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Abstract: Objective: To determine the functional importance of aquaporin-1 (Aqp1) in scleral remodeling during myo-
pia development using in vivo and in vitro models. Methods: Forty-two C57BL/6J mice were randomly assigned into 
experimental (n=28) and normal control (NC) groups (n=14). In the experimental group, the right eyes underwent 
form deprivation (deprived eye, DE), whereas the left eyes served as self-controls (fellow eye, FE). Mice in the normal 
control (NC) group received no treatment in either eye. Refraction was measured before and after myopia induction, 
and axial length was measured at the end of the experiment. The expression levels of Aqp1, hypoxia-inducible fac-
tor-1 alpha (Hif-1α), matrix metallopeptidase 9 (Mmp9), and collagen type I alpha1 (Col1α1) in sclera were deter-
mined by immunofluorescence staining, qRT-PCR, and/or western blotting. Scleral morphology was evaluated using 
hematoxylin and eosin staining. Results: After two weeks of form-deprivation, DE eyes exhibited a significant myopic 
shift (1.66±0.09 D) compared with FE eyes (4.92±0.06 D) and NC eyes (left: 4.78±0.11 D; right: 4.91±0.10 D). 
Scleral thinning was found in DE eyes. Expression levels of Aqp1, HIF-1α, and Mmp9 were significantly upregulated, 
whereas Col1α1 expression level was significantly downregulated in DE eyes compared to FE and NC eyes. In vitro, 
hypoxic exposure significantly increased Aqp1 expression level in human scleral fibroblasts (HSFs). Aqp1 overex-
pression induced a concomitant upregulation of Mmp9. Conversely, treatment with 200 mM acetazolamide under 
hypoxic conditions inhibited the expression levels of both Aqp1 and Mmp9. Conclusions: The findings indicated that 
Aqp1 upregulation was associated with scleral remodeling during myopia development and Aqp1 could contribute 
to this process, at least in part, through regulation of Mmp9 expression level.
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Introduction

Myopia has emerged as a major public health 
concern, with its prevalence increasing rapidly 
among adolescents and young adults, particu-
larly in East Asia [1]. This condition can lead  
to severe ocular complications, including cata-
ract, glaucoma, retinal and macular degenera-
tion, and even blindness [2-6]. Therefore, a 
comprehensive understanding of the mecha-
nisms underlying myopia onset and progres-
sion is essential for developing effective pre-
ventive and therapeutic strategies.

Fibroblasts play a notable role in maintaining 
scleral integrity and contribute significantly to 

ocular refraction and the pathogenesis of myo-
pia [7, 8]. Structural remodeling of the sclera, 
characterized by collagen degradation and al- 
terations in the extracellular matrix (ECM), has 
been identified as a key process mediating 
axial elongation in myopic eyes [9]. Conse- 
quently, both scleral tissue and fibroblast func-
tion have become central focuses in myopia 
research [10].

Aquaporins (AQPs) are a group of transmem-
brane proteins that participate in modulat- 
ing water transportation and ECM [11, 12]. 
Aquaporin-1 (Aqp1), the first identified member 
of this family, has been documented to be 
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involved in collagen metabolism and tissue 
remodeling [13, 14]. Aqp1 has been reported to 
affect the biomechanical strength of sclera, 
reflecting its potential contribution to myopia 
pathogenesis [15]. Furthermore, earlier studies 
have identified expression level of Aqp1 in 
scleral fibroblasts of rats and human beings 
[16], while its expression level in murine sclera 
has not yet been documented.

According to recent investigations, Aqp1 plays 
important roles in ECM remodeling by regulat-
ing collagen synthesis, organization, and degra-
dation in different tissues [17, 18]. Moreover, 
Aqp1 depletion resulted in significant reduction 
in scleral biomechanical strength [15]. Addi- 
tionally, Aqp1 expression level is associated 
with type I collagen level, which is the principal 
structural protein of the sclera [19]. All these 
findings indicate that Aqp1 is a promising can-
didate for investigating the mechanisms of 
myopia pathogenesis. Acetazolamide is also an 
Aqp1 inhibitor that is a potent and sulfonamide-
based drug with a wide variety of clinical uses 
[20].

The matrix metalloproteinases (MMPs) are zinc- 
dependent endopeptidases with ubiquitous tis-
sue expression and collagenolytic activity re- 
quired for ECM remodeling in tissues such as 
the posterior ocular sclera [21]. It has been 
established that there is an upregulation of the 
expression of the matrix metalloproteinase 9 
(Mmp9) in the scleral tissue of myopic murine 
models [22]. Moreover, multiple studies have 
demonstrated that Aqp1 regulates the Mmp9 
expression level [15, 23].

Hypoxia-inducible factor-1 alpha (Hif-1α) is a 
transcription factor that regulates tissue remo- 
deling under hypoxic conditions [24, 25]. The 
Hif-1α signaling pathway has been validated to 
induce the development of myopia through the 
regulation of the interaction between genetic 
and environmental factors [26]. It was shown 
that the HIF-1α level is elevated following the 
induction of myopia, and the pathways associ-
ated with hypoxia may lead to scleral changes 
[24, 26].

The transcriptional regulation of Aqp1 by HIFs 
has been well-documented. Hif-1α directly 
binds to hypoxia response elements in the 
Aqp1 promoter region, leading to transcrip- 
tional activation under hypoxic conditions [27]. 
Given that scleral hypoxia has been identified 

as a key driver of myopia progression [28], we 
hypothesized that Aqp1 may contribute to scler-
al remodeling in myopic eyes in a Hif-1α-de- 
pendent manner. The present study aimed to 
determine the presence and changes of Aqp1 
in myopic sclera using a form-deprivation myo-
pia (FDM) model and in human scleral fibro-
blasts (HSFs) under hypoxic condition. The find-
ings may provide new insight into the molecular 
mechanisms underlying myopia development 
and explore the potential translational value of 
Aqp1.

Materials and methods

Animals

Healthy 3-week-old male C57BL/6J mice (10-
15 g) purchased from Beijing Vital River La- 
boratory Animal Technology Co., Ltd. (Beijing, 
China) were housed under controlled condi-
tions (23±2°C, 45%-65% humidity, 12-h light-
dark cycle). Mice with ophthalmic diseases 
were excluded from this investigation [29]. All 
experiments were approved by the Medical 
Ethics Committee and the Institutional Animal 
Care and Use Committee of Liaocheng People’s 
Hospital (Approval No. 2023131) and were con-
ducted in accordance with the Association for 
Research in Vision and Ophthalmology Sta- 
tement for the Use of Animals in Ophthalmic 
and Vision Research. All mice were monitored 
daily for weight loss, behavioral changes, and 
overall health. Humane endpoints included 
marked weight loss (≥20% of initial body 
weight), severe distress, inability to access 
food or water, complications related to the 
occlude, or severe ocular lesions. 

FDM model induction and measurements

FDM was induced in the right eye using a trans-
lucent occlude, as previously described [10]. In 
brief, mice were subjected to form-deprivation 
in the right eye for two weeks using a custom-
made translucent monocular occluder (Figure 
1). For refraction measurements, mice were 
anesthetized with a combination of Zoletil 50 
(Tiletamine and Zolazepam, 25 mg/kg) (Virbac, 
France) and xylazine (10 mg/kg) (V86522; In- 
vivoChem, USA) intraperitoneally. Anesthesia 
was administered once per refraction mea- 
surement session (baseline and 2 weeks after 
FDM induction). Ocular refraction was mea-
sured with a streak retinoscope (YZ24; Suzhou 
Liuliu Vision Technology Co., Ltd., China) and 
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performed using tropicamide (H20123453; 
Shenyang Xingqi Ophthalmic pharmaceutical 
Co., Ltd., China) in a dark room. During the ref- 
raction procedure, an ophthalmoscope was 
placed 50 cm away from eyes of mouse, and 
the examiner’s eyes were aligned at the same 
level as the eyes of the mouse. The equivalent 
spherical diopter (calculated as the spherical 
diopter + 1/2 cylindrical diopter) was deter-
mined and recorded. Each eye was measured 
three times, and the average value was calcu-
lated. At the end of the 2-week experimental 
period, all mice were euthanized via CO2 as- 
phyxiation followed by cervical dislocation and 
both eyes were immediately collected for axial 
length measurement using a digital vernier cali-
per (0.01 mm precision, Delixi Electric Co., Ltd., 
Yueqing, China) on ice as described previously 
[30]. To ensure measurement accuracy, each 
eyeball was measured independently by a train- 
ed researcher, and each measurement was 
repeated three times. The final axial length was 
calculated as the average of all measure- 
ments.

After the FDM induction in the experimental 
group (n=28), mice in this group had deprived 

right eyes (DE) and their left eyes served as 
contralateral control (FE). Meanwhile, in the 
control group (n=14), mice with intact eyes 
were used as normal control (NC).

Histologic staining

For immunofluorescence staining, the eyes we- 
re embedded into optimal cutting temperature 
(OCT) compound on a Presto CHILL embedding 
system (Milestone Medical Inc., Kalamazoo, MI, 
USA) [31], followed by sectioning using a cryo-
stat (Taiva/TL-820C). Then, the cryosections (4 
µm) were rinsed twice with distilled water (5 
min each, room temperature) and once with 
phosphate-buffered saline (PBS) (5 min, room 
temperature). Subsequently, the sections we- 
re incubated with 3% normal goat serum in 
PBS/0.3% Triton X-100 for 1 h at room tem- 
perature. Afterwards, sections were incubated 
with anti-Hif-1α (1:200, GTX127309; GeneTex, 
USA), anti-Aqp1 (1:200, 20333-1-AP; Proteint- 
ech Group, USA), anti-Mmp9 (1:200, 10375-2-
AP; Proteintech Group, USA) and anti-Col1α1 
(1:400, ab316222 Abcam, UK) antibodies over-
night at 4°C, followed by incubation with go- 
at anti-rabbit IgG (FITC) antibody (1:1,000, 
ab6717; Abcam, UK). Afterwards, the slides 
were mounted with DAPI-containing medium 
(S2110, Solarbio) and visualized using a fluo-
rescence microscope (Zeiss). The fluorescence 
intensities were analyzed using ImageJ 1.53 
software (National Institutes of Health, Bethes- 
da, MD, USA) to reflect relative protein expres-
sion level.

For hematoxylin and eosin (H&E) staining, the 
tissue sections were processed using a Tissue-
Tek Prisma® Automated Slide Stainer (Sakura 
Finetek) according to the manufacturer’s ins- 
tructions. The sections were scanned with a 
PRECICE500 digital slicing scanning system 
(Suzhou, China), and scleral thickness was 
measured by the system’s integrated software. 
Measurements were taken around the optic 
nerve, and each section was measured three 
times. The average value was used to indicate 
the scleral thickness.

Western blot analysis

The eyeball was dissected along the corneal 
limbus to create an eye cup. Subsequently, the 
cornea, lens, vitreous body, and retina were 
removed. The choroid was scraped using fine 
scissors. The isolated scleral tissue was snap-
frozen in liquid nitrogen for further processing. 

Figure 1. FDM mouse model. Representative image 
showing a mouse waring a monocular occluder to 
induce FDM.
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For western blot analysis, scleral tissues from 
four eyes in the same group were pooled as  
one sample for protein extraction. Radioimmu- 
noprecipitation assay (RIPA) lysis buffer (P00- 
13B; Beyotime, China) supplemented with pro-
tease/phosphatase inhibitor cocktail (GRF103; 
Epizyme, USA) was used for tissue lysis. In addi-
tion, minute total protein extraction kit (SD-
001, Invent) was utilized for protein extraction. 
Protein concentrations were determined using 
the Bradford method, and the same amount of 
total scleral proteins was separated on 10% 
sodium dodecyl-sulfate-polyacrylamide gel ele- 
ctrophoresis (SDS-PAGE). Subsequently, the 
proteins were transferred to polyvinylidene fluo-
ride membranes, followed by incubation with 
blocking buffer (5% skim milk in 0.1% Tween 
20) for 2 h at room temperature. Then, the 
membranes were subjected to immunoblotting 
with antibody against Aqp1 (1:1,000, 20333-1-
AP, Proteintech Group, China) overnight at 4°C. 
The following day, the membranes were wash- 
ed and incubated with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG anti- 
body (1:10,000, SA00001-2, Proteintech Gr- 
oup, China) for 1 h at 37°C. The same mem-
brane was stripped and re-probed to detect 
β-actin (1:20,000, 66009-1-Ig, Proteintech Gr- 
oup, China). The membranes were incubated 
with HRP substrate (P8S, Beyotime, China),  
and the protein bands were visualized using a 
ChemiDoc MP imaging system (Bio-Rad Labo- 
ratories, USA). The relative Aqp1 expression 
level was normalized to β-actin expression 
level.

Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR)

The eyeball was dissected along the corneal 
limbus to create an eye cup. Subsequently, the 
cornea, lens, vitreous body, and retina were 

removed. The choroid was scraped using fine 
scissors. For qRT-PCR, scleral tissues from two 
eyes in the same group were pooled as one 
sample for homogenization (TissueLyser II, 
Qiagen, Germany) and RNA isolation (Trizol 
reagent, R401, Vazyme, China) according to the 
manufacturer’s instructions. Resulting RNAs 
were reversely transcribed into complementary 
DNA (cDNA) using a HiScript IV RT SuperMix for 
qPCR system (+gDNA wiper) (R423-01, Vazyme) 
following the manufacturer’s protocol. qRT-PCR 
was performed to determine the transcription 
levels of Aqp1, Hif1α, Mmp9, Col1A1 and Actb. 
The gene amplification was conducted in tripli-
cate using a SupRealQ Ultra Hunter SYBR qPCR 
Master Mix (U+) kit (Q713, Vazyme). The expres-
sion level of each target mRNA, relative to that 
of Actb, was determined using threshold cycle 
values and the 2-ΔΔCt method. The primer se- 
quences are presented in Table 1.

For cultured human HSFs, total RNA was iso-
lated using Trizol reagent (R401; Vazyme, 
China) according to the manufacturer’s instruc-
tions. cDNA was synthesized from the purified 
RNA with the HiScript IV RT SuperMix for qPCR 
system (+gDNA wiper) (R423-01, Vazyme). Ex- 
pression levels of Aqp1, Hif-1α, and Mmp9 
genes were quantified using the SupRealQ Ultra 
Hunter SYBR qPCR Master Mix (U+) kit (Q713, 
Vazyme). Primer sequences are listed in Table 
1.

Cell culture and treatments

The human scleral fibroblasts (HSFs) cell line 
was obtained from the Cell Resource Center, 
IBMS, CAMS/PUMC (Beijing, China). HSFs we- 
re cultured in DMEM High glucose medium 
(PM150210, Procell, Wuhan) with 10% fetal 
bovine serum (164210, Procell, China). HSFs 

Table 1. Primer sequences used for qRT-PCR
Gene Species Forward (5’-3’) Reverse (5’-3’)
Aqp1 Mouse CGCCACGGCCATTCTC TTGCGGCCAAGTGAATTG
Hif1α Mouse CTGCCACTGCCACCACAACTG TGCCACTGTATGCTGATGCCTTAG
Mmp9 Mouse CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
Col1a1 Mouse TGACTGGAAGAGCGGAGAGT GACGGCTGAGTAGGGAACAC
Actb Mouse GGAGGAAGAGGATGCGGCA GAAGCTGTGCTATGTTGCTCTA
Aqp1 Human GCACACTCTCTTCTCCATTCCC CATCACAACTCTCCCCACTCCT
Hif-1α Human TCCAGCAGACTCAAATACAAGAAC GTATGTGGGTAGGAGATGGAGATG
Mmp9 Human GCACCACCACAACATCAC ACCACAACTCGTCATCGTC
ACTB Human GACTTCAACAGCAACTCCCAC TCCACCACCCTGTTGCTGTA
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were incubated at 37°C in a normal humidified 
atmosphere with 5% CO2.

Construction and transduction of lentivirus

An Aqp1-overexpressing lentiviral vector was 
commercially generated (OBIO Technology, 
Shanghai). For transduction, cells were seeded 
in 6-well plates at 1×106 cells/well one day 
before viral infection. On the day of transduc-
tion, the culture medium was replaced with a 
fresh media containing the lentivirus (1×108 
TU/mL; MOI=10) and polybrene (5 µg/ml, Sig- 
ma-Aldrich, USA). After incubating cells with 
viral particles-containing media overnight, the 
medium was replaced with fresh media. After 
12 h, Aqp1 overexpression was evaluated by 
fluorescence microscopy and gene variations 
were assessed through qRT-PCR.

Construction of a hypoxia model

Totally, 2.5×105 HSFs were seeded into 6-well 
plates for 24 h. When the culture had attained 
70-80% confluency, the culture medium was 
replaced with a serum-free high-glucose DM- 
EM. Hypoxic treatment was performed by plac-
ing the cells in a hypoxia chamber (MIC101, 
Billups-Rothenberg, USA) at 1% O2 for 12, 24, 
and 48 hours. The control cells were cultured 
under normal O2 conditions (21% O2) [10]. Cell 
morphology was studied and photographed at 
indicated time points using an optical micro-
scope (ZEISS, Germany). The total RNA was 
subsequently obtained, and the mRNA concen-
trations of Aqp1 and Hif-1α were analyzed using 
qRT-PCR.

Impact of acetazolamide treatment under 
hypoxia

HSFs were exposed to hypoxic conditions and 
treated with a range of acetazolamide concen-
trations for 24 h. Subsequently, Aqp1 expres-
sion level was investigated using qRT-PCR  
to determine an optimal acetazolamide dosing. 
In the subsequent experiments, HSFs were 
exposed to acetazolamide at the optimized 

concentration under hypoxic conditions for 24 
and 48 h, and cells were collected for later 
analyses.

Statistical analysis

All data were analyzed using GraphPad Prism 
8.0 software (GraphPad Software Inc., San 
Diego, CA, USA) and presented as the mean ± 
standard error (SE). Data normality was exam-
ined using the Shapiro-Wilk test, while homo- 
geneity of variances was assessed with the 
Brown-Forsythe test. For making comparisons 
between DE and FE eyes from the same ani-
mals, a paired t-test was used. For making com-
parisons involving the NC group (independent 
samples), the independent-samples t-test was 
employed. The data from the cell-based experi-
ments were analyzed using the t-test. Com- 
parisons among multiple groups, time points, 
or concentrations were performed using one-
way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test. Statistical analysis was 
conducted based on data derived from a mini-
mum of three independent experimental repli-
cates. P<0.05 was considered significant, and 
asterisk symbols were employed to denote 
degree of statistical significance.

Results

A FDM mouse model generation and valida-
tion

It has been well-documented that diopters of 
mice gradually shift towards hyperopia with 
increasing age [32]. Therefore, mice diopters in 
each group were monitored since the beginning 
of the study. At basal level, the diopters were 
comparable among all groups with no stati- 
stical significance (Table 2). However, after 2 
weeks of FDM induction, the DE eyes demon-
strated a myopic progression (1.66±0.09 D), 
while the FE and NC eyes exhibited hyperopic 
progression (FE: 4.92±0.06 D, NC-left eyes: 
4.91±0.01 D, NC-right eyes: 4.78±0.11 D) (Ta- 
ble 2). Statistical analysis revealed that chang-
es in refraction in experimental groups (in both 

Table 2. Comparison of refraction before and after FDM induction

Time
Diopter (D)

DE (n=28) FE (n=28) NC-right eye (n=14) NC-left eye (n=14)
Before 3.88±0.06 3.79±0.08 3.83±0.09 3.84±0.08
After 1.66±0.09 4.92±0.06**** 4.78±0.11**** 4.91±0.10****

****P<0.0001 vs. FE or NC.
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DE and FE eyes) were significantly different 
from those in the NC group (Figure 2A).

To further validate the ocular changes, axi- 
al length of collected eyes in all groups was 
measured 2 weeks after the FDM induction. 
The average axial length of the DE eyes was 
3.226±0.005 mm, which was significantly  
elongated compared to the FE group (FE: 
3.155±0.004 mm) (Table 3). Axial length did 
not differ significantly between the right and 
left eyes in the NC group (t=1.228, P=0.2413). 
Therefore, the axial length in the NC group  
was calculated from the mean axial length  
of each NC mouse (3.150±0.004 mm) for  
comparison with the DE and FE groups (Figure 
2B). Consequently, significant axial elongation 
was found in DE eyes compared to FE and  
NC eyes (P<0.0001). Moreover, histologic  
analysis was performed to evaluate the mor-
phologic changes in FDM eyes compared to 

arrangement compared with FE and NC groups 
(Figure 2C, 2D).

Furthermore, Hif-1α expression level was up- 
regulated in mice after myopia induction, and 
Hif-1α has been identified as a key contributor 
to myopia development [28, 33]. To validate the 
success of the FDM modeling, Hif-1α expres-
sion level in the sclera was determined using 
immunofluorescence staining (Figure 3A) and 
qRT-PCR (Figure 3B). The results revealed that 
Hif-1α expression level was significantly upreg-
ulated in DE eyes compared with controls (FE 
and NC eyes), which further validated the suc-
cess of the FDM modeling.

Investigating Aqp1 expression level in the 
sclera during myopia development

After successfully establishing the FDM model, 
the focus shifted to Aqp1 in the sclera. Scleral 

Figure 2. Establishment and validation of the FDM model in mouse. (A) Changes in refraction (diopters) in eyes from 
the experiment groups and NC groups before and after FDM induction. (B) Comparison of axial length between DE, 
FE, and NC groups after FDM induction. (C, D) Representative histological staining results (D) and analyzed data (C) 
of scleral tissues of mice from NC, FE, and DE groups. *P<0.05, ****P<0.0001, vs. NC.

Table 3. Ocular axis length in each group after FDM induction

Time
The axial length (mm)

DE (n=28) FE (n=28) NC (n=14)
After 3.226±0.005 3.155±0.004**** 3.150±0.004****

****P<0.0001 vs. FE or NC.

controlled eyes. The results of 
H&E staining revealed that 2 
weeks after myopia induction, 
the DE eyes exhibited signifi-
cant thinning of the sclera, as 
well as reduced cellular densi-
ty and more loosely collagen 
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remodeling has been well-documented as a 
hallmark of myopia development [9]. Previous 
research has also demonstrated that axial 
elongation during myopia is associated with 
scleral remodeling, which is reflected by re- 
duced collagen content and decreased elastic-
ity of the ECM of sclera [9]. As a family of pro-
teins that modulate the aqueous transport and 
ocular hydration [34], it is reasonable to specu-
late that AQPs contribute to scleral ECM remod-
eling. Although Aqp1 has already been obser- 
ved in the scleral fibroblasts of rats and  
humans [16], its expression levels and possible 
contribution to the mouse sclera have not  
been explored. To address this gap, the expres-
sion level of Aqp1 in the mouse sclera was ana-
lyzed using the eyeballs of the DE, FE, and NC 
groups.

Accordingly, the level of Aqp1 expression in the 
sclera was evaluated using tissues from FDM 
and NC mice. The results of the immunofluores-
cent staining showed that Aqp1 was expressed 
in the sclera of all groups (Figure 4A). In addi-
tion, it was expressed at a significantly greater 
level in the DE group than in the FE and NC 
groups (Figure 4A). In the meantime, the qRT-
PCR analysis revealed a significantly higher 
level of Aqp1 mRNA in the sclera of the DE eyes 
(Figure 4B). As is often the case, western blot 
analysis revealed an upregulation of the Aqp1 
protein level in the sclera of the deprived eyes 
compared to controls (Figure 4C). These results 
showed that the level of Aqp1 expression in- 

creased in the sclera as mice developed my- 
opia.

Downregulation of scleral Col1α1 in myopic 
mice

The sclera is composed of collagen, which 
accounts for approximately 90% of the scleral 
dry weight, and type I comprises most of the 
collagen [35]. This collagen is mainly found in 
the equatorial and back parts of the eye. Past 
research has indicated that myopia is associ-
ated with structural changes in the scleral col-
lagen, including decreased collagen content 
and subsequent thinning of the sclera [28, 36].

There was a strong downregulation of scleral 
expression of Col1α1 in a form-deprived myo-
pia model in mice. Immunofluorescence stain-
ing revealed that DE had a lower level of Col1α1 
protein than FE and NC (Figure 5A). In line with 
these, the qRT-PCR analysis showed that the 
mRNA of Col1α1 had been reduced in DE scler-
al tissues (Figure 5B). All of these findings sug-
gested that the downregulation of Col1α1 is a 
stable characteristic of the myopia progression 
in mice.

Scleral Mmp9 gene expression increased in 
myopic mice

MMPs are a family of endopeptidases that are 
Zn-dependent and are found in many tissues 
with a strong capacity to degrade collagen. 
These enzymes are essential in the remodeling 

Figure 3. Expression level of Hif-1α in the sclera tissues. A. Representative images of immunofluorescent staining 
(left panels) and quantified data (right panel) indicating the expression level of Hif-1α in the scleral tissues of mice 
from indicated groups after myopia modeling. B. Results of qRT-PCR, detecting the mRNA level of Hif-1α in the scler-
al tissues of mice from indicated groups after myopia modeling. Scale bar =100 µm. *P<0.05, ***P<0.001, vs. NC.
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of the ECM, especially in specialized locations 
such as the sclera of the eye [21]. In mouse 
models of myopia, the expression of MMP-9 
increases significantly in the scleral tissue [22]. 
The immunofluorescence staining revealed  
low Mmp9 expression level in scleral tissue 
from all groups, and no significant difference 
was identified between experimental and  
control groups (Figure 6A). However, results  
of qRT-PCR showed that Mmp9 mRNA level  
in DE eyes was significantly higher than that  
of FE and NC eyes (Figure 6B). These findings 
indicate that Mmp9 may be involved in the 
early stage of scleral remodeling during myopia 
development.

Upregulation of Aqp1 expression level in HSFs 
under hypoxic conditions

Human scleral fibroblasts exhibited a clear, flat-
tened morphology under a microscope, which 
was characterized by spindle-shaped or stel-
late-shaped projections. The cells had differen-
tiated, with regularly oval nuclei and huge, con-
spicuous nucleoli (Figure 7A).

Hypoxic conditions were induced using a hypox-
ia incubator chamber. The morphologic evalua-
tion of HSFs was performed after 12, 24, and 
48 hours of exposure to hypoxia (Figure 7B). 
Cells were found to have retained morphology 

Figure 4. Aqp1 expression in sclera after 2 weeks of FDM induction. A. Representative images of immunofluores-
cent staining (left panels) and quantified data (right panel) illustrating the expression level of Aqp1 in the scleral 
tissues of mice from indicated groups after myopia modeling. B. Results of qRT-PCR, detecting the mRNA level 
of Aqp1 in the scleral tissues of mice from indicated groups after myopia modeling. C. Representative images of 
western blot analysis (left panel) and quantified results (right panel) demonstrating the expression level of Aqp1 in 
the scleral tissues of mice from indicated groups after myopia modeling. Scale bar =100 µm. *P<0.05, **P<0.01, 
***P<0.001, vs. NC.
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after 12, 24, and 48 hours of exposure to 
hypoxia. As a test of the hypoxic model, qRT-
PCR was used to compare the Hif-1α mRNA 
expression in human scleral fibroblasts (Figure 
7C). The findings indicated that the level of Hif-
1α expression was significantly upregulated in 
the hypoxia group compared to the control 
group, confirming the successful establishment 
of the cellular hypoxia model.

After successful establishment of the cellular 
hypoxia model, Aqp1 expression level in HSFs 
was examined. Aqp1 mRNA level was signifi-
cantly elevated following 12, 24, and 48 h of 
hypoxic exposure compared to control cells cul-
tured under normoxic conditions (Figure 7D).

Aqp1 modulates Mmp9 expression in human 
scleral fibroblasts 

To explore the controlling effect of Aqp1 on 
Mmp9 expression, HSFs were stably trans-
duced with lentiviral particles to overexpress 
Aqp1. Aqp1 overexpression was evaluated by 
fluorescence microscopy and quantified by 
qRT-PCR (Figure 8A, 8B). A simultaneous sig-
nificant increase in Mmp9 mRNA level was 
noted (Figure 8C), indicating that there was a 
positive regulatory relationship between the 
Aqp1 and Mmp9 expression in this cellular 
model.

The level of Aqp1 gene expression did not reach 
significance after 12 h of hypoxic exposure; 

Figure 5. Downregulation of scleral Col1α1 in myopic mice. A. Representative images of immunofluorescent stain-
ing (left panels) and quantified data (right panel) indicating the expression level of Col1α1 in the scleral tissues of 
mice from indicated groups after myopia modeling. B. Results of qRT-PCR showing the mRNA level of Col1a1 in the 
scleral tissues of mice from indicated groups after myopia modeling. Scale bar =100 µm. *P<0.05, **P<0.01, vs. 
NC.

Figure 6. Scleral Mmp9 gene expression increased in myopic mice. A. Representative images of immunofluorescent 
staining (left panels) and quantified data (right panel), indicating the expression level of Mmp9 in the scleral tissues 
of mice from indicated groups after myopia modeling. B. Results of qRT-PCR, detecting the mRNA level of Mmp9 
in the scleral tissues of mice from indicated groups after myopia modeling. Scale bar =100 µm. *P<0.05, vs. NC.
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Figure 7. Human scleral fibroblasts (HSFs) exposed to hypoxia conditions. A. The morphology of HSFs under normal 
conditions (normoxia). B. Morphologic changes of HSFs after 12, 24, and 48 hours of hypoxia exposure. C. Results 
of qRT-PCR demonstrating the mRNA level of Hif-1α in the HSFs after 12, 24, and 48 hours of hypoxia exposure. D. 
Results of qRT-PCR detecting the mRNA level of Aqp1 in the HSFs after 12, 24, and 48 hours of hypoxia exposure. 
*P<0.05, **P<0.01, vs. control.

however, significant differences were identified 
at 24 and 48 h. Consistently, Mmp9 was signifi-
cantly upregulated in HSFs after 24 and 48 h  
of hypoxia (Figure 8D). These findings demon-
strate that Aqp1 may regulate ECM remodeling 
via Mmp9.

To verify our speculation, we used acetazol-
amide, an Aqp1 inhibitor, in a hypoxic environ-
ment. An experiment on dose-response (0 to 
200 mM acetazolamide and 24 h of hypoxia) 
was conducted to determine the concentration 
of acetazolamide that effectively inhibited Aqp1 
expression (Figure 8E); hence, this concentra-
tion was used in subsequent studies.

Under 24 h-hypoxic conditions, acetazolamide 
inhibition at 200 mM reduced the expression 
levels of Aqp1 (Figure 8F) and Mmp9 (Figure 
8G). As expected, the expression levels of both 
Aqp1 (Figure 8H) and Mmp9 (Figure 8I) were 
also inhibited by the administration of 200 mM 
acetazolamide after 48 h of exposure to hypox-
ia. These findings demonstrate that pharmaco-
logic inhibition of Aqp1 suppresses Mmp9, indi-

cating that the Aqp1-Mmp9 axis is involved in 
regulating ECM stability under hypoxic condi- 
tions.

Discussion

Myopia has become a significant health issue, 
especially in the East Asian region [1]. It is 
essential to understand the pathways that lead 
to myopia development, which will help identify 
new therapeutic targets. There has been grow-
ing evidence that scleral remodeling, character-
ized by loss of collagen and ECM degradation, 
is a key factor in myopia pathogenesis [7-9]. 
Moreover, depletion of Aqp1 has shown to re- 
duce biomechanical strength in the sclera of 
guinea pigs, demonstrating that Aqp1 contrib-
utes to scleral remodeling and the develop-
ment of myopia [15]. However, the expression 
level of scleral Aqp1 and its direct relevance to 
ECM remodeling in myopic mice have not yet 
been reported. In addition, current in vitro stud-
ies investigating the effects of Aqp1 on HSFs 
functionality remain limited and lack systemat-
ic evaluation.



Aquaporin-1 upregulation in myopia

1873	 Am J Transl Res 2026;18(3):1863-1878



Aquaporin-1 upregulation in myopia

1874	 Am J Transl Res 2026;18(3):1863-1878

Using an established murine model of FDM [37, 
38], Aqp1 expression level was found to be 
upregulated in scleral tissue following myopia 
induction. Two weeks of form deprivation result-
ed in significant myopic changes in DE com-
pared with NC and FE, as evidenced by redu- 
ced refraction and increased axial length. Addi- 
tionally, Hif-1α expression level was significant-
ly elevated in the myopic sclera, which was con-
sistent with previous reports [26, 39]. Hypo- 
xia is known to activate signaling pathways in 
scleral cells that contribute to myopia progres-
sion [28]. The concomitant elevation of Hif-1α 
and Aqp1 in myopic sclera reflects a coordinat-
ed transcriptional response, modulating tissue 
remodeling during myopia development. Hif-1α 
has been identified as a master regulator of  
cellular responses to hypoxic stress and has 
shown to directly stimulate Aqp1 transcription 
through promoter binding [27]. Moreover, Hif-
1α binding to the Aqp1 promoter has been 
reported, and silencing of Hif-1α reduces Aqp1 
expression level under hypoxic conditions [40]. 
Hif-1α-mediated upregulation of Aqp1 may the- 
refore represent a compensatory mechanism 
to maintain tissue hydration and structural 
integrity during axial elongation.

In addition to altered expression levels of Hif-1α 
and Aqp1, structural changes in the sclera were 
also evident during myopia development. Al- 
terations in collagen fiber content, diameter, 
and organization in the sclera during both clini-
cal and experimental myopia have been well 
documented [4, 38, 39]. Histologic analyses 
revealed that the sclera of DE eyes was thinner 
and exhibited more loosely arranged collagen 
fibers, being consistent with previously report-
ed pathologic features of the myopic sclera. 
Notably, scleral thinning was accompanied by a 
significant increase in Aqp1 expression level, 
indicating a potential functional association 
between Aqp1 upregulation and scleral remod-
eling during myopia progression. 

The findings demonstrated downregulation of 
Col1α1, further supporting previous evidence 
[28]. Earlier studies have reported reduced 
Col1α1 expression level in the sclera of both 
clinically diagnosed and experimentally induced 
myopia [28, 36], a condition characterized by 
decreased collagen fiber content, reduced fiber 
diameter, and disorganized collagen architec-
ture. These alterations may be attributed to 
unbalanced collagen production and degrada-
tion, ultimately resulting in scleral thinning 
(especially in the posterior segment). In patho-
logical myopia, the thickness of posterior sclera 
could be reduced to 31% of a healthy sclera, 
significantly compromising its biomechanical 
strength. As a result, the sclera is weaker and 
less resistant to physiological intraocular pres-
sure, leading to gradual scleral expansion and 
notable axial elongation [41]. Given the critical 
role of collagen for maintaining scleral struc-
ture, a possible relationship between Aqp1 and 
collagen regulation merits investigation. Evi- 
dence indicates that Aqp1 is essential for col-
lagen metabolism and is closely associated 
with type I collagen expression [21, 42, 43]. 
Furthermore, Aqp1 has shown to influence col-
lagen fiber orientation and crosslinking [44], 
highlighting its importance in determining tis-
sue biomechanical properties. In addition to 
regulating scleral hydration and biomechanical 
strength, Aqp1 may also contribute to scleral 
remodeling by modulating scleral fibroblast 
function and ECM synthesis. Future research 
should investigate whether Aqp1 plays a role in 
sclera to regulate collagen synthesis, organiza-
tion, and degradation.

It is well-documented that MMPs play critical 
roles in collagen metabolism. In the present 
study, it was found that Mmp9 mRNA level was 
significantly upregulated after myopia induc-
tion, which has been correlated with the expres-
sion level of Aqp1 [13]. The absence of detect-
able Mmp9 upregulation at the protein level in 
scleral tissues may be attributable to several 

Figure 8. Aqp1 modulates Mmp9 expression in HSFs. (A) Representative fluorescence microscopy images evaluat-
ing Aqp1 overexpression in HSFs. (B) qRT-PCR validation of Aqp1 overexpression. (C) qRT-PCR analysis showing 
concomitant upregulation of Mmp9 after Aqp1 overexpression. (D) qRT-PCR analysis of Mmp9 mRNA expression in 
HSFs after 24 and 48 hours of hypoxia. (E) qRT-PCR analysis of Aqp1 mRNA expression under hypoxia (24 h) with 
indicated concentrations of acetazolamide. (F, G) qRT-PCR analysis of Aqp1 (F), Mmp9 (G) mRNA expression in HSFs 
after treatment with 200 mM acetazolamide under hypoxia (24 h). (H, I) qRT-PCR analysis of Aqp1 (H) and Mmp9 (I) 
mRNA expression in HSFs after treatment with 200 mM acetazolamide under hypoxia (48 h). *P<0.05, **P<0.01, 
vs. control or hypoxia.
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factors. First, Mmp9 expression level was ass- 
essed at a single time point, during which pro-
tein level might be transiently downregulated. 
Alternatively, post‑translational regulatory me- 
chanisms may modulate Mmp9 protein abun-
dance or promote its degradation [45, 46]. In 
contrast, in vitro experiments demonstrated 
that Aqp1 overexpression in HSFs led to in- 
creased Mmp9 mRNA expression and that both 
genes were co‑upregulated under hypoxic con-
ditions. Pharmacologic inhibition of Aqp1 using 
acetazolamide resulted in concomitant sup-
pression of Mmp9 gene expression. Consistent- 
ly, previous cancer-based studies have demon-
strated that the pro‑angiogenic activity of Aqp1 
could indirectly influence Mmp9 regulation, 
indicating a potentially shared mechanism that 
could also operate in the FDM model [47]. 

Notably, the upregulation of Mmp9 induced by 
Aqp1 overexpression was reversed following 
Aqp1 inhibition with acetazolamide, which was 
accompanied by a corresponding reduction in 
Mmp9 expression level. Collectively, these find-
ings indicate that Aqp1 may regulate Mmp9 
expression level, thereby influencing ECM sta-
bility. It should be acknowledged that acetazol-
amide is a carbonic anhydrase inhibitor, and its 
effects on Aqp1 may not be entirely specific. 
However, human scleral fibroblasts have been 
reported to exhibit minimal carbonic anhydrase 
expression [48]. In addition, structural analy-
ses have demonstrated that acetazolamide 
can interact with loop‑E of Aqp1 and inhibit  
its activity [49]. Furthermore, previous studies 
have shown that acetazolamide reduces water 
permeability in cells lacking carbonic anhy-
drase, supporting a direct effect on Aqp1 func-
tion [50]. Taken together, these findings indi-
cate that the observed effects on Mmp9 ex- 
pression level are most likely attributable to 
Aqp1 inhibition. 

This study revealed that Aqp1 could be upregu-
lated in the sclera of myopic eyes and in human 
scleral fibroblasts subjected to hypoxia in vitro, 
suggesting that it may be involved in scleral 
remodeling. The downregulation of Aqp1 in the 
sclera has, however, shown to cause decreased 
scleral biomechanical stiffness in guinea pigs 
[15]. The inconsistency can be explained by the 
differences in species or a compensatory res- 
ponse to the altered biomechanical strength. 
These results indicate that Aqp1 plays a more 
complex role in scleral biomechanics. However, 

whether it is involved in a feedback loop to 
modify mechanical forces during axial elonga-
tion needs further investigation. Aqp1 upregu-
lation could be a compensatory response to 
preserve the scleral integrity during axial 
elongation.

The co-regulated expression changes of Hif-1α, 
Aqp1, and Mmp9 that occur in the sclera and 
HSFs in response to hypoxia indicate a possible 
regulatory relationship among these molecules 
during myopia development. These findings are 
consistent with prior investigations, indicating 
that Hif-1α contributes to myopia development 
[28, 33]. Moreover, Hif-1α suppression has 
been linked to the lower level of Aqp1 in the 
brain and lung [27, 51]. Therefore, it can be 
speculated that a hypoxic environment in the 
sclera initiates the transcriptional activity of 
Hif-1α, which in turn upregulates Aqp1, which 
promotes scleral remodeling.

Clinically, exploring the connection between Hif-
1α and Aqp1 expression levels in myopic eyes 
may have therapeutic implications. Interven- 
tions targeting Hif-1α or Aqp1 can potentially 
prevent the pathological alterations in the ECM 
of the sclera when myopia develops. Modulation 
of scleral biomechanical properties and thera-
peutic intervention in myopia may be achiev-
able by targeting the Hif-1α/Aqp1 signaling 
pathway.

Several limitations of this study should be dis-
cussed. First, although axial length measure-
ments obtained using digital calipers were 
informative, accuracy and spatial resolution 
could be improved in future studies through the 
use of high‑resolution imaging modalities, such 
as optical coherence tomography. Second, be- 
cause the present findings were primarily cor-
relative, functional validation through Aqp1 mo- 
dulation experiments (e.g., gain- or loss-of‑func-
tion approaches) is required to establish causal 
relationships. Third, analysis at a single time 
point provided limited insights into the tempo-
ral dynamics of Aqp1 expression level during 
myopia progression; longitudinal assessments 
would better characterize these changes. Four- 
th, the concurrent upregulation of Hif-1α and 
Aqp1, while indicating a regulatory relationship, 
was not supported by direct mechanistic evi-
dence, warranting further investigation. Finally, 
although the FDM model was well established, 
it might not fully recapitulate the multifactorial 
etiology of human myopia.
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In conclusion, scleral Aqp1 expression level 
was upregulated during myopia induction. This 
increase was accompanied by scleral thinning 
and collagen rearrangement, reflecting a poten-
tial association between Aqp1 expression level 
and scleral remodeling during myopia path- 
ogenesis. 
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