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Abstract

Purpose/Aim: Glaucomatous optic neuropathy (GON) remains the world’s leading cause 

of irreversible blindness. Treatments including topical medications are directed at reducing 

intraocular pressure (IOP), the most significant risk factor for GON. Current medications, while 

generally effective, are limited by insufficient response and side-effects in some patients. In 

search of a more targeted therapy that acts downstream of existing medications that has a 

potential for a lower side effect profile, our laboratory has identified Stanniocalcin-1 (STC-1), 

a multifunctional hormone, as an effector molecule in latanoprost-mediated IOP reduction with 

similar IOP-lowering efficacy as latanoprost in normotensive mice.

Materials and methods: To investigate whether STC-1 can also reduce IOP in ocular 

hypertensive mice, we used a steroid-induced ocular hypertensive mouse model characterized 

by trabecular meshwork dysfunction as well as the DBA/2J mouse as an inherited model of 

pigment dispersion and secondary angle closure. Steroid-induced ocular hypertension was induced 

by weekly injections of dexamethasone into the conjunctival fornix of wild-type C57BL/6J mice 

(6–8 months old). After confirmation of the steroid response, mice were administered STC-1 or 

phosphate buffered saline (PBS) topically once daily for six weeks. For DBA/2J mice (14 months 

old), after baseline IOP measurements, mice were treated topically once daily with STC-1 or PBS 

for 5 days and IOP was assessed twice daily.

Results: In steroid-induced ocular hypertensive mice, STC-1 lowered IOP by 26% (P < .001, 

week three) and maintained this level of IOP reduction throughout the remainder of the treatment 

period (P < .001, week six). In DBA/2J mice, STC-1 lowered IOP by 37% (P < .001).

Conclusions: Together, these data show that STC-1 reduced IOP in two models of ocular 

hypertension with different mechanisms of outflow obstruction.
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Introduction

Glaucomatous optic neuropathy (GON) remains the world’s leading cause of irreversible 

blindness.1 Currently, the only reliable therapeutic target is the reduction of intraocular 

pressure (IOP) by means of pharmacologic, laser, or surgical intervention. Of these, 

topical eye drop monotherapy is generally the initial treatment of choice for patients with 

GON or ocular hypertension2 of the available medication classes, Prostaglandin F2 alpha 

analogues (PGF2α) such as latanoprost are often used as first-line therapy3 given their low 

systemic side-effect profile, once daily dosing, and greater IOP-lowering effects compared 

to other classes of medications.4–6 However, up to 20% of patients have a diminished 

response to PGF2α analogues which has been associated with single polymorphisms in 

the prostaglandin F (FP) receptor.7–12 Additionally, patients can also be intolerant of the 

medication due to ocular side-effects including conjunctival hyperemia, surface irritation, 

pigmentation of the iris and periocular skin, orbital fat atrophy, hypertrichosis,13 intraocular 

inflammation,14,15 reactivation of herpes simplex keratitis and macular edema.16

With the goal of being able to maintain the IOP-lowering properties of latanoprost, avoid the 

side-effects, and offer a novel therapy to PGF2α non-responders, our laboratory identified 

Stanniocalcin-1 (STC-1) as a downstream effector molecule in latanoprost-mediated IOP 

reduction.17 STC-1 is a multifunctional hormone with anti-apoptotic18–20 and anti-oxidative 

stress properties,18,20–27 and has been shown to provide neuroprotection to cerebral 

neurons,28–30 retinal photoreceptors,25 and retinal ganglion cells.20 The importance of 

STC-1 in latanoprost-mediated IOP reduction was demonstrated by the fact that STC-1 

knockout mice were unresponsive to latanoprost treatment.17 In addition, STC-1 was also 

identified as an independent ocular hypotensive agent as it lowered pressure in the human 

anterior segment perfusion culture model and in wild-type C57BL/6J mice.17 Additionally, 

unlike latanoprost, STC-1-mediated IOP reduction did not require the FP receptor.31 Though 

the point of signaling overlap and divergence has not yet been defined, our current data 

suggests that latanoprost induces expression of STC-1 downstream of the FP receptor 

in the pathway responsible for IOP reduction. Since previous data regarding STC-1 and 

IOP regulation were obtained from normotensive mouse models, in the present study, we 

examined whether STC-1 would also reduce IOP in two separate mouse models of ocular 

hypertension characterized by different mechanisms of aqueous outflow obstruction.

Materials and methods

All studies were approved by the Mayo Clinic (Rochester, MN) IACUC and adhered to 

ARVO guidelines. To develop the steroid-induced ocular hypertension model, IOP was 

measured in both eyes of wild-type C57BL/6J mice (n = 7, 6–8 months old) twice daily 

with an iCare rebound tonometer and averaged for 3 consecutive days to obtain baseline 

pressure as previously described.17 At this point, dexamethasone acetate suspension (200 
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μg in 20 μl volume) was injected weekly into the inferior conjunctival fornix of one eye 

in a slow release formulation (sodium chloride [0.667 g/100 mL], edetate disodium USP 

dehydrate [0.05 g/100 mL], sodium bisulfate [0.1 g/100 mL], and creatinine [0/5 g/100 

mL], pH 7) as previously described.32 The fellow eye received a weekly injection with slow 

release formulation (vehicle) without the dexamethasone. IOP was obtained 48 and 72 hrs 

post-injection, averaged, and recorded as the weekly IOP. After a sustained and elevated IOP 

response was observed in the dexamethasone injected group (experimental weeks 1–3), mice 

were randomized into two groups and dexamethasone injections were continued weekly for 

the duration of the experiment: in Group 1, both eyes were treated once daily with topical 

PBS (5 μL, n = 8; experimental weeks 4–6, treatment weeks 1–3), and in Group 2, both eyes 

were treated once daily with topical STC-1 (Biovender, Asheville, NC, 5 μL; 0.5 μg/μL, n 

= 10; experimental weeks 4–6, treatment weeks 1–3). In the final phase of the experiment 

(experimental weeks 7–9, treatment weeks 4–6), dexamethasone-injected animals in Group 

2 continued to receive topical STC-1 while treatment was halted in the vehicle-injected 

fellow eye for a medication wash-out period (Table 1). For statistical purposes, the final 

week of each condition was selected (i.e. weeks 3, 6, and 9) for analysis. To determine if 

a difference in IOP was present among groups at week 6 and 9, a Kruskal-Wallis test was 

performed. An unpaired t-test was used to directly compare the two groups. Values for all 

statistical tests were considered significant at P < .05.

For examination of STC-1 treatment in a chronic model of ocular hypertension and GON, 

DBA/2J mice aged 14 months (n = 10) were selected. Since variability in IOP is high 

between eyes and among mice,33 for expression of data in a longitudinal fashion, IOP was 

expressed normalized to an average of the baseline IOPs. Utilizing mice without corneal 

calcification,33 baseline IOP measurements were obtained, and then one eye was treated 

once daily for 5 days with topical STC-1 (5 μL; 0.5 μg/μL) and the fellow eye received 

topical PBS (5 μL). For statistical purposes, at full treatment response, experimental days 

6–8 (treatment days 3–5) were averaged and taken as a single value of IOP. A paired T-test 

was performed, and values were considered significant at P < .05. For both models, a second 

laboratory member unfamiliar with the experimental design independently validated the IOP 

measurements at multiple time-points during the experiment.

For both models histologic analysis was performed. At the conclusion of each experiment, 

whole eyes were enucleated, fixed, processed, sectioned, stained with toluidine blue, and 

examined under a light microscope as previously described.17

Results

For the steroid-induced ocular hypertension model, prior to injection of dexamethasone, 

baseline IOP measurements were assessed and found to be similar between left and right 

eyes (16.1 ± 1.1 vs 16.2 ± 1.2 mmHg, P > .8, n = 18, Figure 1a,b). Following 3 weekly 

injections of dexamethasone, a significant increase in IOP in the dexamethasone-injected 

eyes compared to vehicle-injected eyes occurred (18%, 16.6 ± 1.0 vs 19.7 ± 1.8 mmHg, 

P < .05, n = 18, Figure 1a,b). This was maintained with weekly dexamethasone injections 

for 3 additional weeks comparing PBS-treated vehicle-injected mice (n = 8, 15.6 ± 1.1 

mmHg) to PBS-treated dexamethasone-injected mice (n = 8, 19.5 ± 1.7 mmHg, P < .001, 
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25% change, Figure 1a, Group 1). With the steroid-induced ocular hypertensive model 

established, treatment with topical STC-1 resulted in a 25% IOP reduction when compared 

to PBS-treatment of dexamethasone-injected eyes (19.5 ± 1.7, n = 8, vs 14.6 ± 1.2 mmHg, 

n = 10, P < .001, Figure 1a, Group 2, week 6). This was maintained through 3 additional 

weeks of dexamethasone-injections and topical STC-1 treatments (26%, 19.7 ± 1.3, n = 8, 

vs 14.6 ± 0.9 mmHg, n = 10, P < .001, Figure 1a, Group 2, week 9). When comparing 

STC-1-treated dexamethasone-injected eyes (n = 10, Figure 1a, Group 2) to PBS-treated 

vehicle-injected eyes (n = 8, Figure 1a, Group 1), there was no significant difference in IOP 

(6%, 14.6 ± 1.0 vs 15.6 ± 1.2 mm Hg, P = .08, Figure 1b) indicating that STC-1 treatment 

reduced IOP in the steroid-induced ocular hypertension eye to levels seen in normotensive 

mice.

In addition to STC-1 lowering IOP in steroid induced ocular hypertension eyes, STC-1 

also reduced pressure in normotensive eyes as previously reported.17,31 STC-1 treatment of 

vehicle-injected eyes (n = 8) reduced IOP from 15.6 ± 1.1 mmHg to 13.4 ± 1.2 mmHg 

(14% decrease, P < .005, Figure 1a, Group 2). Once STC-1 was washed out from the 

vehicle-injected eye, IOP returned to baseline levels (16.2 ± 0.7, n = 10, vs 16.1 ± 1.7 

mmHg, n = 8, P > .1, Figure 1a Group 2). Interestingly, the IOP was even lower in the STC 

1-treated dexamethasone-injected eyes when comparing to the untreated vehicle-injected 

eyes (10%, 16.2 ± 0.7 vs 14.6 ± 1.0 mmHg, P < .001, Figure 1b).

Representative toluidine blue-stained eye sections of steroid-induced ocular hypertension 

mice were examined following treatment with PBS and STC-1. In both treatment groups, 

normal-appearing open angles (asterisk), iris (arrow), and ciliary body (chevron) were 

observed.

For DBA/2J mice, eyes treated with STC-1 showed a steady decrease in IOP until the 

treatment plateaued at treatment days 3–5 (Figure 2a). No detectable change in IOP was 

observed in PBS treated eyes. Using the combined average IOP from treatment days 3–5 

compared to baseline, STC-1 lowered IOP compared to vehicle control (37%, 20.7 ± 2.6 

mmHg vs 13.1 ± 1.7 mm Hg, P < .001, Figure 2b). Representative toluidine blue-stained 

sections of 14-month old DBA/2J mice treated with PBS in one eye and STC-1 in the 

fellow eye showed age-appropriate angle anatomy in this model34 including angle closure 

with synechiae formation (asterisk), iris atrophy (arrow), and pigment-laden macrophages 

(chevron). Though subtle variations in elements of the disease phenotype were observed in 

this chronic model, significant differences in angle morphology were not observed when 

comparing PBS-treated eyes with STC-1-treated eyes.

Discussion

Together, these data show that topical STC-1 reduces IOP in two distinct models of ocular 

hypertension. The dexamethasone-injected mouse represents a model of secondary open-

angle glaucoma characterized by trabecular meshwork dysfunction.32 STC-1 lowered IOP 

by 26% at treatment weeks 3 and 6 compared to PBS-treated ocular hypertensive mice. 

This is a much greater IOP reduction than the 14% we observed in the STC-1 treated 

vehicle-injected eyes in this study and the 15–20% we previously observed when treating 
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wild-type normotensive mice.17,31 Consistent with this observation, latanoprost also has a 

greater effect clinically at higher IOP.35 While it is unclear as to whether STC-1 is affecting 

aqueous humor formation, episcleral venous pressure, outflow facility, uveoscleral outflow, 

or combinations thereof, we hypothesize that the mechanism of action is most likely similar 

to that of latanoprost (uveoscleral outflow) since it is a downstream effector molecule in 

latanoprost-mediated IOP reduction.17 Interestingly, STC-1-treated, dexamethasone injected 

mice had even lower IOP than vehicle-injected normotensive control mice treated with PBS 

and also had similar IOP as vehicle-injected mice treated with STC-1. While the mechanism 

for this is not apparent, the data suggests that the effect of STC-1 may be on a general 

mechanism of IOP reduction (e.g. enhanced outflow) rather than reversal of the pathology 

induced by dexamethasone.

The DBA/2J inbred mouse is an inherited model of ocular hypertension and GON36 

resulting from pigment dispersion.34 Most mice develop elevated IOP by 9 months of 

age likely due to a combination of trabecular meshwork dysfunction, presence of posterior 

synechiae, and abnormal proliferation of corneal endothelium which may partially block 

the flow of aqueous, and ultimately result in a complete, acquired secondary angle 

closure.33,34,37 In 14 month old DBA/2J mice, STC-1 reduced IOP by 37% compared to 

PBS. It is important to note that latanoprost has been effective in the treatment of angle 

closure38 and in DBA/2J mice.39 Therefore, we hypothesize that the mechanism of action 

of IOP reduction by STC-1 is likely similar to that of latanoprost in this model. While 

DBA/2J mice develop RGC loss, we did not investigate this as the focus was on the early 

IOP response. Future experiments will address this issue given the neuroprotective functions 

of STC-1.25,40

In summary, topical STC-1 reduced IOP in two separate models of ocular hypertension with 

different mechanisms of outflow obstruction. Further pre-clinical studies including aqueous 

humor dynamics are needed to understand the mechanism of action of STC-1 in these 

models.
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Figure 1. 
STC-1 reduces IOP in the dexamethasone-injected mouse. (a) Complete experiment 

displayed in a longitudinal fashion for Group 1 (PBS treatment) and Group 2 (STC-1 

treatment). (b) At week 0, there was no difference in IOP between right and left 

eyes. IOP measurements at week 3 show confirmation of dexamethasone-injected steroid-

induced ocular hypertension prior to treatment randomization. At experimental week 

6, with topical PBS treatment in both groups, IOP remained higher in dexamethasone-

injected mice compared to vehicle-injected mice. STC-1 treatment of vehicle-injected 

mice showed significantly lower IOP compared to PBS-treated, vehicle-injected mice. 

STC-1 treatment of dexamethasone-injected mice showed significantly lower IOP than 

PBS-treated, dexamethasone-injected mice. STC-1-treated, vehicle-injected mice showed no 

significant difference in IOP compared to STC-1-treated, dexamethasone-injected mice. At 

experimental week 9, with topical PBS treatment in both groups, IOP remained significantly 
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higher in dexamethasone-injected mice compared to vehichle-injected mice. Vehicle-

injected mice with no topical treatment showed no significant difference in IOP compared 

to PBS-treated vehicle injected mice. STC-1-treated, dexamethasone-injected mice showed 

significantly lower IOP compared to PBS-treated, dexamethasone-injected mice. STC-1-

treated, dexamethasone-injected mice showed lower IOP compared to untreated, vehicle-

injected mice. (c) Representative toluidine blue-stained sections of steroid-induced ocular 

hypertension mice were examined following treatment with PBS and STC-1. In both 

treatment groups, normal-appearing open angles (asterisk), iris (arrow), and ciliary body 

(chevron) were observed. *P < .05, **P < .005, ***P < .001. Error bars represent mean ± 

standard deviation.
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Figure 2. 
STC-1 reduces IOP in the DBA/2J mouse. (a) Complete experiment displayed in a 

longitudinal fashion. (b) At experimental days 6–8, STC-1 lowered IOP compared to PBS 

(n = 10). (c) Representative toluidine blue-stained sections of 14-month old DBA/2J mice 

treated with PBS in one eye and STC-1 in the fellow eye show angle closure with synechiae 

formation (asterisk), iris atrophy (arrow), and pigment-laden macrophages (chevron). ***P < 

.001. Error bars represent mean ± standard deviation.
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