive correlation between baicalein 

concentration in the AH and IOP-lowering effect was observed. We showed that the 

concentration of baicalein increased by approximately 4 to 5 fold when compared 

with the control eye after topical baicalein treatment. However, the absolute 

concentration of baicalein in the AH was found to be 0.0003% compared to the stock 

concentration applied topically, suggesting that the bioavailability of baicalein was 

low in the eye. This might be due to limited penetration across an intact cornea as 

well as fast clearance from the anterior chamber. Given that the concentration of 

baicalein is low in the eye, the precise IOP-lowering effect of baicalein remains 

unclear. To further estimate the actual ocular hypotensive effects triggered by 

baicalein, we investigated the effects of intravitreal administration of baicalein on 

IOP. 
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Intravitreal administration provides a direct access of baicalein to the target sites, 

enabling more precise evaluation of its drug actions. SD rats were used because it was 

easier to conduct intravitreal injection. Our results showed that intravitreal injection of 

baicalein had no significant effect on the total retinal thickness at all concentrations 

tested, suggesting the absence of retinal toxicity. Evaluating the retinal thickness 

would provide a better understanding of whether there is any potential toxicity of 

chemicals used (Ekinci et al., 2014, Wild et al., 2006).  

 

After intravitreal injection, baicalein elicited a dose-dependent IOP reduction under 

both daytime and nighttime. The maximum ocular hypotensive effects were found to 

be 2.4 mmHg (22%) and 9.3 mmHg (51%) under daytime and nighttime. In addition, 

we observed that the ocular hypotensive effect lasted for at least 3 to 4 days. The 

maximum IOP reduction triggered by baicalein is in good agreement with the 

IOP-lowering effects shown by clinically available anti-glaucoma drugs (Aspberg et 

al., 2018, Lindén et al., 2018). Apart from the maximum IOP reduction, baicalein 

demonstrates a more potent IOP-lowering response at nighttime. It has been well 

documented that POAG patients display a greater IOP diurnal fluctuation than normal 

individuals (Sehi et al., 2005, Sihota et al., 2005, Agnifili et al., 2015, Srinivasan et al., 

2016). POAG patients who have abnormal and irregular diurnal IOP variations are 
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more prone to have faster progression of vision deterioration (Martínez-Belló et al., 

2000, Zeimer et al., 1991). Since baicalein has a more significant ocular hypotensive 

effect when the IOP is high, baicalein may help reduce IOP swing observed in 

glaucoma patients.  

 

According to the modified Goldmann equation: 

 

𝐼𝐼𝑂𝑂𝐼𝐼 =
𝐹𝐹𝑣𝑣𝑢𝑢 − 𝐹𝐹𝑁𝑁

𝐶𝐶
+ 𝐼𝐼𝐶𝐶 (1) 

 

where IOP = intraocular pressure; Fin = aqueous humor formation rate; Fu = 

uveoscleral outflow rate; C = outflow facility and Pe = episcleral venous pressure 

before drug treatment. Rearranging the modified Goldmann equation, the ratio change 

of Fin’ after drug treatment can be derived by the following expression: 

 

𝐹𝐹𝑣𝑣𝑢𝑢′
𝐹𝐹𝑣𝑣𝑢𝑢

=
(𝐼𝐼𝑂𝑂𝐼𝐼′ − 𝐼𝐼𝐶𝐶′) × 𝐶𝐶′ + 𝐹𝐹𝑁𝑁′

(𝐼𝐼𝑂𝑂𝐼𝐼 − 𝐼𝐼𝐶𝐶) × 𝐶𝐶 + 𝐹𝐹𝑁𝑁
 (2) 

 

where IOP′ = intraocular pressure; Fin′ = aqueous humor formation rate; Fu′ = 

uveoscleral outflow rate; C′ = outflow facility and Pe′ = episcleral venous pressure 

after drug treatment. We have made the following assumptions: 1) baicalein does not 
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affect Pe and Fu, and 2) the maximum IOP reduction is about 50% with a baseline 

IOP of 22 mmHg, 3) C′ and C are 0.047 and 0.026 µl/min/mmHg, respectively; and 4) 

Pe and Fu are 5.4 mmHg and 0.0012 µl/min (Millar et al., 2011). As a result, a 37% 

inhibition of AH secretion is expected after baicalein treatment, which is comparable 

with the actual results obtained from the inhibition of fluid movement (i.e. 31% 

inhibition) across porcine ciliary epithelium (Xiao, 2015). This result suggests that the 

ocular hypotensive effect of baicalein is mediated by the dual action on both AH 

secretion and drainage. The main action is possibly caused by an increase in 

conventional outflow facility.  

  



163 

 

Chapter 5 Conclusion 

Although there have been tremendous efforts to elucidate the mechanisms underlying 

glaucoma, its pathophysiology remains unclear. It has been demonstrated that increase 

in outflow resistance of TM may be the major cause of IOP elevation in glaucoma 

(Rohen et al., 1989). Therefore, developing anti-glaucoma agent targeted at the 

conventional outflow pathway is an appealing approach for the prevention of 

glaucomatous blindness because TM is the diseased tissue responsible for elevated 

IOP. In this study, we have demonstrated that baicalein enhances conventional 

outflow facility by ~90%. In addition, we have shown that baicalein 1) inhibits RVD 

in hTM cells, 2) triggers relaxation of hTM cells via MLC phosphorylation, 3) 

reduces hTM cell migration, 4) alters expression of ECM-associated proteins in hTM 

cells, and 5) produces a significant reduction of IOP in rodents following baicalein 

treatment through various drug administration routes. We conducted a proteomic 

study to identify the novel and potential cellular targets responsible for mediating the 

baicalein-induced physiological changes and the potential signaling pathways 

associated with its anti-apoptotic, anti-inflammatory, and anti-oxidative properties. 

The elucidation of these signaling cascades provide new insight into developing novel 

and disease modifying targets for restoration of normal functions of TM cells. The 

potential mechanisms of baicalein affecting the outflow pathway and IOP are 
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summarized in Figure 5.1. In addition, it provides a basis for future studies. For 

example, we have yet to determine the underlying mechanisms whereby baicalein 

alters the expression of ECM proteins and their relationship to the regulation of 

outflow resistance.  

 

Our work has supported a potential biomedical significance of baicalein in regulating 

AH dynamics. Clinically, it is of great importance to develop anti-glaucoma agents 

that are potent, long-lasting, and well-tolerated by patients. Baicalein appears to have 

a combination of actions that impact both the secretion and drainage of AH, leading to 

a reduction of IOP. Currently, there is no anti-glaucoma drug that has dual actions on 

both AH inflow and outflow pathways. Further studies are required to confirm 

whether the primary effect of baicalein is mediated by a facilitation of conventional 

outflow facility. This can be done by adopting a recently developed technique that can 

measure all AH hydrodynamic parameters simultaneously in a single experiment 

(Millar et al., 2011). The new technique will greatly facilitate a concurrent evaluation 

of pharmacologic actions on both AH inflow and outflow. Also, baicalein could be 

used in combination with other existing anti-glaucoma agents, such as prostaglandin 

analogs, beta-blockers, and carbonic anhydrase inhibitors, as these agents lower IOP 

by other mechanisms. 
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Baicalein is a hydrophobic flavonoid and has limited water solubility (Liu et al., 

2006a, Huang et al., 2014). Further studies on improving baicalein’s solubility, 

stability and bioavailability in the eye are also important for the future development of 

a more potent IOP-lowering agent. For instance, lipid-based nanocarriers have been 

shown to improve the stability and penetration ability of baicalein (Tsai et al., 2012). 

It has been shown that lipid nanoparticles can greatly enhance drug bioavailability and 

transcorneal penetration because of its tiny size (Alvarez Trabado et al., 2017). 

 

Baicalein has been demonstrated to protect RGCs from ischemic insult and oxidative 

damage (Maher and Hanneken, 2005, Chao et al., 2013, Hanneken et al., 2006), 

indicating that baicalein could potentially be used as a neuroprotectant in the 

treatment of glaucoma. Currently, little is known about the therapeutic potential of 

baicalein as a neuroprotective agent against glaucoma and ocular hypertension. 

Therefore, it is also crucial to establish whether baicalein improves the dysfunctional 

retinal response and preserves RGC survival after ocular hypertension. As of now, 

there is no neuroprotectant proven to be effective for glaucoma treatment. Baicalein 

may be a new therapeutic agent that targets both IOP reduction and neuroprotection. 
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Figure 5.1 The potential mechanisms of baicalein influencing outflow pathway and intraocular pressure.  
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Supplementary Tables 
 

Supplementary Table 1. A full list of proteins with altered expression after baicalein 

treatment for 3 hours (47 proteins in total). 

GN Protein (UniProt Accession) ∆ p 

NAGA Alpha-N-acetylgalactosaminidase (P17050) 0.2 ±0.0 0.001 

PBXIP1 Pre-B-cell leukemia transcription factor-interacting protein 1 (Q96AQ6) 0.4 ±0.1 0.018 

SAE1 Isoform 3 of SUMO-activating enzyme subunit 1 (Q9UBE0-3) 0.4 ±0.0 0.004 

BCAP29 Isoform 2 of B-cell receptor-associated protein 29 (Q9UHQ4-2) 0.5 ±0.1 0.022 

AKR1B10 Aldo-keto reductase family 1 member B10 (O60218) 0.5 ±0.1 0.027 

PSMD10 26S proteasome non-ATPase regulatory subunit 10 (O75832) 0.5 ±0.0 0.005 

PDCD6 Programmed cell death protein 6 (O75340) 0.5 ±0.1 0.011 

XRCC6 X-ray repair cross-complementing protein 6 (P12956) 0.6 ±0.1 0.048 

DDT D-dopachrome decarboxylase (P30046) 0.6 ±0.0 0.000 

MANF Mesencephalic astrocyte-derived neurotrophic factor (P55145) 0.6 ±0.1 0.015 

ARPC1A Actin-related protein 2/3 complex subunit 1A (Q92747) 0.6 ±0.1 0.044 

MIF Macrophage migration inhibitory factor (P14174) 0.7 ±0.0 0.015 

KLC1 Isoform I of Kinesin light chain 1 (Q07866-9) 0.7 ±0.1 0.038 

DAB2 Disabled homolog 2 (P98082) 0.7 ±0.1 0.050 

CYB5R3 NADH-cytochrome b5 reductase 3 (P00387) 0.8 ±0.0 0.009 

GMFB Glia maturation factor beta (P60983) 0.8 ±0.0 0.000 

PRDX4 Peroxiredoxin-4 (Q13162) 0.8 ±0.0 0.001 

LAMB1 Laminin subunit beta-1 (P07942) 0.8 ±0.0 0.001 

USP9X Probable ubiquitin carboxyl-terminal hydrolase FAF-X (Q93008) 0.9 ±0.0 0.009 

PSMA3 Proteasome subunit alpha type-3 (P25788) 0.9 ±0.0 0.017 

DLD Dihydrolipoyl dehydrogenase, mitochondrial (P09622) 1.0 ±0.0 0.021 

UQCRC2 Cytochrome b-c1 complex subunit 2, mitochondrial (P22695) 1.0 ±0.0 0.035 

NNMT Nicotinamide N-methyltransferase (P40261) 1.1 ±0.0 0.014 

DLST 
Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate 

dehydrogenase complex, mitochondrial (P36957) 
1.1 ±0.0 0.013 

RPL23A 60S ribosomal protein L23a (P62750) 1.1 ±0.0 0.010 

MMP14 Matrix metalloproteinase-14 (P50281) 1.1 ±0.0 0.031 

OXSR1 Serine/threonine-protein kinase OSR1 (O95747) 1.2 ±0.0 0.010 

PRDX1 Peroxiredoxin-1 (Q06830) 1.2 ±0.0 0.022 

LIMA1 LIM domain and actin-binding protein 1 (Q9UHB6) 1.2 ±0.0 0.023 
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HIST1H2BK Histone H2B type 1-K (O60814) 1.2 ±0.0 0.013 

AHCYL1 S-adenosylhomocysteine hydrolase-like protein 1 (O43865) 1.3 ±0.0 0.030 

TUFM Elongation factor Tu, mitochondrial (P49411) 1.3 ±0.1 0.038 

ATP5O ATP synthase subunit O, mitochondrial (P48047) 1.3 ±0.1 0.048 

EML4 Echinoderm microtubule-associated protein-like 4 (Q9HC35) 1.3 ±0.1 0.032 

RUVBL2 RuvB-like 2 (Q9Y230) 1.3 ±0.1 0.031 

RBMX RNA-binding motif protein, X chromosome (P38159) 1.3 ±0.1 0.042 

ACTA2 Actin, aortic smooth muscle (P62736) 1.4 ±0.0 0.006 

CTSB Cathepsin B (P07858) 1.5 ±0.0 0.009 

PA2G4 Proliferation-associated protein 2G4 (Q9UQ80) 1.5 ±0.1 0.018 

CARS Isoform 3 of Cysteine--tRNA ligase, cytoplasmic (P49589-3) 1.5 ±0.1 0.047 

PDHB Pyruvate dehydrogenase E1 component subunit beta, mitochondrial (P11177) 1.6 ±0.1 0.022 

SLC25A3 Isoform B of Phosphate carrier protein, mitochondrial (Q00325-2) 1.8 ±0.1 0.037 

XPNPEP1 Xaa-Pro aminopeptidase 1 (Q9NQW7) 2.1 ±0.2 0.030 

TLR7 Toll-like receptor 7 (Q9NYK1) 2.2 ±0.1 0.014 

PFDN6 Prefoldin subunit 6 (O15212) 2.7 ±0.2 0.012 

CPA4 Carboxypeptidase A4 (Q9UI42) 3.1 ±0.1 0.003 

MGARP Protein MGARP (Q8TDB4) 3.8 ±0.5 0.035 

GN: Gene Name; ∆: Fold change (treatment/ control) (Mean ± SEM); p: p-value. 
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Supplementary Table 2. A full list of proteins with altered expression after baicalein 
treatment for 2 days (119 proteins in total).  

GN Protein (UniProt Accession) ∆ p 

RPL37A 60S ribosomal protein L37a (P61513) 0.3 ±0.1 0.013 

COPS5 COP9 signalosome complex subunit 5 (Q92905) 0.4 ±0.1 0.023 

AHSG Alpha-2-HS-glycoprotein (P02765) 0.4 ±0.1 0.041 

FDXR NADPH:adrenodoxin oxidoreductase, mitochondrial (P22570) 0.5 ±0.1 0.015 

ALB Serum albumin (P02768) 0.5 ±0.1 0.033 

SOD1 Superoxide dismutase [Cu-Zn] (P00441) 0.5 ±0.1 0.045 

CCDC37 Cilia- and flagella-associated protein 100 (Q494V2) 0.6 ±0.0 0.006 

BASP1 Brain acid soluble protein 1 (P80723) 0.6 ±0.0 0.004 

CLIC4 Chloride intracellular channel protein 4 (Q9Y696) 0.6 ±0.0 0.009 

EMC4 Isoform 3 of ER membrane protein complex subunit 4 (Q5J8M3-3) 0.6 ±0.1 0.024 

NAGK N-acetyl-D-glucosamine kinase (Q9UJ70) 0.7 ±0.1 0.040 

AP2A1 AP-2 complex subunit alpha-1 (O95782) 0.7 ±0.1 0.026 

SMPD4 Isoform 4 of Sphingomyelin phosphodiesterase 4 (Q9NXE4-4) 0.7 ±0.1 0.049 

NMT1 Glycylpeptide N-tetradecanoyltransferase 1 (P30419) 0.7 ±0.1 0.026 

PURA Transcriptional activator protein Pur-alpha (Q00577) 0.7 ±0.0 0.003 

SCRN1 Secernin-1 (Q12765) 0.7 ±0.1 0.040 

TMSB4X Thymosin beta-4 (P62328) 0.7 ±0.0 0.022 

IRGQ Immunity-related GTPase family Q protein (Q8WZA9) 0.7 ±0.1 0.047 

PRKCSH Glucosidase 2 subunit beta (P14314) 0.7 ±0.0 0.007 

GAP43 Neuromodulin (P17677) 0.7 ±0.0 0.022 

RAB14 Ras-related protein Rab-14 (P61106) 0.8 ±0.0 0.018 

TMOD2 Tropomodulin-2 (Q9NZR1) 0.8 ±0.0 0.026 

SLC25A4 ADP/ATP translocase 1 (P12235) 0.8 ±0.0 0.004 

BAG3 BAG family molecular chaperone regulator 3 (O95817) 0.8 ±0.0 0.043 

SLC25A3 Isoform B of Phosphate carrier protein, mitochondrial (Q00325-2) 0.8 ±0.0 0.032 

LMAN2 Vesicular integral-membrane protein VIP36 (Q12907) 0.8 ±0.0 0.022 

RPL28 60S ribosomal protein L28 (P46779) 0.8 ±0.0 0.025 

RPS12 40S ribosomal protein S12 (P25398) 0.8 ±0.0 0.014 

GDI2 Rab GDP dissociation inhibitor beta (P50395) 0.8 ±0.0 0.022 

TPI1 Triosephosphate isomerase (P60174) 0.8 ±0.0 0.035 

PDIA3 Protein disulfide-isomerase A3 (P30101) 0.8 ±0.0 0.025 

DKC1 H/ACA ribonucleoprotein complex subunit DKC1 (O60832) 0.8 ±0.0 0.017 

TUBB Tubulin beta chain (P07437) 0.8 ±0.0 0.041 
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EPHA2 Ephrin type-A receptor 2 (P29317) 0.8 ±0.0 0.047 

LSM2 U6 snRNA-associated Sm-like protein LSm2 (Q9Y333) 0.8 ±0.0 0.017 

GYG1 Glycogenin-1 (P46976) 0.8 ±0.0 0.005 

ITGB1 Integrin beta-1 (P05556) 0.8 ±0.0 0.013 

PRDX6 Peroxiredoxin-6 (P30041) 0.8 ±0.0 0.024 

ILK Integrin-linked protein kinase (Q13418) 0.8 ±0.0 0.044 

UPF1 Regulator of nonsense transcripts 1 (Q92900) 0.8 ±0.0 0.016 

FKBP11 Peptidyl-prolyl cis-trans isomerase FKBP11 (Q9NYL4) 0.8 ±0.0 0.042 

BDH2 3-hydroxybutyrate dehydrogenase type 2 (Q9BUT1) 0.8 ±0.0 0.048 

NDUFB10 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10 (O96000) 0.8 ±0.0 0.005 

HINT2 Histidine triad nucleotide-binding protein 2, mitochondrial (Q9BX68) 0.9 ±0.0 0.024 

PDIA4 Protein disulfide-isomerase A4 (P13667) 0.9 ±0.0 0.009 

RPLP0 60S acidic ribosomal protein P0 (P05388) 0.9 ±0.0 0.035 

ATP5A1 ATP synthase subunit alpha, mitochondrial (P25705) 0.9 ±0.0 0.000 

CD151 CD151 antigen (P48509) 0.9 ±0.0 0.026 

RHOA Transforming protein RhoA (P61586) 0.9 ±0.0 0.019 

HADHA Trifunctional enzyme subunit alpha, mitochondrial (P40939) 0.9 ±0.0 0.044 

NME1-NME2 Isoform 3 of Nucleoside diphosphate kinase B (P22392-2) 0.9 ±0.0 0.041 

RAB9A Ras-related protein Rab-9A (P51151) 0.9 ±0.0 0.047 

CNN3 Calponin-3 (Q15417) 0.9 ±0.0 0.036 

PSMA1 Proteasome subunit alpha type-1 (P25786) 0.9 ±0.0 0.044 

SF3B1 Splicing factor 3B subunit 1 (O75533) 0.9 ±0.0 0.032 

HSPA4 Heat shock 70 kDa protein 4 (P34932) 0.9 ±0.0 0.007 

CYB5R3 NADH-cytochrome b5 reductase 3 (P00387) 0.9 ±0.0 0.001 

ASS1 Argininosuccinate synthase (P00966) 0.9 ±0.0 0.036 

ALDH18A1 Delta-1-pyrroline-5-carboxylate synthase (P54886) 0.9 ±0.0 0.038 

BAG2 BAG family molecular chaperone regulator 2 (O95816) 0.9 ±0.0 0.046 

UBA1 Ubiquitin-like modifier-activating enzyme 1 (P22314) 0.9 ±0.0 0.033 

ATP6V1A V-type proton ATPase catalytic subunit A (P38606) 0.9 ±0.0 0.033 

DCTN4 Dynactin subunit 4 (Q9UJW0) 0.9 ±0.0 0.010 

MYOF Myoferlin (Q9NZM1) 0.9 ±0.0 0.019 

GAPDHS Glyceraldehyde-3-phosphate dehydrogenase, testis-specific (O14556) 0.9 ±0.0 0.013 

HADH Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial (Q16836) 0.9 ±0.0 0.029 

STAT6 Signal transducer and activator of transcription 6 (P42226) 0.9 ±0.0 0.013 

DNM2 Dynamin-2 (P50570) 0.9 ±0.0 0.022 

ERP44 Endoplasmic reticulum resident protein 44 (Q9BS26) 0.9 ±0.0 0.050 



206 

 

LTA4H Leukotriene A-4 hydrolase (P09960) 1.0 ±0.0 0.013 

RPL27 60S ribosomal protein L27 (P61353) 1.0 ±0.0 0.036 

ACSL4 Long-chain-fatty-acid--CoA ligase 4 (O60488) 1.0 ±0.0 0.037 

ATP5J ATP synthase-coupling factor 6, mitochondrial (P18859) 1.0 ±0.0 0.048 

SLC16A2 Monocarboxylate transporter 8 (P36021) 1.0 ±0.0 0.006 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase (P04406) 1.0 ±0.0 0.038 

NT5E 5'-nucleotidase (P21589) 1.0 ±0.0 0.020 

RPN1 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 

(P04843) 

1.0 ±0.0 0.008 

QDPR Dihydropteridine reductase (P09417) 1.0 ±0.0 0.008 

AHNAK Neuroblast differentiation-associated protein AHNAK (Q09666) 1.0 ±0.0 0.037 

CPPED1 Serine/threonine-protein phosphatase CPPED1 (Q9BRF8) 1.0 ±0.0 0.034 

MYH9 Myosin-9 (P35579) 1.0 ±0.0 0.037 

FLNA Isoform 2 of Filamin-A (P21333-2) 1.0 ±0.0 0.037 

AP2B1 AP-2 complex subunit beta (P63010) 1.0 ±0.0 0.037 

COPB2 Coatomer subunit beta' (P35606) 1.0 ±0.0 0.037 

AARS Alanine--tRNA ligase, cytoplasmic (P49588) 1.0 ±0.0 0.038 

OAT Ornithine aminotransferase, mitochondrial (P04181) 1.0 ±0.0 0.036 

AMPD3 AMP deaminase 3 (Q01432) 1.0 ±0.0 0.008 

CAP2 Adenylyl cyclase-associated protein 2 (P40123) 1.1 ±0.0 0.004 

WASF2 Wiskott-Aldrich syndrome protein family member 2 (Q9Y6W5) 1.1 ±0.0 0.028 

H2AFV Histone H2A.V (Q71UI9) 1.1 ±0.0 0.031 

COX5B Cytochrome c oxidase subunit 5B, mitochondrial (P10606) 1.1 ±0.0 0.004 

ALDH1L2 Mitochondrial 10-formyltetrahydrofolate dehydrogenase (Q3SY69) 1.1 ±0.0 0.037 

DDRGK1 DDRGK domain-containing protein 1 (Q96HY6) 1.1 ±0.0 0.035 

GNA13 Guanine nucleotide-binding protein subunit alpha-13 (Q14344) 1.1 ±0.0 0.047 

PSMC6 26S proteasome regulatory subunit 10B (P62333) 1.1 ±0.0 0.042 

LYPLA2 Acyl-protein thioesterase 2 (O95372) 1.1 ±0.0 0.023 

TMEM14C Transmembrane protein 14C (Q9P0S9) 1.1 ±0.0 0.034 

LMNB1 Lamin-B1 (P20700) 1.1 ±0.0 0.040 

UQCRH Cytochrome b-c1 complex subunit 6, mitochondrial (P07919) 1.2 ±0.0 0.046 

NSF Vesicle-fusing ATPase (P46459) 1.2 ±0.0 0.027 

EIF3I Eukaryotic translation initiation factor 3 subunit I (Q13347) 1.2 ±0.0 0.036 

NAGA Alpha-N-acetylgalactosaminidase (P17050) 1.2 ±0.0 0.014 

SLC25A5 ADP/ATP translocase 2 (P05141) 1.2 ±0.0 0.033 

PTMS Parathymosin (P20962) 1.2 ±0.0 0.012 
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PSMC1 26S proteasome regulatory subunit 4 (P62191) 1.2 ±0.0 0.001 

CCDC154 Coiled-coil domain-containing protein 154 (A6NI56) 1.2 ±0.0 0.034 

PRKDC DNA-dependent protein kinase catalytic subunit (P78527) 1.2 ±0.0 0.025 

YKT6 Synaptobrevin homolog YKT6 (O15498) 1.2 ±0.0 0.029 

MTHFD1 C-1-tetrahydrofolate synthase, cytoplasmic (P11586) 1.3 ±0.1 0.048 

SORBS2 Isoform 11 of Sorbin and SH3 domain-containing protein 2 (O94875-11) 1.3 ±0.0 0.008 

DLG1 Disks large homolog 1 (Q12959) 1.3 ±0.1 0.042 

AP1M1 Isoform 2 of AP-1 complex subunit mu-1 (Q9BXS5-2) 1.3 ±0.1 0.038 

SERBP1 Plasminogen activator inhibitor 1 RNA-binding protein (Q8NC51) 1.3 ±0.0 0.014 

AOC3 Membrane primary amine oxidase (Q16853) 1.3 ±0.0 0.004 

ARSB Arylsulfatase B (P15848) 1.3 ±0.0 0.009 

LEPRE1 Prolyl 3-hydroxylase 1 (Q32P28) 1.4 ±0.1 0.024 

C14orf166 RNA transcription, translation and transport factor protein (Q9Y224) 1.5 ±0.1 0.024 

AGPAT1 1-acyl-sn-glycerol-3-phosphate acyltransferase alpha (Q99943) 1.9 ±0.2 0.047 

EFTUD2 116 kDa U5 small nuclear ribonucleoprotein component (Q15029) 2.3 ±0.3 0.045 

GN: Gene Name; ∆: Fold change (treatment/ control) (Mean ± SEM); p: p-value. 
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Supplementary Table 3. A list of downstream molecules associated with upstream regulator 
(TGFB1) of hTM cells after baicalein treatment (29 proteins in total). 

GN Protein (UniProt Accession) ∆ p 

PSMC1 26S proteasome regulatory subunit 4 (P62191) 1.2 ±0.0 0.001 

GNA13 Guanine nucleotide-binding protein subunit alpha-13 (Q14344) 1.1 ±0.0 0.047 

FLNA Isoform 2 of Filamin-A (P21333-2) 1.0 ±0.0 0.037 

MYH9 Myosin-9 (P35579) 1.0 ±0.0 0.037 

AHNAK Neuroblast differentiation-associated protein AHNAK (Q09666) 1.0 ±0.0 0.037 

NT5E 5'-nucleotidase (P21589) 1.0 ±0.0 0.020 

LTA4H Leukotriene A-4 hydrolase (P09960) 1.0 ±0.0 0.013 

STAT6 Signal transducer and activator of transcription 6 (P42226) 0.9 ±0.0 0.013 

HADH Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial (Q16836) 0.9 ±0.0 0.029 

MYOF Myoferlin (Q9NZM1) 0.9 ±0.0 0.019 

ALDH18A1 Delta-1-pyrroline-5-carboxylate synthase (P54886) 0.9 ±0.0 0.038 

ASS1 Argininosuccinate synthase (P00966) 0.9 ±0.0 0.036 

GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2 (P04899) 0.9 ±0.0 0.052 

CNN3 Calponin-3 (Q15417) 0.9 ±0.0 0.036 

RAB9A Ras-related protein Rab-9A (P51151) 0.9 ±0.0 0.047 

NME2 Isoform 3 of Nucleoside diphosphate kinase B (P22392-2) 0.9 ±0.0 0.041 

GLS Isoform 3 of Glutaminase kidney isoform, mitochondrial (O94925) 0.9 ±0.0 0.060 

RHOA Transforming protein RhoA (P61586) 0.9 ±0.0 0.019 

ILK Integrin-linked protein kinase (Q13418) 0.8 ±0.0 0.044 

ITGB1 Integrin beta-1 (P05556) 0.8 ±0.0 0.013 

GYG1 Glycogenin-1 (P46976) 0.8 ±0.0 0.005 

LSM2 U6 snRNA-associated Sm-like protein LSm2 (Q9Y333) 0.8 ±0.0 0.017 

EPHA2 Ephrin type-A receptor 2 (P29317) 0.8 ±0.0 0.047 

DKC1 H/ACA ribonucleoprotein complex subunit DKC1 (O60832) 0.8 ±0.0 0.017 

SLC25A4 ADP/ATP translocase 1 (P12235) 0.8 ±0.0 0.004 

ITGA3 Integrin alpha-3 (P26006) 0.7 ±0.1 0.051 

CLIC4 Chloride intracellular channel protein 4 (Q9Y696) 0.6 ±0.0 0.009 

ALB Serum albumin (P02768) 0.5 ±0.1 0.033 

FDXR NADPH:adrenodoxin oxidoreductase, mitochondrial (P22570) 0.5 ±0.1 0.015 

GN: Gene Name; ∆: Fold change (treatment/ control) (Mean ± SEM); p: p-value. 
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