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Increasing evidence suggests that local tissue renin-angiotensin system (RAS) 

hyperactivity, resulting in increased angiotensin II (Ang II) level contributes to increased 

vascular inflammation and oxidative stress in many conditions including ocular 

diseases. Recent studies have shown that receptor-bound prorenin, which is highly 

elevated in vitreous of many ocular diseases, may be the major pathway for local Ang II 

production. Prorenin binding to the prorenin receptor (PRR) also activates signaling 

events contributing tissue damage independent of Ang II action. The purpose of the 

present study was to investigate the role of prorenin and PRR in ocular inflammation 

and whether the inflammation is caused via Ang II-dependent and/or independent 

pathways using both in vitro and in vivo systems.  

Cultured human Müller cells were incubated with human recombinant prorenin 

(100nM) in the presence or absence of RAS blockers [ACE inhibitor (ACEi) captopril, 

AT1R inhibitor (AT1Ri) losartan, PRR siRNA and the PRR antagonist HRP]. 

Proinflammatory cytokines IL-1α, IL-6, TGF-β, TNF-α and the RAS genes ACE, ACE 2, 

AT1R, angiotensinogen, PRR, and MAS receptor were analyzed by real time RT-PCR. 
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The role of HRP in ocular inflammation was also investigated in vivo in endotoxin-

induced uveitis (EIU) mouse model by intravitreal injection of AAV vector expressing 

HRP. Ocular inflammation was assessed by counting infiltrating inflammatory cells in 

the eyes from H&E stained sections and RT-PCR analysis of inflammatory cytokines. 

 Prorenin stimulated increased cytokine expression in cultured human Müller 

cells (> 10 fold increase for IL-1α, IL-6; and > 1 fold increase for TGF-β, TNF-α) was 

almost completely blocked by PRR siRNA or HRP, suggesting involvement of PRR. 

Losartan treatment also blocked prorenin stimulated increase of cytokine expression, 

suggesting that prorenin stimulated cytokine expression is largely mediated by Ang II-

dependent pathway. Intraocular delivery of AAV-HRP significantly reduced LPS induced 

infiltration of inflammatory cells and the expression of inflammatory cytokines in mouse 

eyes.   

These results suggested that elevated prorenin might contribute to ocular 

diseases by stimulating proinflammatory cytokine expression; this effect is mediated via 

the interaction with PRR and is largely Ang II-dependent.  The study also suggests the 

potential use of HRP as a therapeutic agent to reduce ocular inflammation.  
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CHAPTER 1 
IN VITRO EXPERIMENT ON CULTURED MULLER CELLS 

1.1 Introduction 

The role of the renin-angiotensin system (RAS) on the regulation of body function 

has been widely studied. Systematic RAS is important in maintaining normal body 

functions, including blood pressure and fluid balance. On the other hand, the imbalance 

of the system may lead to many pathological conditions, such as hypertension and 

hypertension related medical conditions. In the classic view of the RAS, the signaling 

cascade starts with the conversion of angiotensinogen into angiotensin I (Ang I) by renin 

released from the kidneys. Renin is a catalytic enzyme that comes from the cleavage of 

the pro-segment of prorenin by proteases such as prohormone convertases and 

cathepsin B. Upon cleavage, the active enzyme is secreted by the kidneys’ granular 

cells, and its secretion is regulated by blood pressure, sodium chloride concentration, 

and sympathetic nervous system activity (1-4). Those physiological changes modulate 

the release of renin through the regulation of intracellular cyclic AMP and calcium of the 

kidney juxtaglomerular cells (5). When renin is released into circulation system, it 

becomes an active enzyme and catalyzes the reaction that cleaves angiotensinogen 

into Ang I (6). Since the renin-catalyzed reaction is the rate-limiting step in the process 

of Ang II formation, it plays a central role in the regulation of the RAS. When Ang I is 

generated from angiotensinogen through renin cleavage, the peptide is further 

converted to Ang II by the angiotensin converting enzyme (ACE) (7). The Ang II 

subsequently binds both AT1R and AT2R, and through binding with AT1R, Ang II exerts 

its major functions, including up-regulation of blood pressure, inflammation, and 

oxidative stress (8-12). As a result, many clinical drugs have been developed to 
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regulate the activity of the RAS, including captopril and losartan. Captopril is an inhibitor 

of angiotensin converting enzyme (ACE), and losartan is a blocker of AT1R (13, 14). 

Both drugs have been shown to be effective at blocking the Ang II mediated signaling 

pathway, and as a result, they are able to decrease blood pressure in hypertensive 

subjects (13, 14). The other bioactive product, angiotensin 1-7 (Ang 1-7), is produced 

through the cleavage of Ang II. The cleavage is catalyzed by another enzyme, ACE 2, 

and the peptide is able to bind with the MAS receptor and produce contrary effects, 

including the down-regulation of blood pressure, inflammation, and oxidative stress (15-

18). 

Among the broad range of biological functions of the RAS, we are particularly 

interested in the fact that the RAS is able to induce inflammatory response. Previous 

studies have shown that the RAS stimulates inflammatory response by increasing 

vascular permeability, the expression of adhesion molecules and chemokines, and the 

number of infiltrating inflammatory cells (19). This increase in the inflammatory 

response is achieved through the Ang II dependent pathway, which involves the 

activation of the NF-κB signaling pathway that subsequently up-regulates the 

expression of proinflammatory cytokines (20).  

Besides systematic RAS, a local RAS also exists in many tissues. There are 

many local functions of the RAS, such as the regulation of local vascular system, 

aldosterone secretion, vascular tone, tissue inflammation, and heart remodeling (21). In 

many tissues, the proenzyme of renin, prorenin, is expressed, but the role of prorenin 

was still unclear until the discovery of the prorenin receptor (PRR) by a French group in 

2002 (22). In their study as well as some other later studies, it has been found that 
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prorenin is activated in a non-proteolytic manner, which is through the binding with PRR 

(22). The PRR is a 350 amino acid, single-transmembrane protein that co-precipitates 

with vacuolar-ATPase (22, 23). After binding with PRR, prorenin experiences 

conformational change, in which the pro-segment unfolds from its active site (24). The 

exposure of the active site confers prorenin enzymatic activity that cleaves 

angiotensinogen into Ang I (24). As a result, the RAS is initiated, and Ang II is 

generated as a downstream product. The inflammatory response of local tissue is 

subsequently triggered because of the Ang II stimulation. The binding of prorenin also 

stimulates inflammatory response via Ang II-independent, direct receptor activation. In 

the Ang II independent pathway, prorenin binding to PRR activates the extracellular 

signal–regulated kinase (ERK) 1/2 and the mitogen-activated protein kinase (MAPK) 

(25, 26). Prorenin is considered to be an important contributor to local inflammation due 

to the fact that protein is expressed in local tissues such as retinas and kidneys, and 

also because that the expression level of prorenin is elevated in inflammatory 

conditions, including diabetic retinopathy and diabetic nephropathy (27, 28). The results 

all suggest a possible link between prorenin and the inflammatory response.  

Currently, there is no pharmacological drug available as PRR inhibitor. The only 

PRR inhibitor available is the so-called handle-region-peptide (HRP). HRP mimics the 

binding sequence of prorenin with PRR. Therefore, the peptide is thought to be able to 

inhibit the binding of prorenin with its receptor (29). In previous studies, the treatment of 

HRP has been shown to be able to suppress the development of inflammation in ocular 

tissues of the endotoxin-induced uveitis (EIU) rats (29). However, there are other 
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studies showing opposite results. In these studies, HRP did not have any blood 

pressure lowering effect as expected (30).  

Previous studies on prorenin showed a possible relationship between ocular RAS 

and intraocular inflammation (27-29, 31). It has been found that prorenin level is higher 

in ocular fluid than in plasma, and is further elevated in plasma and ocular fluid in 

diabetic patients (27, 31). Animal studies have shown that prorenin inhibitor HRP 

blocked ocular inflammation in diabetic retinopathy and endotoxin-induced uveitis in rats 

(28, 29). As a result, prorenin activates the renin-angiotensin signaling pathway by 

binding with PRR, initiating a signaling cascade, which leads to inflammatory 

responses.  

In the local RAS of retinas, prorenin expression is increased in response to 

certain pathological conditions, such as diabetic retinopathy, suggesting a possible link 

between prorenin and retinal inflammation. As mentioned previously, prorenin is able to 

bind with PRR, and the binding confers prorenin catalytic activity. Therefore, upon 

binding with PRR, prorenin converts angiotensinogen to Ang I, and the Ang I is 

subsequently converted to Ang II by ACE (22). Through binding with AT1R, Ang II is 

able to activate reactive oxygen species, NF-kB, and the ERK/MAPK signaling pathway 

to generate an inflammatory response (19).  Prorenin also induces an inflammatory 

response independent of Ang II. In the Ang II independent pathway, the binding of 

prorenin with PRR activates the MAPK/ERK1/2 pathway, and the blockade of PRR with 

PRR siRNA prevents the phosphorylation of ERK1/2 independent of AT1R blockade 

(25, 26). 
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1.2 Rationale and Hypothesis 

Previous studies have found that prorenin is a potential contributor of 

inflammation, and the proenzyme mediates the inflammation through both the Ang II-

dependent and independent pathways (28, 29, 32). As a result, it is possible that 

prorenin also contributes to ocular inflammation. Besides, our lab has also found that 

PRR is expressed on Müller cells (Figure 1-1). Since Müller cells are a type of immune-

modulating glial cells in retinas, it suggests prorenin is a potential mediator of ocular 

inflammation. We therefore hypothesized that (1) elevated prorenin contributes to ocular 

inflammation; (2) this effect is mediated by binding to its receptor PRR, and (3) binding 

of prorenin to PRR initiates the inflammation response via Ang II dependent or Ang II 

independent signaling pathways. 

To test the hypothesis that prorenin stimulates inflammatory responses in Müller 

cells, the cells were treated with prorenin. It was observed that prorenin treatment 

significantly increased the expression of IL-1α, IL-6, TGF-β and TNF- α; suggesting the 

treatment of prorenin was able to stimulate the expression of proinflammatory cytokines.  

In order to test the  hypothesis that prorenin’s proinflammatory effect is mediated 

through PRR by activating the Ang II-dependent and/or independent pathway, the 

cytokine stimulating effect of prorenin was examined in the presence of RAS blockers 

[ACE inhibitor (ACEi) captopril, AT1R inhibitor (AT1Ri) losartan, PRR siRNA and the 

PRR antagonist HRP]. PRR siRNA and HRP blocked both Ang II-dependent and 

independent pathways, while captopril and losartan only blocked the Ang II-dependent 

pathway. It was observed that ACEi losartan blocked most of the cytokine-stimulating 
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effect of prorenin; suggesting the proinflammatory effect of prorenin was mediated 

mainly through the Ang II-dependent pathway. 

1.3 Materials and Methods 

1.3.1 Cell Culture 

Müller cells were used in the experiment. The cells were plated in 24-well plates 

with DMEM Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher Scientific, 

Waltham, MA) containing 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, 

Waltham, MA). When the cells grew to 90% confluence, the serum medium was 

replaced, and the cells were treated with serum-free medium for 2 hours before 

subsequent incubations of other treatment reagents. 

1.3.2 The Extraction of Total RNA 

Cells were lysed by TRIzol reagents (Life Technologies, Carlsbad, CA) followed 

by sonication. Chloroform (1/5 volume of TRIzol) was subsequently added. After vortex, 

the mixture was centrifuged at 13,200 rpm for 10 minutes, and the top aqueous layer 

was transferred into a new tube and was mixed again using phenol-chloroform. After 

another round of centrifugation at 132,000 rpm for 5 minutes, the top layer of the 

solution was transferred into another tube. RNA was then precipitated using 3 M NaOAc 

and isopropyl alcohol. The mixture was kept in a -80 freezer overnight. After the 

overnight freezing, the solution was thawed and RNA pellets were formed in the bottom 

of tubes by centrifugation at 13,200 rpm for 30 minutes.  The RNA pellet was then air-

dried for 15 minutes. In the end, the RNA pellets dissolved in RNase-free water and the 

RNA concentrations were determined using SmartSpec Plus spectrophotometer. The 

quantity of total RNA was measured by reading the solution’s absorbance at 260nm, 
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and the quality of total RNA was evaluated by measuring the A260/A280 ratio. A ratio 

greater than1.8 indicates high purity of the corresponding RNA sample.  

1.3.3 Real-Time PCR 

Real-time PCR was performed to determine the mRNA expression levels of the 

genes of interest. The same amount (1µg) of total RNA was first used for cDNA 

synthesis in each sample, and an equal amount of cDNA was synthesized. After the 

cDNA synthesis, 2µL of cDNA was used as template for each PCR run. The iQ SYBR 

Green Supermix real-time PCR kit (BioRad, Hercules, CA) was used in order to quantify 

the expression levels of the tested genes. For each run of PCR, 10µL of the Supermix, 

2µL of cDNA template, 2µL of PCR primers, and 9µL of water were mixed together in 

one tube. The information of the primers used in the in vitro experiment could be found 

in Table 1-5. The PCR mixture was then transferred into a plastic 96-well plate, sealed 

with transparent plastic film, and placed onto a real-time PCR machine. The machine 

was controlled by a computer program, which ran 40 amplification cycles under the 

designated annealing temperature. The minimal number of cycles a sample took to 

achieve the threshold of detection indicated the abundance of cDNA of the gene at the 

beginning of the PCR reaction, which was determined by the mRNA level of the gene in 

the sample. As a result, the threshold cycle provided a good measurement of mRNA 

expression levels of the tested genes. The detailed calculation on gene expression level 

is described as bellows. 

If the threshold cycle of an examined gene was CTtarget and the threshold cycle of 

the internal control gene (β-actin) was CTβ-actin, then fold change in expression level 

(normalized by the internal control gene and control treatment) of a certain targeted 

gene from a certain treatment group was determined by:  
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      Fold Change = 2-Δ (ΔCT), 

where ΔCT = CTtarget - CTβ-actin, and Δ (ΔCT) = ΔCTtreatment - ΔCTcontrol. 

1.3.4 Optimization of PRR siRNA Treatment in Cultured Müller Cells 

In this study, to optimize the PRR siRNA treatment condition in cultured human 

Müller cells, the cells were divided into five different treatment groups to determine the 

optimal concentration and incubation time of the PRR siRNA. The ON-Target plus PRR 

siRNA (Thermo Fisher Scientific, Waltham, MA) was added into cell culture medium 

according to the following treatment group design. The five treatment groups were (1) 

30nM PRR siRNA for 24 hours; (2) 30nM PRR siRNA for 48 hours; (3) 100nM PRR 

siRNA for 24 hours; (4) 100nM PRR siRNA for 48 hours; and (5) control group without 

treatment (Table 1-1). The treatment concentrations and the incubation periods were 

both chosen according to the manufacturer’s suggestion. When the cells grew to 70% 

confluence, serum medium was replaced by Opti-MEM I-reduced serum medium (Life 

Technologies, Carlsbad, CA), and the siRNA was added into the medium. After another 

24-hour incubation with the siRNA, the cells were lysed with TRIzol reagent (Life 

Technologies, Carlsbad, CA), and the RNA was extracted according to the RNA 

extraction protocol described above. The cDNA was synthesized using the New 

Enhanced Avian RT-PCR Kit (Sigma, St. Louis, MO) following the manufacturer’s 

instruction, and regular PCR was performed subsequently to amplify both β-actin and 

PRR. To quantify the PCR products, 5µL per sample of the PCR products were loaded 

onto 1% agarose gel. After running the gel at 130 mV for 30 minutes, the band 

intensities were quantified using densitometric analysis. To obtain the relative mRNA 

expression levels of PRR, the expression levels of PRR were normalized with 

corresponding β-actin mRNA-expression levels.  
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1.3.5 Treatment Groups of Müller Cells 

In the in vitro study on Müller cells, the cells were divided into 12 different 

treatment groups, which were (1) control without treatment; (2) PRR siRNA; (3) control 

siRNA; (4) prorenin + PRR siRNA; (5) prorenin + control siRNA; (6) prorenin + PRR 

siRNA + losartan; (7) prorenin; (8) prorenin + HRP; (9) prorenin + losartan; (10) prorenin 

+ captopril; (11) prorenin + HRP + losartan; (12) HRP (Table 1-2). The treatments were 

repeated twice with two runs (2 replications in each run). When the cells grew to 70% 

confluence, serum medium was replaced by Opti-MEM I-reduced serum medium (Life 

Technologies, Carlsbad, CA), and the ON-Target plus PRR siRNA (Thermo Fisher 

Scientific, Waltham, MA) or control siRNA (Thermo Fisher Scientific, Waltham, MA) was 

added into the medium at a final concentration of 30nM. After 24-hour incubation with 

the siRNA, the cells were incubated with serum-free DMEM medium (Thermo Fisher 

Scientific, Waltham, MA) for 2 hours. Following the serum starvation, the cells were 

divided into twelve different treatment groups, which received individual treatments 

according to Table 1-2. After the 6-hour treatment, RNA was extracted following the 

TRIzol extraction method described previously. The cDNA was subsequently 

synthesized. As the end point assays, the mRNA expression levels of several 

inflammatory cytokines (IL-1α, IL-6, TGF-β, and TNF-α) and RAS genes (ACE 2, ACE, 

angiotensinogen, MAS receptor, AT1R) were determined using the iQ SYBR Green 

Supermix real-time PCR kit (BioRad, Hercules, CA) following the manufacturer’s 

instruction.  
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1.3.6 Calculation of the Treatment Compound Concentrations 

1.3.6.1 AT1R inhibitor losartan 

To block AT1R, losartan was used at a final concentration of 10µM. The 

concentration was determined both according to previous studies (33) and the 

pharmacokinetics calculation. The Ki value for losartan is 10nM on AT1R, and the Kd 

value of Ang II on AT1R is 0.13nM (33, 34). As a result, if 10µM of losartan is added, 

then the apparent Kd of Ang II is: 

      Kd (apparent) = Kd (1 + [I] / Ki) = 0.13nM (1 + 10,000nM / 10nM) = 130nM. 

According to [AT1R] / [AT1R + Ang II] = Kd (apparent) / [Ang II], with apparent Kd 

increasing from 0.13nM to 130nM, the ratio of free AT1R versus Ang II-occupied AT1R 

would reduce to 0.01% if 10µM losartan is added. 

1.3.6.2 ACE inhibitor captopril 

The Ki value of captopril on ACE is from 1.7nM to 55nM according to several 

different publications (35-37). The Kcat/Km of ACE on Ang I is 2.50 (38). If we take 

20nM as the Ki value, and use 10µM of captopril, then the apparent Km is calculated as: 

      Km (apparent) = Km (1 + [I] / Ki) = 51 Km. 

Therefore, the reaction rate catalyzed by ACE is given by: 

      V = (Kcat / Km (apparent)) [E] [S] = 0.02 (Kcat / Km) [E] [S] = 0.02 V0. 

According to the calculations right above, 10µM of captopril reduces the ACE-

catalyzed reaction (Ang II generation) speed to 2% of the original speed without 

captopril.  

1.3.6.3 Prorenin and HRP 

According to a previous study, the Kd of prorenin on PRR is1.8nM, the Ki of HRP 

on PRR is 6.6nM (32). 
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If 100nM is used, the ratio of unoccupied receptor versus occupied receptor is: 

       [PRR] / [prorenin + PRR] = Kd / [prorenin] = 1.8nM / 100nM = 0.0018. 

This means that 99.8% of the PRR is occupied by prorenin. 

Moreover, if 10µM HRP is used, then the apparent Kd value of prorenin on PRR 

changes to: 

      Kd (apparent) = Kd (1 + [I] / Ki) = 1.8nM (1 + 10,000nM / 6.6nM) = 2,729nM. 

The ratio of unoccupied receptor versus occupied receptor is then given by: 

      [PRR] / [prorenin + PRR] = Kd (apparent) / [prorenin] = 2,729nM / 100nM = 

0.035. 

This means only 3.5% of the PRR is occupied by PRR; other bindings are 

blocked by the 10µM HRP. 

1.3.7 Data Analysis 

The real-time RT-PCR data were first analyzed individually (by genes) using two-

way analysis of variance (ANOVA). In the AVOVA test, the treatments is one factor and 

the batch of treatment is the other factor. Further between-group comparison was 

conducted to compare changes on expression levels of the genes between every two 

different treatment groups using Fisher’s least significant difference (LSD). For the 

statistical test, the critical p value is set at 0.05. 

1.4 Results  

1.4.1 Two-Way ANOVA Results of the Gene Expression Data 

The two-way ANOVA testing results for all the cytokines and RAS genes are 

listed in Table 1-6 with F and p values for the two main effects (treatment, run) and their 

interaction (treatment*run). For the main effects, the treatment effect refers to the 

variance coming from the different treatments, and the run effect refers to the variance 
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coming from different batches of treatments. The same treatment was repeated twice in 

each batch (run) of treatments, and there are two batches (runs) in the entire in vitro 

experiment. It was found that according to the reported F values and p values, the main 

effects were often significant or close to being significant. However, no significant 

interaction effect was observed. As a result, the interaction effects were excluded for the 

further between-group comparison.  

1.4.2 Effects of Prorenin on Cytokine Expression in Cultured Human Müller Cells 

To test the hypothesis that prorenin is able to increase the expression of 

proinflammatory cytokines; Müller cells were treated with prorenin and the mRNA 

expression levels of IL-1α, IL-6, TGF-β, and TNF-α 6 hours after the prorenin treatment 

were examined. The result showed that the prorenin treatment significantly increased 

the mRNA expression of several key proinflammatory cytokines in Müller cells, including 

IL-1α (by 12 folds), IL-6 (by 10 folds), TGF-β (by 1 fold), and TNF-α (by 2 folds) (Figure 

1-4). However, the prorenin treatment failed to stimulate a significant increase in the 

expression of TGF-β or TNF-α (Figure 1-4). These results suggest the treatment of 

prorenin was able to increase the expression of certain cytokines in cultured Müller 

cells. 

1.4.3 The Expression of the Prorenin Receptor (PRR) in Müller Cells and the Effect 
of PRR siRNA 

Previous studies completed by our lab have shown that the PRR is expressed on 

the surface of Müller cells (Figure 1-1), and as a result, the possible functions mediated 

through the receptor are expected to be blocked by the treatment of the PRR siRNA. 

The purpose of this experiment is to establish an optimal treatment condition, so that 

the expression of PRR in cultured Müller cells could be decreased. In this experiment, 
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the cells were treated with different concentrations (100nM or 30nM) of PRR siRNA for 

24 hours or 48 hours, and the result of the PRR expression on Müller cells is shown as 

in Figure 1-3. It was observed that comparing with the control Müller cells, PRR mRNA 

expression decreased in both 30nM and 100nM PRR siRNA-treated Müller cells. In both 

treatment groups, the 24-hour treatment of the siRNA decreased the mRNA expression 

level of PRR by about 75%, and the 48 hours of treatment decreased the expression 

level of PRR by about 85% (Figure 1-3). This result showed that the 24 hours of 30nM 

PRR siRNA treatment effectively decreased the expression level of PRR in Müller cells.  

Based on the result, the 24-hour treatment of 30nM PRR siRNA is sufficient to 

serve the purpose of knocking down the expression of PRR. As a result, the treatment 

described above was used in our subsequent in vitro experiment to block the synthesis 

of PRR. 

1.4.4 Effects of RAS Blockers on Prorenin-Stimulated Cytokine Release in 
Cultured Human Müller Cells 

AT1Ri losartan and ACEi captopril were also used to test if the prorenin-

stimulated cytokine release was mediated via Ang II-dependent pathway. The 

comparison between the prorenin-treated group and the losartan + prorenin treated 

group demonstrated that the losartan + prorenin treated group had a significantly lower 

expression of IL-1α, IL-6, TGF-β and TNF-α than the group treated only with prorenin 

(by 90%, 72%, 54%, 75%, respectively) (Figure 1-4). The treatment of ACEi captopril 

also significantly blocked the overexpression of IL-1α, TGF-β and TNF-α induced by 

prorenin by 72%, 55%, 67%, respectively; but failed to decrease the expression of IL-6 

significantly (Figure 1-4). Further comparison between the control group and the 

captopril + prorenin group confirmed the result, with the captopril + prorenin group 
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having IL-1α, TGF-β and TNF-α expression level not significantly different from the 

control group, but the expression level of IL-6 was significantly higher in the captopril + 

prorenin group (by 2 folds) than in the control group (Figure 1-4). The comparison 

between the control group and the prorenin + losartan group showed that the 

expression levels of IL-1α, IL-6, TGF-β and TNF-α were not significantly different 

between the two groups (Figure 1-4). Together, these results indicated Ang II-

dependent pathway was a major contributor to prorenin’s cytokine-stimulating effect. 

1.4.5 Effects of PRR Knockdown and Blocking Prorenin-PRR Interaction with HRP 
on Prorenin Stimulated Cytokine Release 

According to previous studies, PRR siRNA was able to knock down the 

expression level of PRR mRNA by 75% (Figure 1-2), and HRP was an antagonist of 

PRR. As a result, both of them reduced prorenin-PRR interaction. By treating Müller 

cells with prorenin + PRR siRNA or prorenin + HRP, we can check if prorenin-PRR 

interaction is necessary for prorenin’s proinflammatory effect.  

Since both PRR siRNA and HRP reduced prorenin-PRR interaction, the 

treatments should inhibit both the Ang II-dependent and independent pathways 

activated by prorenin. Therefore, by comparing the cytokine-inhibiting effect between 

HRP/PRR siRNA and RAS blockers, we can determine if the Ang II-independent 

pathway is also involved in prorenin’s cytokine-stimulating effect. 

The comparison between the prorenin-treated group and the prorenin + PRR 

siRNA-treated group showed that the prorenin’s proinflammatory effect was partially 

blocked by PRR siRNA treatment (Figure 1-4).  Comparing to the prorenin group, the 

treatment of 30nM PRR siRNA + prorenin significantly decreased the expression of IL-

1α, TGF-β and TNF-α by 95%, 51% and 69%, respectively (Figure 1-4). However, the 
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expression levels of IL-6 were not significantly different between the prorenin group and 

the PRR siRNA + prorenin group (Figure 1-4). Comparing to the control group, the PRR 

siRNA + prorenin group had a significant higher expression level of IL-6 (by 55%), while 

the expression levels of IL-1α, TGF-β and TNF-α were not significantly different 

between the two groups (Figure 1-4). On the other hand, the control siRNA + prorenin 

treatment did not alter any of the cytokine expression level, and no significant difference 

on the cytokine expression was observed between the control siRNA + prorenin group 

and the prorenin group (Figure 1-4). The group treated only with HRP had a significantly 

lower expression level of IL-1α, TGF-β and TNF-α (by 85%, 68% and 75%, respectively) 

than the prorenin-treated group, while the expression level of IL-6 are not significantly 

different between the two groups. The HRP-treated group also had similar expression 

levels of IL-1α, TGF-β and TNF-α as the control group, while the IL-6 expression level in 

the HRP group was significantly higher than the control group (by 3 folds) (Figure 1-4). 

The comparison between the HRP + prorenin group and the prorenin group showed that 

the HRP treatment significantly reduced the prorenin-induced expression of IL-1α (by 

83%), IL-6 (by 94%), TGF-β (by 52%) and TNF-α (by 82%) (Figure 1-4). The 

comparison between the control group and the HRP + prorenin group also indicated that 

the HRP treatment was able to reduce the prorenin-stimulated expression IL-1α, IL-6, 

TGF-β and TNF-α down to the control levels. Together, these results demonstrated that 

the treatment of HRP inhibited prorenin’s cytokine-stimulating effect completely. 

Therefore, PRR-prorenin interaction was necessary for the prorenin’s cytokine-

stimulating effect. 
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1.4.6 Effects of the Combination Blockade with RAS Blockers and PRR 
siRNA/HRP on Prorenin-Stimulated Cytokine Release 

Finally, to study if the proinflammatory effect of prorenin was mediated through 

the Ang II-independent pathway, Müller cells were treated with a combination of 

prorenin + losartan + PRR siRNA or prorenin + losartan + HRP. By examining the 

cytokine-reducing effects of PRR siRNA and HRP in the presence of losartan, we could 

determine whether the Ang II-independent pathway was involved in the cytokine-

stimulating effect of prorenin.  

The comparison between the prorenin-treated group and the prorenin + losartan 

+ PRR siRNA-treated group showed that the treatment of losartan + PRR siRNA 

significantly inhibited the prorenin-stimulated expression of IL-1α (by 95%), IL-6 (by 

83%), TGF-β (by 62%) and TNF-α (by 84%) . The treatment of losartan + HRP + 

prorenin, on the other hand, also resulted in significantly lower expression levels of IL-

1α (by 95%), IL-6 (by 96%), TGF-β (by 76%) and TNF-α (by 77%) than the prorenin 

group (Figure 1-4). The comparison between the control group and the prorenin + PRR 

siRNA + losartan group showed that the expression of IL-1α, IL-6, TGF-β and TNF-α in 

the prorenin + PRR siRNA + losartan group was reduced to the control levels (Figure 1-

4). The treatment of prorenin + HRP + losartan, on the other hand, also reduced the 

expression of 1L-1α, IL-6, TGF-β and TNF-α down to the control group levels (Figure 1-

4), suggesting the effect of prorenin on cytokine expression was totally blocked by the 

treatment of HRP + losartan and PRR siRNA + losartan. However, since the cytokine-

inducing effect of prorenin was mostly blocked by AT1Ri losartan, there was no 

statistical evidence showing that the treatment of PRR siRNA/HRP + losartan worked 

better than losartan on blocking the cytokine-stimulating effect of prorenin. As a result, 
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although there was a trend that the combination treatments had more cytokine-inhibiting 

effect than the losartan treatment, the contribution of Ang II-independent pathway to the 

prorenin’s cytokine-stimulating effect was uncertain.  

1.4.7 Effects of Prorenin Treatment on RAS Gene Expression in Cultured Human 
Müller Cells 

Since the RAS is an important regulator of the inflammatory response, the 

prorenin treatment may modulate the production of proinflammatory cytokines by 

altering the expression levels of RAS components. Therefore, the effect of prorenin 

treatment on the expression of RAS gene expression in Müller cells was also 

investigated. To test the effect of prorenin on RAS gene expression, Müller cells were 

treated with prorenin, and the expression levels of ACE, ACE 2, AT1R, 

angiotensinogen, PRR and the MAS receptor were examined in the experiment using 

real-time RT-PCR method. 

The comparison between the control group and the prorenin-treated group 

demonstrated that prorenin treatment on Müller cells significantly increased the 

expression of most of the RAS genes, including ACE 2 (by 1.3 fold), AT1R (by 3 folds), 

angiotensinogen (by 32%), PRR (by 6 folds), and the MAS receptor (by 1.6 folds) 

(Figure 1-5).  However, the increase in ACE expression was not significant (Figure 1-5).  

1.4.8 Effects of RAS Blockers on RAS Gene Expression in Prorenin-Treated 
Müller Cells 

Müller cells were also treated with ACEi captopril (ACE inhibitor) or AT1Ri 

losartan in addition to prorenin, as an attempt to test if the Ang II signaling pathway was 

involved in the prorenin-induced RAS gene expression. It was observed that the 

treatment of losartan significantly lowered the prorenin-induced expression of AT1R by 

73%, ACE 2 by 58% and angiotensinogen by 17% (Figure 1-5). However, no significant 
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difference was observed between the prorenin + losartan group and the prorenin group 

over the expression levels of ACE, PRR or the MAS receptor. The treatment of captopril 

also significantly blocked the prorenin-induced increase in the AT1R expression by 61% 

and angiotensinogen by 27% (Figure 1-5). However, comparing to the prorenin-treated 

group, captopril + prorenin group did not have significantly different expression levels of 

ACE, ACE 2, PRR or the MAS receptor (Figure 1-5).  

The comparison between the control group and the prorenin + captopril group 

showed that the expression levels of ACE 2, PRR and the MAS receptor were 

significantly higher (by 53%, 5 folds and 91%, respectively) in the prorenin + captopril 

group than in the control group. However, the expression levels of ACE, AT1R and 

angiotensinogen were not significantly different between the prorenin + captopril group 

and the control group (Figure 1-5). This result suggested the treatment of captopril 

completely inhibited the prorenin-induced expression of AT1R and angiotensinogen. 

The treatment of prorenin + losartan, on the other hand, had significantly higher 

expression levels of only PRR (7 folds higher) and the MAS receptor (1.4 folds higher) 

than the control group (Figure 1-5); with the expression levels of ACE, ACE 2, 

angiotensinogen and AT1R not significantly different from the control group. As a result, 

the overexpression of ACE 2, angiotensinogen and AT1R induced by prorenin was 

totally blocked by losartan. 

1.4.9 Effects of PRR Knockdown and Blocking Prorenin-PRR Interaction with HRP 
on RAS Gene Expression in Prorenin-Treated Müller Cells 

Previous result of prorenin treatment showed that prorenin was able to increase 

the expression of most of the tested RAS genes. To further study whether prorenin-PRR 

interaction was required for prorenin’s regulation on RAS gene expression, Müller cells 



 

32 

were treated with PRR siRNA or HRP in addition to prorenin, and the mRNA expression 

levels of the same RAS genes were examined.  

The comparison between the PRR siRNA + prorenin group and the prorenin 

group showed that the expression levels of ACE 2, AT1R, angiotensinogen and PRR 

were significantly lower (by 57%, 79%, 25%, 99% and 30%, respectively) in the PRR 

siRNA + prorenin group than in the porenin group (Figure 1-5). However, the expression 

levels of ACE and the MAS receptor were not significantly different between the PRR 

siRNA + prorenin group and the prorenin group. The RAS gene expression levels were 

not significantly different between the control siRNA + prorenin group and the prorenin-

only group (Figure 1-5). In the group treated with only HRP, the expression levels of 

ACE, ACE 2, angiotensinogen, AT1R, PRR, and MAS receptor in the HRP group were 

all significantly lower (by 67%, 46%, 46%, 61%, 77% and 56%, respectively) than 

prorenin group (Figure 1-5). The treatment of HRP in addition to prorenin, on the other 

hand, significantly reduced the expression levels of ACE 2 (by 59%), AT1R (by 78%), 

angiotensinogen (by 48%), PRR (by 76%) and the MAS receptor (by 52%) stimulated 

by prorenin (Figure 1-5). However, the expression levels of ACE were not significantly 

different between the HRP + prorenin group and the prorenin group (Figure 1-5).   

A further comparison between the control group and the prorenin + PRR siRNA 

showed that the expression levels of ACE, ACE 2, AT1R, angiotensinogen, PRR and 

MAS receptor were not significantly different between the two groups. Another 

comparison between the control group and the prorenin + HRP group demonstrated that 

the expression levels of angiotensinogen were significantly lower (by 31%) in the 

prorenin + HRP group than in thecontrol group. Moreover, the expression levels of ACE, 
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ACE 2, AT1R, PRR and MAS receptor were not significantly different between the two 

groups. This result suggested HRP had an inhibitive effect on all the overexpressed 

RAS genes induced by prorenin. Together, these results indicated prorenin-PRR 

interaction was required for prorenin’s effect on RAS gene overexpression. 

1.4.10 Effects of the Combination of Losartan plus PRR siRNA/HRP on RAS-
Related Gene Expression in Prorenin-Treated Müller Cells 

In order to test if the Ang II-independent pathway was involved in mediating 

prorenin’s effect on RAS gene expression, Müller cells were also treated with PRR 

siRNA + losartan + prorenin or HRP + losartan + prorenin. The comparison between the 

prorenin treatment and the PRR siRNA + losartan + prorenin treatment demonstrated 

that the PRR siRNA + losartan + prorenin-treated group had significantly lower 

expression levels of ACE 2 (by 58%), AT1R (by 78%), angiotensinogen (by 39%), PRR 

(by 97%) and the MAS receptor (by 69%) than the prorenin-only group (Figure 1-5). 

However, the expression levels of ACE and angiotensinogen were not significantly 

different between the two groups. The treatment of HRP + losartan + prorenin also 

significantly blocked the prorenin-induced overexpression of ACE (by 74%), ACE 2 (by 

82%), AT1R (by 90%), angiotensinogen (by 47%), PRR (by 94%) and the MAS receptor 

(by 81%) (Figure 1-5). The above results indicated that the combination treatments of 

PRR siRNA + losartan and HRP + losartan were both able to decrease the expression 

of most of the RAS genes induced by prorenin.  

Moreover, the expression levels of ACE 2, AT1R, angiotensinogen, PRR and the 

MAS receptor were not significantly different between the PRR siRNA + losartan + 

prorenin group and the control group (Figure 1-5). The treatment of HRP + losartan + 

prorenin, on the other hand, led to significantly lower expression levels of ACE 2 and 
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angiotensinogen (by 30%) than the control group. This result suggested the 

combination treatment of HRP + losartan + prorenin was very effective at blocking 

prorenin’s effect on RAS gene expressions. (Figure 1-5). In general, these results 

showed that HRP and PRR siRNA treatment were both able to inhibit the prorenin-

stimulated RAS gene expression in the presence of losartan. As a result, the Ang II-

independent pathway played a major role in mediating prorenin-induced RAS gene 

overexpression. 

1.4.11 Effects of the Treatments on the Expression Ratios of ACE/ACE 2 and 
AT1R/MAS Receptor in Müller Cells 

Since both the proinflammatory Ang II-AT1R and the anti-inflammatory Ang 1-7-

MAS receptor mediated signaling pathways were enhanced upon the treatment of 

prorenin, it is hard to determine the overall effect of the prorenin treatment on 

inflammation through changing RAS gene expression. To evaluate the overall treatment 

effect of prorenin and the effects of RAS blockers [ACEi captopril, AT1Ri losartan, PRR 

siRNA and the PRR antagonist HRP], the expression ratios of ACE/ACE 2 and 

AT1R/MAS receptor were studied.  

It was observed that the expression ratios of ACE/ACE 2 were not significantly 

different among the treatment groups (Figure 1-5), suggesting the treatments did not 

have much effect on ACE/ACE 2 ratio. Comparing to the control group, there was a two-

fold increase in the expression ratio of AT1R/Mas receptor in the prorenin-treated 

group, but statistical test failed to report a significant difference. However, both the 

losartan + prorenin group and the losartan + HRP + prorenin group had significantly 

lower AT1R/MAS receptor ratios than the prorenin-treated group (Figure 1-5), 

suggesting the treatment of losartan and losartan + HRP had more inhibitory effect on 
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the AT1R-mediated pathway than the MAS receptor-mediated pathway. It was also 

observed that the prorenin + control siRNA group had a significant higher ratio of 

AT1R/MAS receptor (3 folds higher) than the control group. However, no significant 

difference among the other treatment groups was observed. 

1.5 Discussion 

In this study, Müller cells were treated with 100nM of prorenin, and the 

expression levels of several key inflammatory cytokines, including IL-1α, IL-6, TGF-β, 

and TNF-α, were examined. The result showed that at 100nM concentration, prorenin 

was able to increase the expression levels of IL-1α, IL-6, TGF-β and TNF-α significantly. 

A further treatment of Müller cells with 100nM prorenin plus AT1Ri losartan 

demonstrated that the addition of the AT1Ri significantly reduced the expression of IL-

1α, IL-6, TGF-β and TNF-α, and the expression levels of these cytokines were not 

different between the losartan + prorenin group and the control group. This result 

suggested the treatment of AT1Ri blocked most of the cytokine-stimulating effect of 

prorenin. A similar cytokine-inhibiting effect of ACEi captopril was also observed. In the 

prorenin + captopril-treated Müller cells, the expression levels of IL-1α, TGF-β and TNF-

α were significantly lower than the prorenin group, but the expression levels of IL-6 were 

not significantly different between the two treatment groups. It was also noted that the 

captopril + prorenin group had a significantly higher expression level of IL-6 than the 

control group, while the expression levels of IL-1α, TGF-β, and TNF-α were not 

significantly different between the control group and the prorenin + captopril group. 

Together, these results suggested that the blockade of Ang II signaling pathway blocked 

most of the prorenin’s effect on up-regulating cytokine expression in Müller cells. 
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Therefore, the Ang II-dependent pathway played a central role in mediating the 

cytokine-stimulating effect of prorenin.  

The treatment of Müller cells with HRP or PRR siRNA was also able to down-

regulate the expression of the cytokines stimulated by prorenin treatment. The blockade 

(HRP) and knocking down (PRR siRNA) of PRR both reduced the interaction of PRR 

with prorenin, so both treatments were able to reduce the intracellular responses 

coming from the direct binding of prorenin with PRR and the indirect Ang II-dependent 

pathway. The treatment of HRP effectively reduced the expression levels of all the 

tested cytokines down to the control level, while the treatment of PRR siRNA 

significantly inhibited the prorenin-induced expression of IL-1α, TGF-β and TNF-α; but 

not IL-6. As a result, the treatment of HRP blocked the prorenin’s cytokine-stimulating 

effect completely; while PRR siRNA only partially blocked the prorenin’s cytokine-

stimulating effect. This result suggested HRP worked better on suppressing the 

prorenin-stimulated cytokine expression, possibly because PRR siRNA was not able to 

reduce PRR expression completely. Since HRP totally blocked the cytokine-stimulating 

effect of prorenin, prorenin-PRR interaction was required for prorenin’s cytokine-

inducing effect. 

Finally, the treatment combinations HRP + losartan and PRR siRNA + losartan 

both significantly suppressed the expression of IL-1α, IL-6, TGF-β and TNF-α induced 

by prorenin. Comparing to the control untreated group, the treatment of HRP + losartan 

+ prorenin and PRR siRNA + losartan + prorenin both reduced the expression levels of 

IL-1α, IL-6, TGF-β and TNF-α down to the control level. In other words, the combination 

treatments HRP + losartan and PRR siRNA + losartan both blocked prorenin’s cytokine-
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stimulating effect completely. Comparing to the losartan + prorenin group, there is a 

trend that the treatment of HRP + losartan and PRR siRNA + losartan provided 

additional cytokine-inhibiting effect, especially on IL-6. So together, these results 

indicated HRP and PRR siRNA might be able to block prorenin’s cytokine-stimulating 

effect in the presence of losartan, suggesting HRP and PRR siRNA possibly 

suppressed prorenin-stimulated cytokine expression through the Ang II-independent 

pathway. Therefore, this result indicated the Ang II-independent pathway might also 

play a role in mediating prorenin’s effect on inducing cytokine expression. However, 

since the cytokine-inhibiting effects of HRP and PRR siRNA in the presence of losartan 

failed to be statistically significant, the involvement of Ang II-independent pathway in 

mediating prorenin-induced cytokine expression is still not clear. 

It was also noticed in the experiment that the HRP treatment was more effective 

at blocking prorenin’s effect than the PRR siRNA treatment. A possible explanation for 

this is that PRR siRNA did not completely knock down the expression of PRR. In the 

preliminary study, the 30nM PRR siRNA treatment for 24 hours only decreased the 

mRNA expression of prorenin by about 75%. Depending on the protein turnover rate, 

the decrease in functional PRR could be even less than 75%. As a result, at least one-

fourth of the total PRR was still functioning, meaning the prorenin-PRR interaction was 

not completely blocked. The 10µM of HRP treatment, on the other hand, could block 

more than 95% of the prorenin-PRR binding according to previous calculations. 

Therefore, it is not surprising that HRP was more effective than PRR siRNA. 

It was also observed that losartan worked better than captopril on blocking 

prorenin’s cytokine-stimulating effect. Since it is well known that patients taking ACE 
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inhibitors have higher plasma renin levels (36), it is possible that in this experiment, the 

treatment of ACEi captopril also up-regulated the expression of renin. With the 

overexpression of renin stimulated by captopril, the Ang II-mediated proinflammatory 

signaling pathway was enhanced. Therefore, the treatment of losartan had stronger 

anti-inflammatory effect than the treatment of captopril. 

We noted that not all the examined cytokines were equally elevated in response 

to the prorenin treatment. Among the cytokines tested, only IL-1α and IL-6 expression 

levels were significantly increased by more than 10 folds following the prorenin 

treatment. For TNF-α, the increase was only two folds, and the increase in TGF-β is 

even smaller (by 1 fold). There could be an explanation for this. Among the examined 

cytokines, IL-1α, IL-6 and TNF-α are acute phase cytokines having positive feedback 

regulation, and the expression levels of them could rise rapidly and enormously during 

the initial phase of inflammatory response (39). As a result, huge increases in the 

expression of both IL-1α and IL-6, and a relatively large increase in the expression of 

TNF-α were observed. However, the expression of TGF-β peaks during the repairing 

phase of inflammation (40), so the cytokine had the least amount of increase in its 

expression level. 

The treatment of Müller cells with prorenin was also able to up-regulate the 

expression of RAS components, including ACE 2, AT1R, angiotensinogen, PRR, and 

the MAS receptor. In the Ang II-mediated signaling pathway, angiotensinogen is 

converted to Ang I by the prorenin that binds with PRR, and is further converted to Ang 

II by ACE (22). The Ang II eventually binds with AT1R to generate an inflammatory 

response (19). As a result, with the up-regulation of AT1R and PRR, the Ang II-signaling 
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pathway was enhanced, leading to an increase in inflammation. The Ang 1-7 signaling 

pathway, on the other hand, depends upon the enzymatic activity of ACE 2 and the 

abundance of the MAS receptor. The ACE 2 first converts Ang II to Ang 1-7, and the 

Ang 1-7 further binds to MAS receptor to generate an anti-inflammatory response. Since 

the prorenin treatment also increased the expression of both ACE 2 and MAS receptor, 

the Ang 1-7 pathway was also enhanced. Through regulating the RAS gene expression, 

the prorenin treatment not only increased the Ang II signaling activity by up-regulating 

AT1R and PRR expression; but also enhanced the Ang 1-7 signaling pathway by 

increasing the expression of ACE 2 and MAS receptor.  

 Further treatments of Müller cells with prorenin plus RAS inhibitors [ACE 

inhibitor (ACEi) captopril, AT1R inhibitor (AT1Ri) losartan, siRNA-PRR and the PRR 

antagonist HRP] showed that the effect of prorenin on Müller cell RAS gene expression 

was mediated both through the Ang II-dependent and independent pathways. Among 

the treatment groups, the treatment of AT1Ri losartan significantly reduced the 

expression levels of AT1R, ACE 2 and angiotensinogen stimulated by prorenin, 

suggesting the prorenin-induced increases in AT1R and ACE 2 expression was Ang II-

pathway dependent. When the prorenin-PRR interaction was blocked by HRP, however, 

prorenin was not able to stimulate the overexpression of the RAS genes, suggesting the 

prorenin-PRR interaction was necessary for prorenin’s stimulating effect on RAS gene 

expression. Moreover, the treatment combinations of both HRP + losartan + prorenin 

and PRR siRNA + losartan + prorenin also decreased the expression of all the prorenin-

induced RAS genes. Since losartan only inhibited the overexpression of AT1R, ACE 2 

and angiotensinogen, this result indicated both HRP and PRR siRNA were able to 
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decrease the other prorenin-stimulated RAS gene overexpression in the presence of 

losartan. As a result, among the RAS genes examined in the experiment, the 

overexpression of AT1R, ACE 2 and angiotensinogen was mediated by the Ang II-

dependent pathway, while the overexpression of the MAS receptor and PRR was 

mediated by the Ang II-independent pathway. 

Since the Ang II and the Ang 1-7 pathways have contrary effects on the 

regulation of inflammation, the increases in almost all the RAS gene expression had a 

mixed effect over the change of the proinflammatory cytokine expression in the 

prorenin-treated Müller cells. However, a further study in the ratios of ACE/ACE 2 and 

AT1R/MAS receptor indicated that the treatment of prorenin raised AT1R/MAS receptor 

ratio from 1 to 3.2, while ACE/ACE 2 was relatively stable. Therefore, the treatment of 

prorenin caused more increase in the expression of the genes involved in Ang II 

pathway than the genes involved in Ang 1-7 pathway, indicating the overall treatment 

effect of prorenin on Müller cells was proinflammatory. Comparing to the prorenin 

treatment, the treatments of losartan + prorenin and losartan + HRP + prorenin were 

able to down-regulate AT1R/MAS receptor ratio, suggesting these treatments inhibited 

prorenin’s effect on changing AT1R/MAS receptor ratio. These results showed RAS 

inhibitor losartan was able to down-regulate AT1R/MAS receptor ratio, so the blockade 

of the Ang II-dependent pathway provided anti-inflammatory effect by decreasing 

prorenin-stimulated increase in AT1R/MAS receptor ratio. In general, the treatment of 

prorenin had a proinflammatory effect by up-regulating AT1R/MAS receptor; and the 

blockade of the Ang II-dependent pathway provided anti-inflammatory effect by down-

regulating AT1R/MAS receptor. 
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In conclusion, the results from the in vitro experiment indicated that prorenin was 

able to stimulate the expression of certain cytokines, including IL-1α, IL-6, TGF-β and 

TNF-α in cultured Müller cells. Therefore, the prorenin treatment had a proinflammatory 

effect on the cells. Since Müller cells are immune-active glial cells in retinas, the result 

also suggested that prorenin was a possible contributor to retinal inflammation. 

Moreover, the cytokine-stimulating effect of prorenin treatment was mostly blocked by 

AT1R blocker losartan, suggesting the proinflammatory effect of prorenin was largely 

mediated through the Ang II-dependent pathway. The treatment of HRP blocked 

prorenin-PRR interaction, which also decreased the cytokine overexpression induced by 

prorenin, indicating prorenin-PRR interaction was necessary for the proinflammatory 

effect of prorenin. Furthermore, in the presence of losartan, the HRP-treated Müller cells 

showed a trend of decrease in the prorenin-induced cytokine overexpression, indicating 

the proinflammatory effect of prorenin might also be mediated through the Ang II-

independent pathway. The result of RAS gene expression also suggested a possible 

mechanism of prorenin’s proinflammatory effect. It was observed in the experiment that 

prorenin treatment was able to up-regulate the expression of many RAS genes, 

including ACE 2, AT1R, angiotensinogen, PRR, and the MAS receptor. A further study 

on ACE/ACE 2 and AT1R/MAS receptor ratios indicated the treatment of prorenin had a 

proinflammatory effect by up-regulating AT1R/MAS receptor ratio, and the blockade of 

the Ang II-dependent pathway by losartan had anti-inflammatory effect by down-

regulating AT1R/MAS receptor ratio to the control level. 
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Table 1-1.  The treatment design of the siRNA pilot experiment. 

Treatment # Reagents and concentration Treatment time 

1 30nM PRR siRNA 24 hours 

2 30nM PRR siRNA 48 hours 

3 100nM PRR siRNA 24 hours 

4 100nM PRR siRNA 48 hours 

5 None None 
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Table 1-2.  The treatment design of the in vitro experiment. 

Treatment 
# 

Prorenin 
(100nM) 

PRR 
siRNA 
(30nM) 

Control 
siRNA 
(30nM) 

HRP  
(10µM) 

Losartan 
(10µM) 

Captopril 
(10µM) 

1 - - - - - - 

2 - + - - - - 

3 - - + - - - 

4 + + - - - - 

5 + - + - - - 

6 + + - - + - 

7 + - - - - - 

8 + - - + - - 

9 + - - - + - 

10 + - - - - + 

11 + - - + + - 

12 - - - + - - 
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Table 1-3.  The expression of proinflammatory cytokines in Müller cells in different 
treatment groups. With p < 0.05, groups having the same letter under the 
column “t grouping” are not significantly different. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t 

grouping 

IL-1α Control 1.00 0.00 a 

IL-1α Prorenin 12.87 2.00 b 

IL-1α Control siRNA 0.61 0.03 a 

IL-1α Prorenin + control siRNA 11.16 2.18 b 

IL-1α PRR siRNA 0.66 0.03 a 

IL-1α Prorenin + PRR siRNA 1.36 0.17 a 

IL-1α HRP 1.96 0.26 a 

IL-1α Prorenin + HRP 2.15 0.31 a 

IL-1α Prorenin + captopril 3.55 0.80 a 

IL-1α Prorenin + losartan 1.29 0.14 a 

IL-1α Prorenin + PRR siRNA + losartan 0.69 0.12 a 

IL-1α Prorenin + HRP + losartan 0.61 0.14 a 
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Table 1-3. Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t grouping 

IL-6 Control 1.00 0.00 c 

IL-6 Prorenin 11.14 0.97 a 

IL-6 Control siRNA 0.64 0.07 c 

IL-6 Prorenin + control siRNA 10.44 1.68 a, b 

IL-6 PRR siRNA 0.71 0.05 c 

IL-6 Prorenin + PRR siRNA 5.00 0.82 a, b, c 

IL-6 HRP 4.08 0.63 a, b 

IL-6 Prorenin + HRP 0.63 0.15 c 

IL-6 Prorenin + captopril 5.24 0.92 a 

IL-6 Prorenin + losartan 3.07 0.42 b, c 

IL-6 Prorenin + PRR siRNA + losartan 1.84 0.19 c 

IL-6 Prorenin + HRP + losartan 0.43 0.03 c 
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Table 1-3. Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t grouping 

TGF-β Control 1.00 0.00 b 

TGF-β Prorenin 2.17 0.18 a 

TGF-β Control siRNA 0.64 0.04 b 

TGF-β Prorenin + control siRNA 1.91 0.15 a 

TGF-β PRR siRNA 0.74 0.05 b 

TGF-β Prorenin + PRR siRNA 1.07 0.07 b 

TGF-β HRP 0.70 0.04 b 

TGF-β Prorenin + HRP 1.04 0.16 b 

TGF-β Prorenin + captopril 0.97 0.04 b 

TGF-β Prorenin + losartan 1.00 0.10 b 

TGF-β Prorenin + PRR siRNA + losartan 0.83 0.10 b 

TGF-β Prorenin + HRP + losartan 0.54 0.05 b 
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Table 1-3. Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t grouping 

TNF-α Control 1.00 0.00 b 

TNF-α Prorenin 2.93 0.46 a 

TNF-α Control siRNA 0.60 0.08 b 

TNF-α Prorenin + control siRNA 2.97 0.41 a 

TNF-α PRR siRNA 0.60 0.04 b 

TNF-α Prorenin + PRR siRNA 0.90 0.06 b 

TNF-α HRP 0.66 0.08 b 

TNF-α Prorenin + HRP 0.54 0.07 b 

TNF-α Prorenin + captopril 0.96 0.13 b 

TNF-α Prorenin + losartan 0.72 0.07 b 

TNF-α Prorenin + PRR siRNA + losartan 0.46 0.05 b 

TNF-α Prorenin + HRP + losartan 0.68 0.12 b 
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Table 1-4. The expression of RAS genes in Müller cells in different treatment groups. 
Groups having the same letter under the column “t grouping” are not 
significantly different. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t grouping 

ACE Control 1.00 0.00 a, b, c 

ACE Prorenin 2.42 0.25 a 

ACE Control siRNA 1.74 0.26 a, b, c 

ACE Prorenin + control siRNA 2.23 0.32 a, b 

ACE PRR siRNA 1.73 0.20 a, b, c 

ACE Prorenin + PRR siRNA 1.82 0.22 a, b, c 

ACE HRP 0.79 0.07 b, c 

ACE Prorenin + HRP 1.74 0.23 a, b, c 

ACE Prorenin + captopril 1.54 0.18 a, b, c 

ACE Prorenin + losartan 1.88 0.33 a, b, c 

ACE Prorenin + PRR siRNA + losartan 1.75 0.29 a, b, c 

ACE Prorenin + HRP + losartan 0.62 0.02 c 
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Table 1-4. Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t grouping 

ACE 2 Control 1.00 0.00 b 

ACE 2 Prorenin 2.31 0.04 a 

ACE 2 Control siRNA 1.01 0.02 b 

ACE 2 Prorenin + control siRNA 2.28 0.09 a 

ACE 2 PRR siRNA 0.99 0.03 b 

ACE 2 Prorenin + PRR siRNA 1.06 0.04 b 

ACE 2 HRP 1.24 0.04 b 

ACE 2 Prorenin + HRP 0.95 0.03 b 

ACE 2 Prorenin + captopril 2.13 0.07 a 

ACE 2 Prorenin + losartan 0.96 0.02 b 

ACE 2 Prorenin + PRR siRNA + losartan 0.96 0.04 b 

ACE 2 Prorenin + HRP + losartan 0.41 0.01 c 
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Table 1-4. Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t grouping 

AT1R Control 1.00 0.00 b 

AT1R Prorenin 4.18 0.23 a 

AT1R Control siRNA 1.06 0.01 b 

AT1R Prorenin + control siRNA 4.83 0.28 a 

AT1R PRR siRNA 0.89 0.06 b 

AT1R Prorenin + PRR siRNA 1.10 0.06 b 

AT1R HRP 1.62 0.30 b 

AT1R Prorenin + HRP 0.90 0.04 b 

AT1R Prorenin + captopril 1.65 0.27 b 

AT1R Prorenin + losartan 1.14 0.05 b 

AT1R Prorenin + PRR siRNA + losartan 0.90 0.02 b 

AT1R Prorenin + HRP + losartan 0.43 0.07 b 
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Table 1-4. Continued. 

Gene Treatment group Average 
Standard error 

of the mean 
t 

grouping 

Angiotensinogen Control 1.00 0.00 b, c 

Angiotensinogen Prorenin 1.32 0.03 a 

Angiotensinogen Control siRNA 0.87 0.01 c, d 

Angiotensinogen Prorenin + control siRNA 1.12 0.03 a, b 

Angiotensinogen PRR siRNA 0.99 0.02 b, c 

Angiotensinogen Prorenin + PRR siRNA 0.98 0.04 b, c 

Angiotensinogen HRP 0.71 0.02 d 

Angiotensinogen Prorenin + HRP 0.69 0.03 d 

Angiotensinogen Prorenin + captopril 0.96 0.04 b, c 

Angiotensinogen Prorenin + losartan 1.09 0.02 b 

Angiotensinogen 
Prorenin + PRR siRNA + 

losartan 
0.81 0.02 c, d 

Angiotensinogen Prorenin + HRP + losartan 0.70 0.02 d 
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Table 1-4. Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t 

grouping 

Prorenin receptor Control 1.00 0.00 b 

Prorenin receptor Prorenin 6.82 0.22 a 

Prorenin receptor Control siRNA 1.30 0.02 b 

Prorenin receptor Prorenin + control siRNA 6.81 0.26 a 

Prorenin receptor PRR siRNA 0.04 0.00 b 

Prorenin receptor Prorenin + PRR siRNA 0.04 0.00 b 

Prorenin receptor HRP 1.54 0.30 b 

Prorenin receptor Prorenin + HRP 1.61 0.50 b 

Prorenin receptor Prorenin + captopril 5.67 0.18 a 

Prorenin receptor Prorenin + losartan 7.59 0.49 a 

Prorenin receptor Prorenin + PRR siRNA + 
losartan 

0.22 0.06 
b 

Prorenin receptor Prorenin + HRP + 
losartan 

0.41 0.08 
b 
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Table 1-4. Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t 

grouping 

MAS receptor Control 1.00 0.00 b, c 

MAS receptor Prorenin 2.60 0.09 a 

MAS receptor Control siRNA 0.86 0.08 b, c 

MAS receptor Prorenin + control siRNA 1.54 0.18 a, b, c 

MAS receptor PRR siRNA 0.76 0.09 c 

MAS receptor Prorenin + PRR siRNA 1.82 0.18 a, b, c 

MAS receptor HRP 1.15 0.15 b, c 

MAS receptor Prorenin + HRP 1.25 0.12 b, c 

MAS receptor Prorenin + captopril 1.91 0.14 a, b 

MAS receptor Prorenin + losartan 2.42 0.33 a 

MAS receptor Prorenin + PRR siRNA + 
losartan 

0.81 0.10 b, c 

MAS receptor Prorenin + HRP + losartan 0.50 0.03 c 
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Table 1-5. Primers used for real-time PCR analysis in the in vitro studies. 

Species Gene name 
Accession 

number Sequences 
Expected 

size 

Human β-actin forward NM_001101.3 5'GCAGGAGTATGACGAGTCCG3' 337 
Human β-actin reverse 

 
5'AGGGACTTCCTGTAACAATGC3' 

      
Human IL-1α forward NG_008850.1 5'ATCAGTACCTCACGGCTGCT3' 188 
Human IL-1α reverse 

 
5'TGGGTATCTCAGGCATCTCC3' 

      
Human IL-6 forward XM_005249745.1 5'CACTCACCTCTTCAGAACGAAT3' 306 
Human IL-6 reverse 

 
5'TTTGTACTCATCTGCACAGCTC3' 

      
Human TGF-β forward NM_000660.5 5'GTTCAAGCAGAGTACACACAGC3' 115 
Human TGF-β reverse 

 
5'GTATTTCTGGTACAGCTCCACG3' 

      
Human TNF-α forward NM_000594.3 5'ATCTACTCCCAGGTCCTCTTCAA3' 295 
Human TNF-α reverse 

 
5'GCAATGATCCCAAAGTAGACCT3' 

      
Human ACE forward NM_152830.2 5'GAACTCCGCTCGCTCAGAAG3' 302 
Human ACE reverse 

 

5'CCAGTGTTCCCATCCCAGTC3' 

      
Human ACE 2 forward NM_021804.2 5'CCCGCATCTCTGTTCCATGT3' 713 
Human ACE 2 reverse 

 
5'GGCTGGTTAGGAGGTCCAAG3' 

      
Human AT1R forward NM_004835.4 5'CGGCTGCTCGAAGAACAATG3' 229 
Human AT1R reverse 

 

5'ATAGCTGAAAACCGGCACGA3' 

      
Human Angiotensinogen 

forward NM_000029.3 5'GCAGATAACAACCCCGGACA3' 142 
Human Angiotensinogen 

reverse 
 

5'TGCAGGCTTCTACTGCTCAC3' 
      

Human PRR forward XM_005272576.1 5'AGCTGGCAGGTTTGGATGAA3' 314 
Human PRR reverse  5'CCAAGGCCAAGGCGATCATT3'  

    
Human MAS receptor 

forward NM_002377.2 
5'AGCACCATCTTGGTCGTGAA3' 

214 
Human MAS receptor 

reverse 
 

5'AAGGGTTGGCGCTACTGTTG3' 
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Table 1-6. Analysis of variance table of gene expression data in the in vitro experiment. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square 
F 

Value 
Pr > F 

IL-1α Treatment 11 725.5448336 65.9586212 3.30 0.0076 

IL-1α Run 1 75.7792633 75.7792633 3.79 0.0638 

IL-1α Treatment*run 11 181.8592715 16.5326610 0.83 0.6157 

IL-1α Error 23 459.600498 19.982630   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square 
F 

Value 
Pr > F 

IL-6 Treatment 11 890.8238596 80.9839872 4.06 0.0025 

IL-6 Run 1 230.8050192 230.8050192 11.56 0.0026 

IL-6 Treatment*run 11 387.9627223 35.2693384 1.77 0.1233 

IL-6 Error 22 439.284548 19.967479   

 

  



 

57 

Table 1-6. Continued.  

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square F Value Pr > F 

TGF-β Treatment 11 10.86603517 0.98782138 2.43 0.0332 

TGF-β Run 1 0.42622968 0.42622968 1.05 0.3157 

TGF-β Treatment*run 11 1.29201347 0.11745577 0.29 0.9819 

TGF-β Error 24 9.74075916 0.40586496   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square F Value Pr > F 

TNF-α Treatment 11 2506.999456 227.909041 2.07 0.0664 

TNF-α Run 1 0.024342 0.024342 0.00 0.9883 

TNF-α Treatment*run 11 627.844210 57.076746 0.52 0.8724 

TNF-α Error 24 37.89159768 1.57881657   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square 
F 

Value 
Pr > F 

ACE Treatment 11 2506.999456 227.909041 2.07 0.0664 

ACE Run 1 0.024342 0.024342 0.00 0.9883 

ACE Treatment*run 11 627.844210 57.076746 0.52 0.8724 

ACE Error 24 29.03245677 1.20968570   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square F Value Pr > F 

ACE 2 Treatment 11 16.60259251 1.50932659 30.50 <.0001 

ACE 2 Run 1 0.54808961 0.54808961 11.08 0.0028 

ACE 2 Treatment*run 11 0.41319642 0.03756331 0.76 0.6749 

ACE 2 Error 24 1.18758171 0.04948257   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square 
F 

Value 
Pr > F 

AT1R Treatment 11 84.34659968 7.66787270 10.09 <.0001 

AT1R Run 1 2.55077203 2.55077203 3.36 0.0793 

AT1R Treatment*run 11 10.60322463 0.96392951 1.27 0.2995 

AT1R Error 24 18.2347284 0.7597804   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean 
square 

F 
Value 

Pr > F 

Angiotensinogen Treatment 11 1.47834210 0.13439474 4.79 0.0009 

Angiotensinogen Run 1 0.01245588 0.01245588 0.44 0.5123 

Angiotensinogen Treatment*run 11 0.10985452 0.00998677 0.36 0.9604 

Angiotensinogen Error 22 0.61763983 0.02807454   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean square 
F 

Value 
Pr > F 

PRR Treatment 11 389.5491600 35.4135600 20.97 <.0001 

PRR Run 1 0.0001884 0.0001884 0.00 0.9917 

PRR Treatment*run 11 35.3528938 3.2138994 1.90 0.0933 

PRR Error 23 38.8437047 1.6888567   
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Table 1-6. Continued. 

Gene 
Source of 
variance 

Degree of 
freedom 

Type III sum 
of squares 

Mean 
square 

F 
Value 

Pr > F 

MAS 
receptor 

Treatment 11 17.31904314 1.57445847 3.61 0.0046 

MAS 
receptor 

Run 1 5.00296111 5.00296111 11.47 0.0025 

MAS 
receptor 

Treatment
*run 

11 10.34950338 0.94086394 2.16 0.0580 

MAS 
receptor 

Error 23 10.03368563 0.43624720   

 

  



 

65 

 

Figure 1-1.  Immunofluorescent staining of PRR in cultured Müller cells. The cell nuclei 
were stained with DAPI, and the PRR was first targeted by anti-PRR 
antibody, and then labeled with florescent secondary antibody targeting the 
primary anti-PRR antibody. Tuhina Prasad. Unpublished data from Li’s Lab. 
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Figure 1-2.  The treatment timeline of Müller cell experiment. The cells were plated and 
incubated with the treatment agents according to the timeline shown above. 
There were n = 4 replications per treatment. 
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Figure 1-3.  The mRNA expression level after PRR siRNA treatment. A is the gel picture 
taken under UV light. The lanes are (from left to right): 1 kb ladder, control 
PRR; 24 hour 30nM PRR siRNA treated PRR; 24 hour 100nM PRR siRNA 
treated PRR; 48 hour 30nM PRR; 48 hour 100nM PRR; the rest lanes are the 
β-actin of the respective groups. B is the quantification of PRR mRNA 
expression fold change.  
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Figure 1-4.  Fold change in the expression levels of cytokine mRNA in Müller cells due 
to different treatments. The expression levels of A). IL-1α, B). IL-6, C). TGF-β, 
and D). TNF-α mRNA after the treatments on Müller cells were examined. 
The groups with * are significantly different from the control group, and the 
groups with # are significantly different from the prorenin group (p < 0.05). 
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Figure 1-4.  Continued. 
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Figure 1-5.  Fold change in the expression levels of RAS gene mRNA in Müller cells 
due to different treatments. The examined RAS genes include A). ACE, B). 
ACE 2, C). AT1R, D). angiotensinogen, E). PRR, F). the MAS receptor, G). 
ACE/ACE 2 ratio, and G) PRR/MAS receptor ratio. The groups with * are 
significantly different from the control group, and the groups with # are 
significantly different from the prorenin group (p < 0.05). 
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Figure 1-5.  Continued. 
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Figure 1-5.  Continued. 
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Figure 1-5.  Continued. 
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CHAPTER 2 
IN VIVO CHARACTERIZATION OF THE EFFECTS OF HRP IN ANIMAL MODELS OF 

OCULAR INFLAMMATION 

2.1 Introduction 

As discussed previously, the prorenin-mediated signaling pathway is possibly 

involved in the regulation of local tissue inflammation. A number of studies have 

reported that prorenin receptor-mediated signaling pathway contributes to diabetic 

retinopathy and diabetic nephropathy by enhancing inflammation (28, 41). In diabetic 

retinopathy, an increase in the prorenin expression is observed in retinas, and the 

blockade of PRR leads to a significant decrease in retinal adherent leukocytes (28). The 

PRR blockage also results in a suppression of diabetic-induced VEGF and ICAM-1 

expression (28). It was also observed in the same study that AT1R-deficient diabetic 

mice treated with PRR antagonist showed decreased retinal inflammation (28). These 

results suggest the involvement of the Ang II-independent pathway in the regulation of 

retinal inflammation. In diabetes-induced nephropathy, PRR expression is increased in 

the kidneys of the diabetic rats, and the increase in the cytokines is blocked by the 

administration of PRR antagonist, suggesting the prorenin-signaling pathway is a 

mediator of renal inflammation through regulating cytokine expression in kidneys (41). 

Another study by Satofuka et al has shown that prorenin is also a contributor of 

the endotoxin-induced uveitis (EIU) in rats (29). In endotoxin-treated rat eyes, retinal 

vessels are strongly positive for total prorenin, prorenin receptor, and activated prorenin 

(29). It was also noted that the systemic treatment of PRR antagonist HRP through 

intraperitoneal injection significantly suppressed the expression of ICAM-1, CCL2/MCP-

1 and IL-6 induced in EIU (29). 
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In the above-mentioned studies, HRP was used as PRR antagonist. Since HRP 

mimics the binding sequence of prorenin with PRR, it competitively inhibits the prorenin-

PRR interaction. So far, many in vivo experiments have confirmed that HRP 

successfully reduces inflammation in both diabetic retinopathy and EIU eyes, indicating 

HRP is an effective PRR antagonist. However, in another previous studies, it is found 

that although HRP is effective in suppressing retinal inflammation through the retinal 

vascular system, it also induces injury with increased p-ERK1/2 immunolabeling in 

retinal neurons and glia, leading to a worsened ERG (42).  

In general, several studies have shown that the prorenin-mediated signaling is 

hyperactive in retinal and kidney inflammation, and HRP is able to decrease the 

inflammation (28, 29, 41). Since PRR antagonist HRP is still able to suppress retinal 

inflammation in the absence of AT1R, the Ang II-independent pathway is involved in 

prorenin-mediated signaling (28, 29, 41). However, because the HRP treatment also 

causes injury in retinal neurons and glia, the role of HRP in ocular inflammation is still 

controversial (42). 

2.2 Rationale and Hypothesis 

Our previous data on human Müller cells (retinal glial cells) showed that the 

treatment of HRP was able to block cytokine expression stimulated by prorenin, 

suggesting HRP had anti-inflammatory effect on retinal glial cells. Previous studies 

completed by other groups have also demonstrated that prorenin is a contributor of 

ocular inflammation in the cases of both diabetic retinopathy and endotoxin-induced 

uveitis. By binding with PRR, prorenin is activated non-proteolytically, and the blockade 

of PRR has been shown to suppress the inflammatiosn (28, 29, 41). Since in all these 

previous studies, HRP was systematically injected, it is unclear whether the anti-
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inflammatory effect of HRP treatment is mediated systematically or locally. Because the 

systematically delivered HRP may not be able to cross the blood-retinal barrier, or may 

not be concentrated enough at the level of local ocular tissues, the effect of HRP could 

be mediated systematically instead of locally. Moreover, since the treatment of HRP 

also has side effects on retinal neurons, the effect of HRP is still controversial (42). To 

investigate the real effect of HRP, and whether the effect is mediated locally or 

systematically, we hypothesized that the treatment of HRP is able to reduce ocular 

inflammation, and the anti-inflammatory effect of HRP is mediated locally. 

To test the hypothesis, animals were treated with intravitreal injections of AAV-

HRP vector to express the HRP peptide, or an AAV-control vector, followed by another 

injection of lipopolysaccharide (LPS) to induce ocular inflammation. The intravitreal 

administration of LPS creates an acute inflammation model called endotoxin-induced 

uveitis (EIU). In EIU model, ocular inflammation peaks 24 hours after injection, and a 

break-down of blood-retinal barrier is observed (43). Although it is an acute model, the 

underlying molecular and cellular mechanisms for inflammatory responses are common 

for many other ocular diseases with inflammatory components (43-45). In a number of 

human cases of ocular inflammation, the inflammation is also caused by LPS produced 

by infected gram-negative bacteria. Therefore, in both animal EIU model and human 

ocular inflammation cases, LPS stimulates immune response in uveas, causing uveitis 

(43-45). As a result, study of EIU provides useful insight into the causes and 

mechanisms of ocular inflammation in human cases. The severity of the inflammations 

was evaluated using infiltrating inflammatory cells counting, and real-time RT-PCR on 

certain cytokines was performed to study the mechanism of the inflammation. 
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2.3 Materials and Methods 

2.3.1 Animal Treatment Groups 

Two-month-old male C57BL/6 mice were used in the animal studies. The animals 

were divided into six treatment groups according to Table 2-1. The mice received two 

separate intravitreal injections, as illustrated in Figure 2-1. At the beginning of the 

experiment, the mice received an initial intravitreal injection of 109 copies/eye of either 

AAV-HRP viral vector (Figure 2-2) or the same amount of AAV-Rev-Ang I vector (Figure 

2-2) as controls. After the 3-week time period, 25ng/eye of LPS was intravitreally 

administrated to create an acute ocular inflammation model called endotoxin-induced 

uveitis (EIU). The treatments were done on both eyes, and all the mice were sacrificed 

24 hours after the LPS treatment.  The eyes were collected and analyzed for signs of 

inflammation.  

2.3.2 Intravitreal Injection of AAV Vectors  

Both the AAV-HRP vector and the AAV-Rev-Ang I vector (control vector) were 

derived from the triple tyrosine-mutant (Y444, 500, 730F) AAV2 vector. Both vectors 

start with a chicken β-actin (CBA) promoter, followed by a coding region encoding a 

signal peptide (SP) sequence, a green fluorescent protein (GFP) sequence and an HRP 

(or reversed Ang I) sequence. There is also a cleavage site between GFP sequence 

and HRP (or reversed Ang I) sequence. In the end of the vector, there is a poly-A tail 

(Figure 2-1). In the previous characterizations, following the intravitreal injection, the 

vector is not only able to transduce a variety of retinal cell types including 

photoreceptors, retinal pigment epithelial cells, and ganglion cells; but also effectively 

infects cells of the inner retina (46). The vector is also considered to be efficient, since 

the funduscopically-detectable GFP fluorescence becomes intense and uniform only 3 
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weeks post injection, suggesting a fast and widespread expression of the encoded GFP 

gene (46). To complete the intravitreal injection, an injection needle was first inserted 

into the vitreous chamber of the eyes. After insertion, 1µL of the solution was pumped 

into the vitreous chamber of the eye. To complete the injection of the viral vectors, the 

vectors were firstly diluted with PBS solution to a final concentration of 109 copies/µL, 

and 1µL of the solution was injected into each eye for the transfection. In order to let the 

encoded sequence fully expressed in the ocular tissue, a 3-week waiting period was 

given after the intravitreal injection. 

2.3.3 EIU Induction 

EIU model is a rodent model of uveitis. The model provides a useful tool to study 

human ocular inflammation, since the inflammation is relevant to clinical situations in 

both the causes and the symptoms (43-45). In the EIU model in this study, the 

inflammation was successfully induced by an intravitreal injection of 25ng LPS into 

mouse eyes. The LPS was dissolved in sterile saline at a final concentration of 25ng/µL, 

and 1µL of the LPS solution was intravitreally administrated into each mouse eye using 

the same protocol as the viral vector injection described previously. Ocular inflammation 

was characterized with an increase in both the number of infiltrating inflammatory cells 

and the proinflammatory cytokine expression in the LPS-treated mouse eyes. Twenty-

four hours after injection, the inflammation reached its peak level, at which time the 

mice were sacrificed and the eyes were collected for further investigation. 

2.3.4 H&E Staining of Eye Sections 

The whole eyes were sectioned at a thickness of 12μm per section and stained 

by hematoxylin and eosin (H&E). The H&E staining helps to visualize the amount of 

infiltrating inflammatory cells in eyes, which is an indicator of the severity of ocular 
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inflammation. To complete the H&E staining, eye sections were first washed three times 

with PBS for 10 minutes each. The sections were then immersed with hematoxylin 

staining solution for 30 seconds, and then excessive staining solution was washed away 

by PBS. Finally, the slides were covered with coverslip and ready for further analysis.  

2.3.5 Immunohistochemical Staining of Eye Sections 

The 12μm eye sections were also stained according to the cell markers 

expressed on their surfaces. This immunohistochemical staining could help to 

categorize the infiltrating inflammatory cells. To complete the immunohistalchemical 

staining, eye sections were first covered with 1% triton for 10 minutes, and then were 

washed three times with PBS for 10 minutes each. Before the primary antibody 

incubation, the sections were first treated with 5% BSA (in PBS) for 30 minutes to block 

unspecific bindings. After the blocking step, the sections were immersed with the 

primary antibodies CD11b-FITC (or CD45-FITC) at a 1:200 dilution with 1% BSA in PBS 

overnight. The sections were then washed 3 times with PBS to remove free primary 

antibodies. The secondary antibody, α-FITC-AP, were then added at a 1:200 dilution to 

completely cover the sections. After a 2-hour incubation with the secondary antibody, 

the antibody solution was replaced by 0.1 M Tris / 0.1 M NaCl buffer with pH 9.5 to 

equilibrate. After equilibrating the sections twice with the buffer, a solution of NBT/BCIP 

(1:40 dilution) and levamisole (1:80 dilution) was prepared using 0.1 M Tris/ 0.1 M NaCl 

buffer (pH 9.5) as the dilution buffer. The solution was then used to immerse the 

sections for 8 minutes. After the immersion, the slides were washed with PBS again and 

covered with glass coverslip. 
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2.3.6 Quantification of the Infiltrating Inflammatory Cells in the Mouse Eyes 

The positively stained infiltrating inflammatory cells in both anterior and posterior 

chamber were quantified under the 20 X microscope. In order to have comparable 

samples across groups, seven sections were chosen from each eye. To get the 

sections, an eye was equally spaced into seven parts after excluding the unusable parts 

on both ends, and one section was taken from each of the seven parts. When there 

were too many infiltrating inflammatory cells to count in one single field of an eye, 

pictures of the section were taken and stored. The infiltrating cells were then counted 

under the amplified pictures. Counted cells were marked so they were not mistakenly 

counted again. Since a previous study has found the eye size (measured by axis length) 

of C57BL/6 mice of the same age and gender do not vary significantly (47), and the 

processing procedures may also induce stretching or shrinking on samples in the 

experiment, the total number of the infiltrating inflammatory cells were not normalized by 

the area of the eye.  

2.3.7 Retinal Total RNA Isolation and RT-PCR Analysis 

Eyes were collected from the mice, and the corneas were cut off from the 

attached tissues. The remaining eye tissues were then submerged in TRIzol solution 

and grinded by a plastic pestle. After the grinding, the tissue was further homogenized 

through sonication, and total RNA was extracted using the TRIzol method as previously 

mentioned, and the expression level of IL-1β, IL-6 and TNF-α were determined using 

real-time RT-PCR following the method described previously. The primer information of 

IL-1β, IL-6 and TNF-α could be found in Table 2-3. The choice of cytokines was made 

according to two previous studies that both demonstrate the expression levels of the 

cytokines are elevated in EIU eyes (48, 49). 



 

81 

2.3.8 Statistical Analysis 

The Fisher’s least significant difference (LSD) tests were performed on both the 

infiltrating inflammatory cell counting data and the cytokine expression data. The 

comparison was done by comparing the expression levels of IL-1β, IL-6 and TNF-α 

(separately) across all the groups of treatment. The amount of infiltrating inflammatory 

cells in the anterior chamber and posterior chamber among the treatment groups was 

also compared separately. Finally, multiple comparisons on the total number of 

infiltrating inflammatory cells, CD11b positive infiltrating inflammatory cells, and CD45 

positive infiltrating inflammatory cells were done individually. For all the tests in the in 

vivo part, a critical p value of 0.05 was used. 

2.4 Results  

2.4.1 Effects of HRP Expressed from Intravitreally Delivered AAV Vector on 
Infiltrating Inflammatory Cells in Mouse Eyes 

In order to evaluate the possible role of prorenin-PRR interaction in the 

development of the LPS induced ocular inflammation, the AAV-HRP vector or the AAV-

control vector was intravitreally injected into mouse eyes. A waiting period of three 

weeks was given, so the expression of the coded genes became intense and 

widespread. Three weeks after the intravitreal injection of AAV vectors, the mice 

received another intravitreal LPS injection to induce an intraocular inflammation. The 

mice were sacrificed 24 hours after LPS injection. The eyes were then collected and 

fixed in 5% PFA overnight. After the fixation, eyes were embedded in embedding 

medium, and were sectioned. The sections were H&E stained and the infiltrating 

inflammatory cells in both anterior and posterior chambers were counted separately. 

The counting result showed that no infiltrating inflammatory cell were observed in the 
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non-LPS treated groups (Figure 2-6, A, B and C). There was a significant difference 

over the numbers of infiltrating inflammatory cells between the AAV-HRP vector + LPS 

and the AAV-control vector + LPS treated eyes in both anterior and posterior chambers. 

In both anterior and posterior chambers, the AAV-control + LPS group had three-fold 

higher amount of infiltrating inflammatory cells than the AAV-HRP + LPS group, so the 

total amount of infiltrating inflammatory cells was also three-fold higher in the AAV-

control group than in the AAV-HRP group (Figure 2-6, A, B and C). The result 

suggested the pre-treatment of the AAV-HRP vector effectively suppressed the ocular 

inflammation induced by LPS. 

2.4.2 Effects of Intravitreal Injection of AAV-HRP Vector on Intraocular CD11b-
Positive Cells 

CD11b is an integrin family member that is expressed primarily on innate 

immune cells, including monocytes, neutrophils, natural killer cells, granulocytes and 

macrophages. As a result, the staining helps to categorize the types of the infiltrating 

inflammatory cells. CD11b positive cells naturally exist in retinas as retinal microglial 

cells and macrophage cells, but there are no CD11b positive cells in the vitreous cavity 

or anterior segment of the eye under normal conditions. Intravitreal injection of LPS 

induced the infiltration of CD11b-positive inflammatory cells into both vitreous cavity and 

anterior segment of the eye. As a result, the quantification of CD11b positive cells not 

only helps to evaluate the severity of the inflammation among groups, but also identifies 

the types of infiltrating cells.  

The result showed that there were no CD11b positive cells in the vitreous of non-

LPS treated eyes. And among the LPS treated groups, the group treated with AAV-HRP 

vector prior to the LPS injection had a significantly lower (56% less) amount of  CD11b 
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positive infiltrating inflammatory cells than the AAV-control vector + LPS group (Figure 

2-4). This result confirms that the LPS treatment was able to induce the infiltration of 

CD11b positive cells, and the AAV-HRP treatment significantly decreased the number 

of CD11b positive cells (Figure 2-6, D). 

2.4.3 Effect of HRP-AAV Vector Intravitreal Injection on Intraocular CD45-Positive 
Cells 

CD45 cell marker is a tyrosine phosphatase also known as leukocyte common 

antigen. The cell marker is expressed on all nucleated hematopoietic cells, and it plays 

a central role in the immune cell development and immune response. As a result, CD45 

staining also helps to evaluate the number and identify the type of the infiltrating 

inflammatory cells. In normal eyes, CD45 positive cells are found in retinas as microglial 

cells and dendritic cells, but are not found in vitreous cavity or anterior segment. 

However, in the LPS-treated eyes, large amounts of infiltrating CD45 positive cells were 

observed in both vitreous cavity and anterior segment of the eyes. Among the LPS-

treated groups, the AAV-HRP vector pre-treated eyes had a significantly lower (by 48%) 

number of CD45-positive infiltrating inflammatory cells than the AAV-control vector pre-

treated eyes (Figure 2-5, Figure 2-6, E). The result suggested the LPS treatment led to 

infiltration of CD45 positive cells, and the AAV-HRP treatment effectively prevented the 

infiltration. 

2.4.4 Real-Time RT-PCR Analysis of Inflammatory Cytokines in Mouse Eyes  

Previously, the in vitro experiment on Müller cells showed the treatment of 

prorenin was able to cause inflammation by up-regulating cytokine expressions, and the 

proinflammatory effect of prorenin treatment was inhibited by HRP. Other previous 

studies also showed that systematic injection of HRP was effective in suppressing 
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inflammation (28, 29, 41). Therefore, to study the underlying mechanism of AAV-HRP’s 

anti-inflammatory effect, real-time RT-PCR was also performed on homogenized mouse 

eyes to quantify the changes in the cytokine (IL-1β, IL-6, and TNF-α) mRNA expression. 

The RT-PCR result showed the treatment of AAV-HRP vector prior to LPS injection 

significantly reduced the expression of TNF- α (by 75%), while the decrease in IL-1β 

and IL-6 was not significant (Figure 2-8, A). In addition, the expression levels of IL-1β, 

IL-6 and TNF-α in the group of AAV-HRP + LPS was not significantly different from the 

cytokine levels in the AAV-control vector + saline group (Figure 2-8, B). 

2.5 Discussion 

In our animal studies, H&E staining of the eye sections showed that the LPS 

treatment induced infiltration of inflammatory cells. Moreover, among the LPS treated 

groups, the group pre-treated with AAV-HRP vector had the smallest quantity of 

infiltrating inflammatory cells in both anterior and posterior chambers. A similar result 

was also observed in the quantification of CD11b and CD45 positively stained infiltrating 

inflammatory cells, which means the AAV-HRP treatment prior to the LPS treatment 

significantly suppressed the infiltration of both CD11b and CD45 positive inflammatory 

cells, suggesting the AAV-HRP pre-treatment was effective at preventing the infiltration 

of both types of infiltrating inflammatory cells. Since CD11b is the marker for innate 

immune cells (monocytes, granulocytes, macrophages, and natural killer cells), and the 

CD45 is the marker for all the leukocytes, these results indicated the AAV-HRP 

treatment suppressed infiltration of both innate immune cells and total leukocytes. 

Since the number of infiltrating inflammatory cells directly reflects the severity of 

inflammation, the counting result showed that the treatment of LPS greatly induced 

ocular inflammation, and the pre-treatment of AAV-HRP vector effectively prevented the 
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inflammation stimulated by LPS. Since HRP is a PRR antagonist, the anti-inflammatory 

effect of the vector is possibly mediated through its blockade of prorenin-PRR 

interaction. 

In the real-time PCR result, the expression levels of several cytokines in the eye 

tissue were tested. The cytokines examined in the study were IL-1β, IL-6, and TNF-α, 

because significant increases in these cytokines were observed in previous studies on 

EIU eyes (48, 49). It was found in the studies that the levels of the inflammatory 

cytokines in the uvea were significantly higher 24 hours after the EIU, and declined 48 

hours after treatment (48). This time-dependent expression of IL-1β, IL-6, and TNF-α is 

consistent with their identity as acute phase cytokines. Several other studies have also 

found that IL-1 and TNF-α appear to be key regulators of LPS-induced effects, since the 

treatment of the cells with the antibodies of those cytokines diminishes LPS’ 

proinflammatory effect (50, 51). As a result, we examined the expression of the same 

cytokines in our in vivo study of the EIU mice. 

In our experiment, increases in ocular IL-6 and TNF-α were also observed 

following LPS treatment. However, due to small sample size, the increase in IL-1β 

expression was not significant. The increase in the acute phase cytokines suggested 

that an acute ocular inflammation was successfully developed 24 hours after the LPS 

injection, which is consistent with the infiltrating inflammatory cytokine results mentioned 

above. Furthermore, the injection of AAV-HRP vector prior to the LPS treatment 

significantly suppresses the LPS-stimulated expression of TNF-α. Besides, a trend of 

decrease in the expression levels of IL-1β and IL-6 was also observed, suggesting a 

possible protective effect of HRP against the proinflammatory effect of LPS. This result 
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is consistent with our in vitro data, in which the treatment of HRP on Müller cells 

significant reduced the expression of proinflammatory cytokines induced by prorenin. A 

similar result was also reported in a previous study completed by Satofuka et al, in 

which the intraperitoneal injection of HRP suppressed the EIU in rats by reducing 

cytokine expression. Since HRP is a PRR antagonist, the result indicated the treatment 

of HRP might be able reduced cytokine expression by blocking prorenin-PRR 

interaction, and the decrease in cytokine expression was likely to further lead to a 

decrease in ocular inflammation.  

In general, the result from the infiltrating inflammatory cell counting suggested 

the intravitreal treatment of AAV-HRP vector was effective at preventing ocular 

inflammation induced by LPS. The AAV-HRP vector treatment was most likely to 

prevent the LPS-induced ocular inflammation in the animals by blocking PRR-prorenin 

interaction and cytokine production.  

The result from our animal study further confirmed the anti-inflammatory effect of 

HRP. In several previous studies, similar anti-inflammatory effect of HRP was also 

observed. It has been found that the prorenin level is elevated in the ocular fluid of 

diabetic retinopathy patients (27).  In another animal study, it has been noted that the 

expression level of prorenin is significantly increased in the retina of diabetic mice (28). 

These results suggest a possible link between prorenin-mediated signaling and ocular 

inflammation. Further studies have demonstrated that a systematic administration of 

PRR antagonist HRP on both diabetic retinopathy mice and EIU mice effectively 

suppresses the ocular inflammation (28). Together, these results indicate that prorenin 

contributes to ocular inflammation, and a systematic administration of HRP prevents the 
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inflammation. However, it is still not clear whether the anti-inflammatory effect of HRP is 

mediated locally, because the HRP might not be able to cross the blood-retinal barrier 

and become concentrated in local eye tissues. In our study, to test if the anti-

inflammatory effect of HRP is mediated locally, HRP was intravitreally administrated into 

the eyes in the form of viral vector. As a result, the vector transfected local eye tissues 

and HRP was produced locally, so the anti-inflammatory effect of HRP observed in this 

experiment was mediated locally. 

Previous studies have also shown possible mechanism of the prorenin’s 

proinflammatory effect. It was observed that the systematic treatment of HRP was 

effective in suppressing cytokine expression in EIU retinas, suggesting HRP was able to 

suppress retinal inflammation by reducing proinflammatory cytokine expression (29). In 

our study, the local expression of HRP also caused a significant decrease in the 

expression of TNF-α and a trend of decrease in the expression of IL-1β and IL-6 in the 

local eye tissue. This result indicated the treatment of HRP was most likely to suppress 

ocular inflammation in a similar manner by reducing the expression of proinflammatory 

cytokines. Therefore, our study further confirmed that the treatment of HRP was able to 

suppress ocular inflammation possibly by decreasing cytokine expression, and the anti-

inflammatory effect of HRP was mediated locally. 

However, in a separate study, chronic HRP treatment did not affect blood 

pressure, cardiac hypertrophy, or renal damage in renovascular hypertensive rats (30). 

This result indicates the HRP treatment is not able to decrease Ang II production 

systematically. In our study as well as several other studies; however, HRP treatment 

effectively suppressed ocular inflammation (28, 29). The HRP’s lack of effectiveness in 
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the hypertensive rat model could be explained by the fact that Ang II could still be 

produced through classic RAS pathway, which involves renin as the converting enzyme 

in the first step of the reaction instead of activated prorenin. In other words, Ang II was 

produced without prorenin’s involvement, therefore the hypertensive effect of RAS was 

still observed in the presence of PRR antagonist. In ocular inflammation, however, 

prorenin was a major contributor to the inflammation both through the Ang II-dependent 

and independent pathways (28, 29). Since HRP treatment blocks both pathways, it is 

able to suppress the ocular inflammation effectively. 

In another previous study, it was noticed that HRP had differential effects on 

retinal neurons and vascular system. The study has shown that the in an oxygen-

induced retinopathy rat model, the intraperitoneal injection of HRP provides 

antiangiogenic and anti-inflammatory effects through the retinal vascular system (42). 

However, in retinal neurons and glia, HRP also induces injury with increased p-ERK1/2 

immunolabeling and a worsened ERG. These results suggest that although HRP is able 

to suppress inflammation, it also has side effects that may damage retinal neurons and 

glia (42). Therefore, in addition to the beneficial, anti-inflammatory effects, we should 

pay attention to the deleterious effects of HRP treatment on retinal neurons as well. 

In conclusion, our animal study results suggested the treatment of HRP was able 

to suppress ocular inflammation, and the anti-inflammatory effect of HRP was mediated 

locally instead of systematically. The cytokine expression data also indicated that HRP 

decreased ocular inflammation most likely by inhibiting proinflammatory cytokine 

expression. However, although HRP provides beneficial, anti-inflammatory effect 

against ocular inflammation, it may also cause retinal neuron injury according to 
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previous studies (42). As a result, further studies are needed to examine the effect of 

local administration of HRP on retinal neurons. 
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Table 2-1. The treatment groups of animal studies. 

Group #  Treatment # of animals to be used per group 

1 AAV-control 
vector + LPS 

6 in total. 3 eyes for infiltration cell counting, 7 eyes 
for real-time RT-PCR, and 2 eyes for paraffin section. 

2 AAV-control 
vector + Saline 

3 in total. 3 eyes for infiltration cell counting, 3 eyes 
for real time RT-PCR. 

3 AAV-HRP 
vector + LPS 

6 in total. 3 eyes for infiltration cell counting, 7 eyes 
for real time RT-PCR, and 2 eyes for paraffin section. 

4 AAV-HRP 
vector + Saline 

3 in total. 3 eyes for infiltration cell counting, 3 eyes 
for real time RT-PCR. 

5 LPS only 5 in total. 2 eyes for infiltration cell counting, 6 eyes 
for real time RT-PCR, and 2 eyes for paraffin section. 

6 No treatment 
control 

2 in total. 2 eyes for infiltration cell counting, 2 eyes 
for real time RT-PCR. 
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Table 2-2.  The expression of proinflammatory cytokines in mouse eyes in different 
treatment groups. With p = 0.05, groups having the same letter under the 
column “t grouping” are not significantly different. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t 

grouping 

IL-1β No treatment control 1.00 0.07 c 
IL-1β AAV-control vector + saline 2.07 0.41 b, c 
IL-1β AAV-HRP vector + saline 2.21 0.75 b, c 
IL-1β AAV-control vector + LPS 11.03 3.34 a 
IL-1β AAV-HRP vector + LPS 3.57 0.50 a, b, c 
IL-1β LPS 9.04 1.41 a, b 

 



 

92 

Table 2-2.  Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t 

grouping 

IL-6 No treatment control 1.00 0.06 b 

IL-6 AAV-control vector + saline 2.07 0.38 b 

IL-6 AAV-HRP vector + saline 2.20 0.73 b 

IL-6 AAV-control vector + LPS 14.07 2.87 a, b 

IL-6 AAV-HRP vector + LPS 3.59 0.85 b 

IL-6 LPS 26.82 7.98 a 

 
  



 

93 

Table 2-2.  Continued. 

Gene Treatment group 
Average 

level 
Standard error 

of the mean 
t 

grouping 

TNF-α No treatment control 1.00 0.07 b 
TNF-α AAV-control vector + saline 2.17 0.34 b 
TNF-α AAV-HRP vector + saline 2.11 0.72 b 
TNF-α AAV-control vector + LPS 13.42 2.27 a, b 
TNF-α AAV-HRP vector + LPS 3.29 0.53 b 
TNF-α LPS 7.68 1.70 a 
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Table 2-3. Primers used for real-time PCR analysis in animal studies. 

Species Gene name 
Accession 

number Sequences 
Expected 

sizes 

Mouse β-actin forward X03672 5'AGCAGATGTGGATCAGCAAG3' 527 

 
β-actin reverse 

 
5'ACAGAAGCAATGCTGTCACC3' 

 

     Mouse IL-1β forward NM_008361.3 5'AAAGCCTCGTGCTGTCGGACC3' 200 

 
IL-1β reverse 

 

5'CAGCTGCAGGGTGGGTGTGC3' 

      

Mouse IL-6 forward Mm00446190_m1 5'ATGCTGGTGACAACCACGGCC3' 597 

 
IL-6 reverse 

 

5'AGGCATAACGCACTAGGTTTGC
CG3' 

 

     Mouse TNF-α forward NM_013693.2 5'AGGCGCCACATCTCCCTCCA3' 503 

 
TNF-α reverse 

 

5'CGGTGTGGGTGAGGAGCACG3' 
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Figure 2-1.  The map of AAV vectors expressing either the handle region peptide (HRP) 
(A) or the reversed Ang I (B). The HRP or the reversed Ang I is expressed as 
part of GFP fusion protein, and is separated by a furin cleavage site, such 
that the peptide will be cleaved from GFP upon secretion directed by the 
signal peptide (SP). 
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Figure 2-2.  The treatment timeline of the animal experiment. The animals received an 
initial intravitreal injection of AAV-HRP or control viral vector at day 0, and 
received a second intravitreal injection of LPS 3 weeks later. Twenty-four 
hours after the second injection, animals were sacrificed and the eyes were 
collected for further analysis.
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Figure 2-3.  The H&E staining of the eye sections of mice from the treatment groups of 
A). AAV-control vector + LPS group; B). AAV-HRP vector + LPS group; C). 
LPS group. Abbreviations: L: lens; S: sclera; C: choroid; R: retina; VC: 
vitreous cavity. The red arrows point to the positively stained infiltrating 
inflammatory cells in the vitreous cavity. 
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Figure 2-4.  The CD11b staining of the eye sections of mice from the treatment groups 
of A). no treatment control group; B). AAV-control vector + saline group; C). 
AAV-HRP vector + saline group; D). AAV-control vector + LPS group; E). 
AAV-HRP vector + LPS group; F). LPS group. Abbreviations: L: lens; S: 
sclera; C: choroid; R: retina; VC: vitreous cavity. The red arrows point to the 
CD11b positively stained infiltrating inflammatory cells in the vitreous cavity.  
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Figure 2-5.  The CD45 staining of the eye sections of mice from the treatment groups of 
A). no treatment control group; B). AAV-control vector + saline group; C). 
AAV-HRP vector + saline group; D). AAV-control vector + LPS group; E). 
AAV-HRP vector + LPS group; F). LPS group. Abbreviations: L: lens; S: 
sclera; C: choroid; R: retina; VC: vitreous cavity. The red arrows point to the 
CD45 positively stained infiltrating inflammatory cells in the vitreous cavity.  

  



 

100 

  

Figure 2-6.  Infiltrating inflammatory cell counting in mouse eyes after different 
treatments. A). Infiltrating inflammatory cells in anterior chambers. B). 
Infiltrating inflammatory cells in posterior chambers. C). Total Infiltrating 
inflammatory cells. D). Total CD11b positive infiltrating inflammatory cells. E). 
Total CD45 positive infiltrating inflammatory cells. Given p < 0.05, groups with 
the same sign are not significantly different.  
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Figure 2-6.  Continued. 
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Figure 2-6.  Continued. 
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Figure 2-7.  Fold change in the retinal expression of proinflammatory cytokines A). IL-
1β, B). IL-6, and C). TNF-α of mouse eyes after different treatments. Given p 
= 0.05, groups containing the same sign are not significantly different.  
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Figure 2-7.  Continued. 
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Figure 2-8.  Between-group comparisons in the retinal expression of proinflammatory 
cytokines IL-1β, IL-6, and TNF-α of mouse eyes after different treatments. A). 
Comparison between AAV-control vector + LPS group and AAV-HRP + LPS 
group on cytokine expression. B). Comparison between AAV-control vector + 
saline group and AAV-HRP + LPS group on cytokine expression. * p < 0.05. 
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CHAPTER 3 
SUMMARY AND FUTURE RESEARCH 

In conclusion, the present study demonstrated that prorenin was able to up-

regulate the expression of several proinflammatory cytokines in cultured Müller cells, 

suggesting that proenzyme played a part in the development of ocular inflammation. By 

blocking the Ang II pathway using AT1Ri losartan, the prorenin’s proinflammatory effect 

was inhibited, suggesting the cytokine-stimulating effect of prorenin was mediated 

largely through the Ang II-dependent pathway. The treatment of PRR antagonist HRP 

also blocked the prorenin’s cytokine-stimulating effect, indicating prorenin-PRR 

interaction was necessary for prorenin’s proinflammatory effect on Müller cells. In the 

presence of losartan, the HRP treatment generated a trend of decrease in the cytokine 

expression, so the Ang II-independent pathway might also play a role in mediating 

prorenin’s cytokine-stimulating effect. The animal study also demonstrated a beneficial 

effect of the intravitreal AAV-HRP treatment in suppressing ocular inflammation in 

mouse EIU model, which confirmed that the anti-inflammatory effect of AAV-HRP was 

mediated locally. The cytokine expression data in the animal study showed that the 

expression levels of TNF-α were decreased, and a trend of decrease in the expression 

of IL-1β and IL-6 was observed. This result indicated that the treatment of AAV-HRP 

vector was most likely to suppress the inflammation by decreasing cytokine expression. 

Previous studies have suggested the involvement of both the Ang II-dependent pathway 

and independent pathways in ocular inflammation (29), which is consistent with our 

data. 

The data provides a potential therapeutic method for clinical treatments of uveitis. 

By blocking the binding of PRR with HRP, the intraocular inflammation induced by LPS 
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was significantly diminished. Since the in vitro experiment also suggested that the 

prorenin stimulation was responsible for the overexpression of the proinflammatory 

cytokines in cultured Müller cells, and Müller cells are retinal glial cells, it is possible that 

prorenin is also involved in the development of other types of ocular inflammations, 

such as diabetic retinopathy. Therefore, both HRP and AAV-HRP vector have potential 

therapeutic effects on ocular inflammation. Since the proinflammatory effect of prorenin 

was also mediated largely through the Ang II-dependent pathway, Ang II-dependent 

pathway blockers, such as losartan, are also expected to be helpful at suppressing 

ocular inflammations in clinical cases. 

The animal studies completed in this study showed that AAV-HRP vector was 

able to suppress the ocular inflammation induced by LPS, but it is still unknown whether 

it is through the blockade of prorenin-PRR interaction. According to the in vitro 

experiment result, HRP was able to reduce the proinflammatory cytokine expression 

induced by prorenin, and several other previous studies have shown a possible 

relationship between PRR and the development of ocular inflammation. As a result, it is 

reasonable to hypothesize that the HRP was able to prevent the development of ocular 

inflammation by blocking the binding of prorenin with PRR and the subsequent signaling 

pathway in the ocular tissue. To test the hypothesis, a future experiment is being 

designed. In this future experiment, the animals will also be treated with AAV-HRP 

vector and LPS, and we will expect the AAV-HRP vector to prevent the ocular 

inflammation induced by LPS. To examine if the preventive effect of the vector is 

through the PRR-mediated pathway, there would be another group with the treatment of 

PRR shRNA vector in addition to the AAV-HRP vector and LPS treatment.  For the 
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endpoint assays, the infiltrating inflammatory cell counting will be performed. The real-

time RT-PCR could also be performed to check the expression levels of the 

proinflammatory cytokines, including IL-1β, IL-6, and TNF-α. The comparison will be 

made between the AAV-HRP + LPS group and the AAV-HRP + PRR shRNA + LPS 

group. If the hypothesis is true, we will expect that the AAV-HRP’s protective effect will 

not be observed in the presence of PRR shRNA.  

In addition, due to the limitation of this study, the time-course of prorenin’s 

proinflammatory effect is not quite clear. In this study, the cytokine expression was 

examined only after 6 hours of treatment. The rationale of choosing this time point is 

based on preliminary studies completed by Mohan Raizada’s group, in which they 

examined the treatment effect of prorenin on brain-derived microglial cells 6 hours after 

the prorenin treatment. In their experiment, the treatment of prorenin was effective on 

stimulating a proinflammatory response (dada unpublished), so we adopted the same 

treatment schedule in our own experiment. However, in future experiments, more time 

points should be chosen to examine cytokine expression levels after prorenin treatment, 

which will help us better understand the time-course of prorenin’s proinflammatory 

effect. 

Another limitation of this study is that the protein levels of the proinflammatory 

cytokines were not examined. Since the cytokine protein has the actual proinflammatory 

effect, the changes in the protein levels are a more direct indication of inflammation. 

Therefore, further experiments measuring the protein levels after the prorenin treatment 

should also be completed. 
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Another set of in vitro cell experiments will also be done on retinal pigmented 

epithelial (RPE) cells, and the treatment groups will be identical to the Müller treatment 

groups in the previous experiment. RPE cells are another major type of immune cells in 

the retina, and the unpublished result completed by our lab has shown that this type of 

cells also has PRR expression. As a result, it is reasonable to hypothesize that the 

prorenin-PRR-mediated signaling pathway also takes place in the RPE cells, and the 

signaling pathway is causing the same proinflammatory effects on the cells with similar 

mechanisms. As a result, we can test the hypothesis by treating the RPE cells with 

prorenin, and compare the change in the expression levels of the proinflammatory 

cytokines including IL-1α, IL-6, TGF-β and TNF-α with the control group. The RAS gene 

expression level will also be examined, including ACE, ACE 2, angiotensin, AT1R, PRR, 

and MAS receptor. The expected result would be that both proinflammatory cytokines 

and the RAS genes would be overexpressed in response to the prorenin treatment. The 

real-time RT-PCR result from other groups (prorenin plus RAS blockers) will suggest if 

the effect of prorenin treatment is through its direct binding with PRR or the indirect Ang 

II-dependent pathway induced by the enzymatic activity of prorenin. 
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