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A B S T R A C T

Drug treatment studies are a focal point for identifying novel approaches to reduce myopia progression through basic science research. Here, we 
investigated the effects of various brimonidine administration routes and concentrations on form-deprivation myopia (FDM) progression, matrix 
metalloproteinase-2 (MMP-2), and collagen alpha1 chain of type I (COL1A1) expression in the retinal pigment epithelial (RPE)-choroid complex and 
sclera of guinea pigs. They demonstrate that brimonidine has the capacity to impede choroidal thinning induced by FDM, potentially through the 
induction of choroidal vasodilation. Additionally, we observed that brimonidine effectively counteracts FDM-induced downregulation of choroidal 
and scleral MMP-2 expression. Suppression of MMP-2 expression may reduce disruption of scleral and choroidal structural integrity which reduces 
declines in choroidal blood circulation and mitigates increases in ocular elongation. This research elucidates the effects of brimonidine on myopia 
progression, offering potential insights into therapeutic interventions for myopia.

1. Introduction

Myopia has emerged as a global public health concern. Projections indicate that by 2050, approximately 5 billion individuals will 
be affected by myopia, with 1 billion (equivalent to one-tenth of the world’s population) experiencing high myopia [1]. At present, 
there is no definitive cure for myopia. Although increased outdoor activity can mitigate myopia incidence, controlling the conditions 
proves challenging. Approaches such as orthokeratology lenses, soft bifocals, and multifocal contact lenses have shown the potential to 
inhibit myopia progression [2]. However, widespread adoption faces obstacles due to their high cost, low compliance, and the risk of 
corneal infection. Consequently, drug treatment of this condition remains a focal point for elucidating novel approaches to improve 
therapeutic management of myopia. Atropine, pirenzepine, and 7-methylxanthine, among others, have demonstrated efficacy in 
slowing down myopia progression [3].

It is now understood that brimonidine, an α2 adrenoceptor agonist, reduces aqueous humor production and enhances uveoscleral 
drainage, leading to decreased intraocular pressure. Studies focusing on optic nerve protection have revealed brimonidine’s neuro-
protective properties in various optic neuropathies. This effect is achieved by increasing the expression of basic fibroblast growth 
factor (bFGF) or modulating N-methyl-D-aspartate receptor signaling in retinal ganglion cells, thereby attenuating excitotoxicity and 
improving neuron survival [4–6]. Liu et al. [7] discovered that the use of 0.1 % and 0.2 % brimonidine eye drops in guinea pigs with 
optical defocus myopia significantly lowered intraocular pressure in the intervention group compared to the non-intervention group, 
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effectively inhibiting axial growth. Building upon previous research, Carr et al. [8] reported that intravitreal injection of high con-
centrations of brimonidine can inhibit the progression of form-deprivation myopia in chickens.

Myopia is primarily caused by the excessive elongation of the eyeball, as confirmed in the form-deprivation myopia (FDM) animal 
model [9]. Researchers have successfully developed the FDM model in various animals, such as tree shrews, monkeys, chickens, guinea 
pigs, and mice [9]. This model has been utilized to investigate the pathogenesis of myopia. The potential interplay between matrix 
metalloproteinase-2 (MMP-2) and collagen alpha1 chain of type I (COL1A1) may play a crucial role in the progression of myopia. 
MMP-2, known for its involvement in matrix remodeling and collagen-decomposing activity [10,11], becomes a significant factor 
during myopia development. Increases in its activity during myopia development account for rises in the breakdown of COL1A1 and 
rendering the eyeball more prone to elongation. This susceptibility promotes elongation of the eye axis, thereby accelerating the 
progression of myopia [12,13].

In our preliminary research, we observed that intravitreal injection of 20 μg (4 μg/μl) brimonidine effectively inhibited the pro-
gression of FDM in guinea pigs. Concurrently, the expression of Mmp2 and Colla1 genes in the retina was upregulated [14]. However, it 
remains uncertain whether brimonidine can modulate the expression of MMP-2 and COL1A1 in the choroid and sclera. This study 
entailed evaluation of the dose dependent effects of brimonidine on the sclera and choroid during FDM in guinea pigs.

2. Results

2.1. Effects of brimonidine on FDM in Guinea pigs under different administration routes and concentrations

The refraction, axial length data, and the pairwise comparison between treated eyes and fellow eyes are presented in Supple-
mentary Table S1 and Table S2. Prior to the experimental intervention, baseline measurements across all groups exhibited no statistical 
significance (All P < 0.05). To simplify the results, we exclusively compared all administration treatment groups with the FDM group.

Within the eye drop groups, results indicated that on day 20, the interocular difference in refraction in the 400 μg group was 

Baseline Day 10 Day 20
-6

-4

-2

0

2

4

6

Di
ffe

re
nc

e 
in

 re
fra

ct
io

n 
(d

io
pt

er
)

a

Baseline Week 1 Week 2 Week 3
-0.2

0.0

0.2

0.4

0.6

Di
ffe

re
nc

e 
in

 a
xi

al
 le

ng
th

 (m
m

)

b

Baseline Day 10 Day 20
-6

-4

-2

0

2

4

6

Di
ffe

re
nc

e 
in

 re
fra

ct
io

n 
(d

io
pt

er
)

###

### ###
##

###

c

Baseline Week 1 Week 2 Week 3
-0.2

0.0

0.2

0.4

0.6

Di
ffe

re
nc

e 
in

 a
xi

al
 le

ng
ht

h 
(m

m
)

d

Baseline Day 10 Day 20
-6

-4

-2

0

2

4

6

Di
ffe

re
nc

e 
in

 re
fra

ct
io

n 
(d

io
pt

er
)

e

Baseline Week 1 Week 2 Week 3
-0.2

0.0

0.2

0.4

0.6

Di
ffe

re
nc

e 
in

 a
xi

al
 le

ng
th

 (m
m

)

f

Fig. 1. Effects of brimonidine on FDM in guinea pigs under different administration routes and concentrations. a–b: the interocular differences of 
refraction (a) and AL (b) in eye drops groups. c–d: the interocular differences of refraction (c) and AL (d) in subconjunctival injection groups. e–f: the 
interocular differences of refraction (c) and AL (d) in intravitreal injection groups. NC: normal control, FDM: form-deprivation myopia, D: eye drops, 
C: subconjunctival injection, I: intravitreal injection, PBS: phosphate-buffered saline. *: P < 0.05, **: P < 0.01, ***: P < 0.001.
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significantly lower than the FDM group (P < 0.001, Fig. 1a). Similarly, the interocular difference in axial length measurements in the 
400 μg group was demonstrably lower than those in the FDM group at both week 2 (P = 0.049) and week 3 (P = 0.005, Fig. 1b).

In the subconjunctival injection groups, the interocular difference in refraction in the 200 μg (P < 0.001) and 400 μg (P < 0.001) 
groups was lower than the FDM group on day 20 (Fig. 1c). Additionally, the interocular difference in AL in the 200 μg group at week 2 
(P = 0.039) and week 3 (P = 0.001), and in the 400 μg group at week 3 (P = 0.008) was less than the FDM group (Fig. 1d).

Eyes treated with intravitreal injection at doses of 2.5 μg, 5 μg, 10 μg, and 20 μg exhibited lower refraction differences than the FDM 
group on day 20 (All P < 0.001, Fig. 1e). At week 2, the AL difference in the 5 μg (P = 0.011), 10 μg (P = 0.009), and 20 μg (P = 0.001) 
groups was less than the FDM group. Furthermore, the AL difference in all these four groups was less than the FDM group at week 3 (All 
P＜0.01, Fig. 1f).

During the investigation of different administration methods and concentrations of brimonidine on FDM in guinea pigs, it was 
observed that the eye drop 400 μg group, subconjunctival injection 200 μg and 400 μg groups, and intravitreal injection 2.5 μg, 5 μg, 
10 μg, 20 μg groups were associated with significantly slowed progression of refraction and AL. However, no significant differences in 
refraction and AL were noted between the effective treatment groups (Fig. 2).

2.2. Brimonidine can increase choroidal thickness (ChT) and choroidal blood flow in guinea pigs

We utilized optical coherence tomography angiography (OCTA) to assess changes in ChT and choroidal blood flow in the NC group, 
FDM group, and the brimonidine effective treatment groups. Results revealed a significant decrease in ChT in the FDM group at weeks 
2 (P = 0.004) and 3 (P < 0.001). Brimonidine effectively inhibited this decrease at week 3, with the ChT in the subconjunctival in-
jection 400 μg group (P = 0.044) and intravitreal injection 5 μg (P = 0.019), 10 μg (P = 0.007), and 20 μg (P = 0.001) groups being 
significantly higher than the FDM group (Fig. 3b).

For the choroidal blood flow parameters, changes in the vessel perimeter index (VPI) and blood flow signal intensity (flux) were 
investigated in the choriocapillaris layer and medium-large vessel layers. In the choriocapillaris layer of the FDM group, VPI and flux 
exhibited a decreasing trend. The VPI of the FDM group was significantly less than the NC group at weeks 2 (P = 0.006) and 3 (P =
0.001). Brimonidine treatment ameliorated this phenomenon, as the VPI of the intravitreal injection 5 and 10 μg groups was larger 
than the FDM group at weeks 2 (P < 0.001, P = 0.005, respectively) and 3 (All P < 0.001, Fig. 4a). The VPI of the 2.5 μg group was also 
larger than the FDM group at week 3 (P = 0.017, Fig. 4a). However, brimonidine intervention did not alter flux in the choriocapillaris 
layer. At weeks 2 and 3, the flux of the FDM group and the brimonidine-effective treatment groups were less than the NC group (All P <
0.05, Fig. 4b). In the medium-large vessel layer, the VPI in the FDM group was also less than the NC group at week 3 (P = 0.001). 
Simultaneously, the VPI in the subconjunctival injection 200 μg (P = 0.006), 400 μg (P = 0.044), intravitreal injection 2.5 μg (P =
0.004), 5 μg (P = 0.031), 10 μg (P = 0.008), and 20 μg (P = 0.001) groups were larger than the FDM group (Fig. 4c). However, there 
was no statistical significance in the flux comparison between these groups in the medium-large vessel layers (All P＞0.05, Fig. 4d).

2.3. Brimonidine upregulated MMP-2 expression in the RPE-choroid complex of myopic eyes

In our investigation, we further examined the expression of MMP-2 and COL1A1 in the RPE-choroid complex and sclera within the 
NC group, FDM group, and brimonidine effective treatment groups using both immunofluorescence and Western blot analyses. 
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Fig. 2. Comparison of interocular differences of refraction (a) and AL (b) in the effective treatment groups. NC: normal control, FDM: form- 
deprivation myopia, D: eye drops, C: subconjunctival injection, I: intravitreal injection. *: P < 0.05, **: P < 0.01, ***: P < 0.001. #: vs. NC P 
< 0.05, ##: vs. NC P < 0.01, ###: vs. NC P < 0.001.
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However, it’s worth noting that COL1A1 was nearly undetectable in the RPE-choroid complex; therefore, only MMP-2 was assessed in 
this region. Immunofluorescence images revealed that, compared to the NC group, MMP-2 expression was upregulated, and COL1A1 
expression was downregulated in the FDM group. Conversely, when compared to the FDM group, the brimonidine effective treatment 
groups exhibited downregulated MMP-2 expression (Fig. 5a). Consistent with immunofluorescence findings, Western blot analyses 
demonstrated similar trends (Fig. 5b and c). Specifically, in comparison to the NC group, MMP-2 protein expression in the RPE-choroid 
complex (P < 0.001, Fig. 5d) and sclera (P < 0.001, Fig. 5e) was significantly upregulated, while COL1A1 expression in the sclera (P <
0.001, Fig. 5f) was significantly downregulated in the FDM group. Notably, brimonidine treatment effectively inhibited the upregu-
lation of MMP-2 in both the RPE-choroid complex and sclera of myopic eyes (All P < 0.001, Fig. 5d and e). However, the protein 
expression of COL1A1 in the sclera remained unaffected by brimonidine.

3. Discussion

In this study, our primary focus was to investigate the impact of brimonidine on the development of form-deprivation myopia in 
guinea pigs. The findings revealed that the effective doses for inhibiting myopia varied based on different administration methods. 
Notably, topical and subconjunctival injections required higher concentrations to impede myopia progression compared to intravitreal 
injections. The rationale behind this observation lies in the transmission of abnormal visual signals from photoreceptors to the RPE and 

Fig. 3. OCT image (a) and comparison of ChT in the effective treatment groups (b). O: optic nerve, NC: normal control, FDM: form-deprivation 
myopia, D: eye drops, C: subconjunctival injection, I: intravitreal injection. *: P < 0.05, **: P < 0.01, ***: P < 0.001. #: vs. NC P < 0.05, ##: 
vs. NC P < 0.01, ###: vs. NC P < 0.001.
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Fig. 4. Comparison of the choroidal VPI and flux in the effective treatment groups. a: VPI of the choriocapillaris layer, b: flux of the choriocapillaris 
layer, c: VPI of the medium-large vessel layer, d: flux of the medium-large vessel layer. NC: normal control, FDM: form-deprivation myopia, D: eye 
drops, C: subconjunctival injection, I: intravitreal injection. *: P < 0.05, **: P < 0.01, ***: P < 0.001. #: vs. NC P < 0.05, ##: vs. NC P < 0.01, ###: 
vs. NC P < 0.001.
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subsequently to the choroid, ultimately triggering remodeling of the scleral extracellular matrix (ECM) [15]. Consequently, drug 
research for myopia prevention and treatment predominantly targets the posterior segment of the eye. Intravitreal injection stands out 
as a method that allows direct drug entry into the retina, subsequently acting on the choroid and sclera. This direct drug effect on the 
target site is a significant advantage. A previous study from our research group consistently demonstrated that intravitreal injection of 
low-dose brimonidine could maintain elevated drug concentrations in the retina and sclera [16]. Conversely, topical administration 
and subconjunctival injections face challenges related to reduced drug bioavailability attributed to biological barriers such as the 
cornea and sclera, ocular drainage, and absorption into the systemic circulation [17,18]. As a result, higher drug concentrations are 
required for topical administration and subconjunctival injections to effectively inhibit the progression of myopia.

This study appears not to be dose dependent which agrees with other studies describing three different modes of action of bri-
monidine. In our earlier study, we posited that at low concentrations, the drug might not reach the threshold for a significant ther-
apeutic effect, while at high concentrations, saturation of the receptors or targets it interacts with may occur [14]. This theoretical 
framework is in line with the current findings. However, the precise mechanism through which brimonidine hinders the progression of 
myopia, particularly its interaction with α2 receptors, remains unclear. Carr et al. [19] reported that muscarinic antagonists could 
block α2-adrenoceptor agonists at concentrations comparable to those inhibiting myopia in chicks in vivo. This led to the hypothesis 
that atropine-like muscarinic antagonists could inhibit myopia via α2-adrenergic receptors. Similarly, it is very conceivable that bri-
monidine’s inhibition of myopia progression involves off-target drug binding, as the drug concentration in the retina and sclera far 
exceeds the level required to activate α2 receptors after intravitreal injection of 20 μg (4 μg/ul) brimonidine [16,20].

The advancement of OCTA technology has brought attention to the evolving understanding of changes in ChT and choroidal blood 
flow in the context of myopia development. Numerous animal experiments [21–23] and clinical studies [24–26] have consistently 
demonstrated a significant correlation between choroidal thinning and the degree of refractive error. Additionally, myopic eyes 
typically exhibit a reduction in choroidal vessel thickness and blood perfusion [27–29]. Herein, we investigated whether brimonidine 

Fig. 5. Immunofluorescence and Western blot analyses of MMP-2 and COL1A1 expression in the RPE-choroid complex and sclera in the effective 
treatment groups (bar = 50 μm). a: immunofluorescence images of MMP-2 and COL1A1 expression, b: Western blot result of MMP-2 expression in 
the RPE-choroid complex, c: Western blot results of MMP-2 and COL1A1 expression in the sclera. d: relative protein expression of MMP-2 in the RPE- 
choroid complex, e–f: relative protein expression of MMP-2 (e) and COL1A1 (f) in the sclera. NC: normal control, FDM: form-deprivation myopia, D: 
eye drops, C: subconjunctival injection, I: intravitreal injection. *: vs. FDM P < 0.05, **: vs. FDM P < 0.01, ***: vs. FDM P < 0.001. #: vs. NC P <
0.05, ##: vs. NC P < 0.01, ###: vs. NC P < 0.001.
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could suppress FDM-induced choroidal thinning and declines in blood perfusion.
Our findings that FDM induced choroidal thinning in guinea pigs agree with those reported in other studies [28–30]. In our analysis 

of choroidal blood flow parameters, we observed a reduction in the VPI in both the choriocapillaris layer and the medium-large vessel 
layer, while flux solely decreased in the choriocapillaris layer. This observation agrees with a report by Yu et al. [22], who reported a 
significant decrease in blood vessel density in the choriocapillaris layer in lens-induced myopia guinea pigs, while the change in blood 
vessel density in the medium-large vessel layer was not statistically significant in previous studies. These results suggest variations in 
the regulation of myopia signal stimulation by different vascular layers. The choriocapillaris layer, being in close proximity to the 
retina, appears to be more sensitive to various physiological changes induced by myopia. On the other hand, the medium to large vessel 
layer may possess a more robust regulatory mechanism. Even though the VPI decreased, blood flow remained relatively adequate to 
support tissue function. The intricate mechanisms underlying these observations may necessitate further in-depth studies and ex-
periments for comprehensive elucidation.

Our observations indicate that brimonidine can effectively counter choroidal thinning induced by FDM and ameliorate the 
reduction in VPI in the choriocapillaris layer as well as the medium-large vessel layer. Previous reports have highlighted that peri-
bulbar injection of prazosin [29] and topical application of bunazosin [30] (alpha-adrenergic antagonist) can enhance choroidal 
perfusion. Interestingly, some α2-adrenoceptor agonists have been demonstrated to induce vasodilation [31,32]. Brimonidine, as a 
highly selective α2-adrenergic receptor agonist, has been shown to enhance blood flow to the eyes [33,34]. Moreover, brimonidine can 
induce a modest vasodilatory response in certain vessels by activating α2-adrenergic receptors and subsequently producing nitric oxide 
(NO) [35]. The increase in VPI observed following brimonidine treatment may be indicative of its vasodilatory effect, potentially 
contributing to choroidal thickening. Notably, brimonidine did not exert an impact on blood flow signal intensity. This parameter is 
linked to the number of red blood cell particles passing through per unit of time. Therefore, even if blood vessel dilation increases, 
without significant changes in blood flow velocity, the blood flow signal remains relatively stable.

Both experimental and clinical evidence substantiate that excessive elongation of the eyeball in myopia is linked to alterations in 
the scleral ECM. The sclera is primarily comprised of type I collagen [36], and MMP-2 plays a role in initiating the degradation of 
scleral collagen [37]. Numerous studies have reported an increase in MMP-2 expression and a decrease in COL1A1 expression in the 
sclera of myopic animals [38–42], a pattern we also observed in FDM guinea pigs. Previous research has suggested that brimonidine 
can upregulate neurotrophic factors like basic fibroblast growth factor (bFGF) [43], and bFGF can inhibit the production of MMP-2 
[44]. Consistent with these findings, we observed that brimonidine led to the downregulation of MMP-2, subsequently inhibiting 
the progression of myopia. The choroid, known to synthesize MMP-2, interacts with neighboring cells through receptor-mediated 
effects [11,45]. Consequently, MMP-2 is not only involved in the systemic maintenance of choroidal vessels but may also exert ef-
fects on scleral tissue. By inhibiting the activity of MMP-2, brimonidine could potentially influence the thickness and structural sta-
bility of both the choroid and sclera, thereby regulating choroidal blood supply and the growth of the eyeball.

3.1. Limitations of the study

While our study provides valuable insights, it is important to acknowledge certain limitations. Firstly, the guinea pig, although a 
widely used animal model for myopia, lacks retinal blood vessels. This feature allows for effective study of changes in choroidal blood 

Table 1 
Experimental group design.

Groups Drug concentrations Sample size, n

NC – 6
FDM – 8
FDM + D 10 μg 2 μg/μl 6
FDM + D 20 μg 4 μg/μl 6
FDM + D 100 μg 20 μg/μl 6
FDM + D 200 μg 40 μg/μl 6
FDM + D 400 μg 80 μg/μl 7
FDM + D PBS – 6
FDM + C 10 μg 2 μg/μl 6
FDM + C 20 μg 4 μg/μl 6
FDM + C 100 μg 20 μg/μl 7
FDM + C 200 μg 40 μg/μl 7
FDM + C 400 μg 80 μg/μl 7
FDM + C PBS – 6
FDM + I 2.5 μg 0.5 μg/μl 8
FDM + I 5 μg 1 μg/μl 8
FDM + I 10 μg 2 μg/μl 8
FDM + I 20 μg 4 μg/μl 8
FDM + I 100 μg 20 μg/μl 6
FDM + I 200 μg 40 μg/μl 6
FDM + I PBS – 6

NC: normal control, FDM: form-deprivation myopia, D: eye drops, C: subconjunctival injection, I: 
intravitreal injection, PBS: phosphate-buffered saline.
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flow but introduces structural differences compared to the human eye. Future research could consider exploring non-primate mammal 
models to enhance the translatability of findings. Secondly, the manual division of choroidal layers in our study may introduce some 
errors. The field could benefit from the development of more comprehensive and automated OCTA instruments in the future, 
potentially minimizing such inaccuracies. Lastly, poor drug solubility limited the concentration range over which drug effects could be 
evaluated. In subsequent research, considering alternative solvents, may provide an avenue for exploring higher concentrations of 
brimonidine and and more extensively elucidating other dose response relationships.

4. Materials and methods

The experiment was conducted in three parts, adhering to protocols approved by the Medical Ethics Review Committee of Hainan 
Eye Hospital (2022-039-01) and following the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Three- 
week-old male tricolor guinea pigs were randomly assigned to groups and housed in a controlled environment of 25 ◦C tempera-
ture, 300 lux illumination, and a 12-h light/dark cycle with unrestricted access to food, water, and fresh vegetables.

1) Experiment 1 aimed to identify effective administration routes and concentrations of brimonidine for mitigating FDM in guinea 
pigs. Various doses of brimonidine tartrate (10–200 μg) were administered via eye drops, subconjunctival injections, and intra-
vitreal injections to different groups according to the data we published [46]. Based on results and brimonidine solubility, addi-
tional groups received higher doses: 400 μg eye drops, 400 μg subconjunctival injection, and 2.5/5 μg intravitreal injections. 
Grouping details are provided in Table 1. Eye drops were administered twice daily (12 h apart), while injections occurred every 96 
h, following established protocols. Refraction and axial length changes were monitored in each group.

2) Experiment 2 investigated the impacts of brimonidine on ChT and choroidal blood flow in guinea pigs with FDM. Employing non- 
invasive OCTA, ChT, choroidal vessel perimeter index, and blood flow signal intensity were measured in various groups: normal 
control group, FDM group, and brimonidine-treated groups receiving: 400 μg eye drops 200 μg and 400 μg subconjunctival in-
jections, and intravitreal injections of 2.5 μg, 5 μg, 10 μg, and 20 μg. This experiment sought to elucidate the physiological changes 
associated with brimonidine’s effectiveness in mitigating FDM.

3) The third experiment explored the potential link between brimonidine’s ability to inhibit FDM progression and reduce declines in 
structural stability of the choroid and sclera in guinea pigs. This investigation involved analyzing the expression of key proteins, 
namely MMP-2 and COL1A1, in the RPE-choroid complex and the sclera.

4.1. Animal model

To induce form-deprivation, a custom opaque balloon apparatus was employed. The initial design consisted of a cropped 8-inch 
balloon secured over the right eye of each guinea pig. As the animals grew, this was replaced with a 10-inch balloon to maintain 
consistent coverage. Notably, all interventions were restricted to the right eye, while the left eye served as an untreated control. For the 
normal control group, both eyes remained untouched throughout the experiment.

4.2. Drug preparation and administration

To prepare brimonidine tartrate solutions, the desired amount was dissolved in phosphate-buffered saline. For eye drops, 5 μl were 
administered twice daily. Prior to subconjunctival and intravitreal injections, topical anesthesia with proparacaine hydrochloride was 
applied. Both injections utilized a 5 μl Hamilton microsyringe, with a 30-gauge needle for subconjunctival and a 33-gauge needle for 
intravitreal administration. 5 μl of solution was injected into the right eye of each animal. More details on the intravitreal injection 
procedure are provided in our previous work [16,46].

5. Biometric parameters measurement

Refraction diopters were determined by an experienced optometrist in a darkroom using a handheld fringe retinoscope. Prior to 
examination, 0.5 % compound tropicamide eye drops were administered to paralyze the ciliary muscle. Spherical equivalent mea-
surements were averaged from three repetitions per eye. Axial length (AL) was assessed via A-scan ultrasonography (AXIS II, Quantel 
Medical, France) after anesthetizing the eyes with proparacaine hydrochloride drops. Ultrasound velocities specific to the anterior 
chamber (1557.5 m/s), lens (1723.3 m/s), and vitreous cavity (1540 m/s) were employed. Each eye’s AL was measured five times, and 
the average was recorded.

5.1. Sample collection

Following the completion of the experimental procedures, all guinea pigs were euthanized humanely through intraperitoneal 
injection of an overdose of pentobarbital. The eyeballs were then carefully excised for further analysis. For immunofluorescence 
studies, the extracted eyeballs were promptly immersed in FAS eyeball fixative solution to preserve their cellular structures. Following 
a thorough dehydration process, the eyeballs were embedded in OCT compound, a cryoprotectant medium, and subsequently frozen 
for sectioning into thin slices. For Western blot, the cornea, lens, vitreous body, and retina were removed, the RPE-choroid complex 
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and the sclera were collected, then quick-frozen in dry ice and stored at − 80 ◦C until analysis.

5.2. Measurement of ChT and choroidal blood flow

ChT and choroidal blood flow parameters were assessed using an animal-specific optical coherence tomography/angiography 
system (OCT/OCTA, Optoprobe, UK). Prior to the examination, 0.5 % compound tropicamide eye drops were administered to induce 
pupil dilation, followed by anesthesia using 1.5 % sodium pentobarbital (37.5 mg/kg). Scans were performed with the optic disc as the 
center to acquire structural OCT (Fig. 3a) and OCTA (Fig. S1) images. For ChT measurement, the structural OCT image passing through 
the optic nerve was selected. The choroidal boundary was delineated continuously at 3000 μm on both sides of the optic nerve, and the 
built-in software automatically calculated the ChT. The boundary definition for the choriocapillaris layer and the medium-large vessel 
layer followed established protocols [22,47] with manual corrections based on vascular morphology. The imaging system processed 
blood vessels into binary black-and-white images, subsequently employing them to calculate the VPI. The binary image brightness 
percentage parameter was fixed to 0.3. Blood flow signal intensity, reflecting the number of particles traversing the imaging plane per 
unit time, was normalized to a dynamic range of 0–1. Throughout this study, we refer to normalized blood flow signal intensity as 
"flux".

6. Immunofluorescence

Frozen sections were allowed to thaw at room temperature for 30 min, immersed in PBS for 10 min and fixed using 4 % para-
formaldehyde for 15 min. Following three rinses with PBS, the sections were permeated with 0.3 % Triton-X 100 for 10 min and 
subjected to another PBS wash. Subsequently, the sections were blocked with 0.5 % bovine serum albumin for 30 min and then 
incubated overnight at 4 ◦C with mouse anti-MMP-2 (Novus Biologicals, NB200-113, 1:50) and goat anti-Collagen I antibody (arigo 
Biolaboratories Corp, ARG21965, 1:500). After PBS washing, the sections were exposed to secondary antibodies: chicken anti-goat IgG 
conjugated to Alexa Fluor 488 and donkey anti-mouse IgG conjugated to Alexa Fluor 594 for 2 h at room temperature. Following the 
removal of excess secondary antibody with PBS, 0.5 μg/ml DAPI was added for 5 min. The sections were then observed using an 
inverted fluorescence microscope (Olympus-U-HGLGPS).

6.1. Western blot

To prepare the tissue samples, RIPA lysis buffer (Servicebio) and protease inhibitors were added, followed by homogenization. The 
lysate was then centrifuged at 12,000 rpm, 4 ◦C, for 10 min. Protein concentration was determined using the BCA kit. Subsequently, 
protein extracts were loaded onto 5 % SDS-PAGE gels and transferred to polyvinylidene fluoride membranes. The transferred mem-
branes underwent washing and blocking with TBST and 5 % skim milk for 30 min at room temperature. They were then incubated 
overnight at 4 ◦C with mouse anti-MMP-2 (Proteintech, 10373-2-AP, 1:1000) and goat anti-Collagen I antibody (arigo Biolaboratories 
Corp, ARG21965, 1:1000). Following this, the membranes were incubated with horseradish peroxidase (HRP)-conjugated donkey anti- 
goat and HRP-goat anti-rabbit secondary antibodies for 30 min at room temperature. The bands were visualized using chem-
iluminescence kits and detected with a chemiluminescence instrument (CLINX 6100). Image J software was employed for image 
analysis.

6.2. Statistical analysis

Statistical analysis was performed using SPSS software (Version 26.0). Descriptive statistics are presented as mean ± SD. Group 
differences were assessed through one-way analysis of variance (One-way ANOVA). Post-tests were conducted using the Bonferroni 
method in cases of homogeneity of variance and Dunnett’s T3 if homogeneity was not satisfied. A paired sample t-test was employed to 
compare differences between treated eyes and fellow eyes. Statistical significance was set at a P value < 0.05.
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