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PURPOSE. To determine the role of calcipotriol, a vitamin D3 analogue, in myopia devel-
opment and altering the expression of scleral α1 chain of type I collagen (Col1α1) in
mice. We also aimed to identify if the signaling pathway mediating the above changes
is different from the one involved in transforming growth factor β2 (TGF-β2)–mediated
increases of COL1A1 in cultured human scleral fibroblasts (HSFs).

METHODS. C57BL/6J mice were either intraperitoneally injected with calcipotriol and
subjected to form deprivation (FD) or exposed to normal refractive development for
4 weeks. Scleral vitamin D receptor (Vdr) expression was knocked down using a Sub-
Tenon’s capsule injection of an adeno-associated virus–packaged short hairpin RNA
(AAV8-shRNA). Refraction and biometric measurements evaluated myopia development.
A combination of knockdown and induction strategies determined the relative contri-
butions of the vitamin D3 and the TGF-β2 signaling pathways in modulating COL1A1
expression in HSFs.

RESULTS. Calcipotriol injections suppressed FD-induced myopia (FDM), but it had no
significant effect on normal refractive development. AAV8-shRNA injection reduced Vdr
mRNA expression by 42% and shifted the refraction toward myopia (−3.15 ± 0.99D,
means ± SEM) in normal eyes. In HSFs, VDR knockdown reduced calcipotriol-induced
rises in COL1A1 expression, but it did not alter TGF-β2–induced increases in COL1A1
expression. Additionally, TGF-β2 augmented calcipotriol-induced rises in COL1A1 expres-
sion. TGF-β receptor (TGFBRI/II) knockdown blunted TGF-β2–induced increases in
COL1A1 expression, whereas calcipotriol-induced increases in VDR and COL1A1 expres-
sion levels were unaltered.

CONCLUSIONS. Scleral vitamin D3 inhibits myopia development in mice, potentially by
activating a VDR-dependent signaling pathway and increasing scleral COL1A1 expression
levels.
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Myopia is a major sight-compromising condition, which
increasingly detracts from the quality of life and causes

numerous socioeconomic problems worldwide.1,2 Of partic-
ular concern is its alarmingly high incidence of 85% to 95%
among young individuals of East Asian origin.3,4 This condi-
tion results from scleral thinning due to extracellular matrix
(ECM) remodeling and decreases in the accumulation of
collagen (especially the type I collagen, COL1A1).5,6 This
reduction is due to declines in its synthesis and increases
in its degradation. These responses accompany maladap-
tive increases in optical axis elongation whose etiology is
not yet fully understood. Genetic and environmental factors
contribute to myopia, as evidenced by studies on genetic

associations and outdoor activities, respectively impacting
this condition.7–10

There is controversial evidence that an inverse relation-
ship exists between serum vitamin D3 levels and myopia
severity since lower blood vitamin D3 concentrations are
associated with an increased risk of myopia.11–15 Another
indication of this association is based on possible func-
tional and positional involvement of its receptor, vitamin
D receptor (VDR), in myopia. It is located on chromo-
some 12, near the region of q21.2–24.12 (36.59 cM, MYP3
locus). A whole-genome linkage scan suggested significant
modulation of myopia.10,16 However, other studies showed
irrespective of the time spent outdoors that variations in
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serum vitamin D3 levels were unrelated to the risks of
myopia development.17–19 It must be noted that vitamin
D3 content in these studies was measured in blood serum
and a cause–effect relationship between vitamin D3 levels
and ocular biometry could not be established. Therefore,
experimental animal models and in vitro experiments are
still needed to confirm that vitamin D3 supplementation
and activation of its receptor-linked signaling inhibit myopia
progression.

Vitamin D3 is supplied by both dietary consumption and
ambient UVB light exposure that together induce its synthe-
sis in the skin. Calcipotriol is a synthetic vitamin D3 analogue
with a high binding affinity for VDR.20,21 Such an interaction
has tissue-specific effects on COL1A1 expression levels, a
major scleral ECM component. In other multiple organs, low
levels of vitamin D3 are instead associated with increases in
fibrosis in different pathologic conditions.22–24 On the other
hand, transforming growth factor β2 (TGF-β2) promotes
the synthesis of COL1A1 in scleral fibroblasts.25 Declines in
TGF-β expression levels are likely associated with decreases
in scleral collagen content during myopia development.25,26

Furthermore, activation of the vitamin D3 signaling pathway
can attenuate TGF-β–induced fibrosis in different tissues
and organs.27–30 It is relevant to determine if vitamin D3–
linked signaling interacts with the TGF-β–linked pathway to
modulate COL1A1 expression and subsequently suppresses
myopia development. Such insight may clarify the identity
of alternative targets for improved therapeutic management
of scleral ECM remodeling during myopia progression.

We show here that calcipotriol suppresses form depri-
vation (FD)–induced declines in Col1α1 expression and
inhibits myopia progression through a Vdr-dependent
signaling pathway in mice. TGF-β2–induced increases in
COL1A1 expression are instead mediated through a VDR-
independent signaling pathway in cultured human scleral
fibroblasts (HSFs).

MATERIALS AND METHODS

Animal Experiments

The treatment and care of the animals were conducted
according to the ARVO statement for the use of animals in
ophthalmic and vision research. The protocol for handling
animals was approved by the Animal Care and Ethics
Committee at Wenzhou Medical University, Wenzhou, China.
Animals were raised in standard mice cages at the animal
facility of this institution. The temperature was maintained
at 22 ± 2°C under a 12-hour light/dark cycle, with food and
water available ad libitum.

Form Deprivation and Ocular Measurements

Monocular FD-induced myopia (FDM) was induced by
occluding one randomly chosen eye with a translucent
diffuser in the 3-week-old male C57BL/6J mice, which were
divided into two groups as previously described.31 In one
group, their eyes were form deprived (labeled as FD-T) for
either 2 (n = 7) or 4 weeks (n = 30), and the untreated
eye constituted the fellow eye control group (designated FD-
F). Mice in the other group were untreated and served as
age-matched normal controls (designated NC; n = 5 and
46, at 2 and 4 weeks, respectively). Before and after the
FD periods, refraction was measured using an eccentric
infrared photorefractor. The vitreous chamber depth (VCD,
from the posterior lens surface to the vitreous–retina inter-

face) and axial length (AL, from the anterior corneal surface
to the vitreous–retina interface) were measured using a
custom-made spectral-domain optical coherence tomogra-
phy system. After ocular measurements, the mice were
injected intraperitoneally with a mixture of ketamine (96
mg/kg) and xylazine (14.4 mg/kg) and euthanized. The eyes
were enucleated to isolate the sclera as described previ-
ously.31 Briefly, the eyeball was snipped off the extraocu-
lar muscles and placed in a 35-mm petri dish on ice. The
cornea and lens were carefully removed, leaving an eye cup
behind on which the vitreous was squeezed out. The retina
and choroid were then scrapped off to obtain a clean sclera.
All surgical instruments were cleaned with RNaseZap RNase
Decontamination Solution (AM9782; Invitrogen, Carlsbad,
CA, USA) to avoid RNA degradation. The sclera was then
immediately immersed in RNAlater (Ambion, Foster City,
CA, USA) in a microfuge tube and stored at 4°C overnight.
The RNAlater was removed the next day and the sclera was
stored at −80°C until performing RNA extraction.

Construction of Adeno-Associated Virus Serotype
8–Short Hairpin RNA Expression Vector

At OBiO Technology (Shanghai, China), the cDNA sequence
(1269 bp) of mouse Vdr (NM_009504.4) was constructed.
Screening of shRNA sequences targeting mouse Vdr gene
was performed in NIH-3T3 fibroblasts (ATCC, Manassas,
VA, USA). The Vdr short hairpin RNA (shRNA) targeting
sequences were 5′-GCTTCCACTTCAACGCTAT-3′. The Vdr
shRNA and the scrambled control shRNA sequences were,
respectively, ligated into the adeno-associated virus serotype
8 (AAV8)–shRNA shuttle vector to construct AAV8-shRNA-
Vdr and AAV8-shRNA-scramble for AAV8 packaging. The
titrated virus yields ranged from 1012 to 1013 genomic
copies/mL.

Three-week-old wild-type mice (n = 58) were randomly
separated into three different groups: 22 mice were trans-
fected with Vdr shRNA, another 18 mice were injected with
scrambled shRNA, and 18 noninjected mice served as the
control (labeled as Vdr shRNA, scrambled shRNA, and NC,
respectively). Ocular measurements were recorded before
AAV8 injection (baseline) and 1, 2, 3, and 4 weeks later.

Cell Culture

Primary HSFs were established,32 and the cells were
seeded in T75 flasks in Dulbecco modified Eagle medium
(12430; Gibco, Waltham, MA, USA), supplemented with
10% fetal bovine serum (10099141c; Gibco), 1% penicillin-
streptomycin (15140-122; Gibco), and 2 mM GIBCO Gluta-
MAX (35050061; Gibco) until confluent. All cells were grown
at 37°C under 5% CO2 in a humidified incubator (Thermo
Fisher, Waltham, MA, USA). They were passaged using
0.25% trypsin (25200072; Gibco) and transferred onto 35-
mm culture dishes (Falcon; Becton, Dickinson and Company,
Franklin Lake, NJ, USA) for drug treatments. All subsequent
experiments were restricted to passages 6 to 9 in this study.

Drug Treatments

Calcipotriol (R&D; Minneapolis, MN, USA) was dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO,
USA) at a concentration of 10 mM. TGF-β2 (R&D) was
dissolved in sterile 4 mM HCl (Jiutai, Wenzhou, China)
containing 0.1% bovine serum albumin (Gibco) at a concen-
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TABLE 1. Real-Time PCR Primer Base Sequences

Target Species Forward Primer (5′-3′) Reverse Primer (5′-3′) Length (bp)

Col1α1 Mouse GAGAGCGAGGCCTTCCCGGA GGGAGCCAGCGGGACCTTGT 131
Vdr Mouse GAATGTGCCTCGGATCTGTGG ATGCGGCAATCTCCATTGAAG 150
Cyp24a1 Mouse CATCGACCACCGCCTAGAGA ACAGCAGCGTACAGTTCTTTC 104
Cyp27b1 Mouse TGCTTGCGGATTGCTAACG CCTTAGTCGTCGCACAAGGTC 144
18s Mouse CGGACACGGACAGGATTGAC TGCCAGAGTCTCGTTCGTTATC 123
VDR Human GTGGACATCGGCATGATGAAG GGTCGTAGGTCTTATGGTGGG 181
ACTB Human CCATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGATTTCC 250
COL1A1 Human CGAGCGTGGTGTGCAAGGTC CTGCACCACGTTCACCAGGC 157

tration of 5 μg/mL. All stock reagents were aliquoted into
smaller volumes and stored at −20°C for later use. The mice
in different groups received daily intraperitoneal injections
of the respective drugs without anesthesia using a microliter
syringe attached to a 29-gauge needle. The visually unob-
structed control mice received either DMSO (n = 11) or 0.1
mg/kg calcipotriol (Cal; n = 10) or 0.5 mg/kg Cal (n = 11) in
their respective experimental groups. Likewise, the FD mice
also received either DMSO (n = 15) or 0.1 mg/kg Cal (n =
15) or 0.5 mg/kg Cal (n = 15) in their experimental groups.
Calcipotriol doses (i.e., 0.1 mg/kg or 0.5 mg/kg body weight)
were injected after dissolving them in DMSO.

RNA Interference

Transforming growth factor β receptor 1 (TGFBRI) and
transforming growth factor β receptor 2 (TGFBRII) are key
receptors of the TGF-β signaling pathway, which are critical
in scleral ECM remodeling. Small interfering RNA (siRNA)
transfection was used to abrogate their gene function in
HSFs. The HSFs were exposed to VDR/TGFBRI/TGFBRII
siRNA and lipofectamine RNAiMAX (Invitrogen) according
to the manufacturer’s protocol. The siRNA oligonucleotides
directed against the VDR/TGFBRI/TGFBRII mRNA or scram-
bled sequences were used as negative controls. The siRNAs
were designed and synthesized by the Shanghai Gene
Pharma Corporation (Shanghai, China). Their sequences are
as follows:

“VDR siRNA”: 5′-CCUGCUCAGAUCACUGUAUTT-3′

“TGFBRI siRNA”: 5′-GGCTTAGTATTCTGGGAAA-3′

“TGFBRII siRNA”: 5′-GAAGACGGCTCCCTAAACA-3′

and control with scrambled sequence: 5′-UUCUCCGAACG
UGUCACGUTT-3′. Protein and gene expression analyses
were carried out after 24 hours of transfection.

RNA Extraction and Quantitative RT-PCR

Two sclerae were pooled to form a single sample that was
homogenized using a ball mill (MM400; Retsch, Dussel-
dorf, Germany). Total RNA was extracted using the RNeasy
Fibrous Tissue Mini Kit (Qiagen, GmbH,Hilden, Germany) at
room temperature according to the manufacturer’s instruc-
tions. RNA from HSFs was extracted using TRIZOL reagent
(Invitrogen). RNA concentration and purity were determined
with a NanoDrop 2000 spectrophotometer (Thermo Fisher).
On average, 800 ng and 400 ng RNA were obtained from
the HSFs and mice scleral samples, respectively. They had a
260/280-nm optical density ratio of at least 1.9. cDNAs were
synthesized in a 20-μL reaction using the M-MLV Reverse
Transcriptase (Promega, Madison, WI, USA). Gene expres-
sion analysis was then carried out in duplicates with a SYBR
green master mix (Applied Biosystems, Foster City, CA, USA)

in a PCR system (ABI ViiA7 Real-Time PCR System; Applied
Biosystems). PCR primer designs were obtained from the
published data at the PrimerBank website (Table 1). The
Cyp24a1 (cytochrome P450 family 24 subfamily A member
1) and Cyp27b1 (cytochrome P450 family 27 subfamily
B member 1) genes modulate the activity of vitamin D3
through either inhibiting or increasing its activation, respec-
tively.33 Relative mRNA expression levels of each gene were
normalized to the Ct value of the housekeeping gene, ACTB
or 18S rRNA, within each sample, and the fold change esti-
mates were calculated using the 2−��Ct method.34

Western Blot Analysis

HSFs were harvested and lysed in a buffer containing
Radio-Immunoprecipitation Assay (RIPA) buffer (Beyotime
Biotechnology, Shanghai, China), phenylmethylsulfonyl
fluoride (PMSF; Beyotime Biotechnology), and a protease
inhibitor cocktail (EDTA-free Complete Mini; Roche, Basel,
Switzerland), using a horizontal shaker (BG-orbitaIH;
BayGene, Beijing, China) for 20 minutes at 4°C. The lysate
was centrifuged at 13,000 × g for 10 minutes at 4°C, and the
supernatant was removed to estimate the protein concen-
tration using a BCA protein assay (Beyotime Biotechnol-
ogy). The protein samples were stored at −80°C for later
use. Electrophoretic separation of 50 μg protein samples
was performed on a BG-subMINI horizontal electrophore-
sis apparatus (BayGene). Their content was resolved using
10% SDS-PAGE and blotted onto a nitrocellulose membrane
(Millipore, Billerica, MA, USA). The membranes were
washed in TBS (pH 7.4; Sangon Biotech, Shanghai, China),
containing 0.1% Tween-20 (TBST), blocked with 5% (w/v)
dry nonfat milk (Sangon Biotech) in TBST for 1 hour. They
were then washed with TBST and incubated with primary
antibodies for 16 hours at 4°C. After multiple rinsing, the
membranes were incubated with secondary antibodies at
room temperature for 2 hours. The membranes were then
washed again and visualized with a SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher). Densito-
metric analysis was carried out using Adobe Photoshop CC
2015 (San Jose, CA, USA). Table 2 describes the antibodies
used in Western blot analysis.

TABLE 2. Antibodies Used for Western Blot

Primary Antibodies Corporation Item Number Dilution

Collagen I Abcam ab88147 1:2000
α-Tubulin Abcam ab7291 1:2000
VDR Abcam ab3508 1:1000
Secondary antibodies
Goat anti-mouse IgG (H+L) Invitrogen 31431 1:10,000
Goat anti-rabbit IgG (H+L) Invitrogen 31466 1:10,000
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Image Analysis of Confocal Microscopy
Immunofluorescence

HSFs were fixed in freshly prepared 4% paraformaldehyde
for 30 minutes at 4°C and washed three times in PBS for 5
minutes with a 0.1 M PBS blocking solution containing 6%
normal donkey serum, 1% bovine serum albumin, and 0.3%
Triton X-100 that was applied for 2 hours at room tempera-
ture to block nonspecific binding. Primary antibodies against
VDR (1:100, 12550; Cell Signaling Technology, Danvers, MA,
USA) and Collagen I (1:400, ab88147; Abcam, Cambridge,
MA, USA) were diluted in the dilution buffer (containing
3% normal donkey serum, 0.5% bovine serum albumin,
and 0.3% Triton X-100 in 0.1 M PBS), which covered the
sections during overnight incubation at 4°C. After washing
the sections three times with PBS for 5 minutes each, they
were incubated with secondary antibodies for 2 hours at
room temperature with either donkey anti-rat IgG (H+L)
conjugated to Alexa Fluor 488 (1:400, A-21208; Invitrogen)
or donkey anti-rabbit IgG (H+L) conjugated to Alexa Fluor
555 (1:400, A-31572; Invitrogen). The secondary antibod-
ies were diluted in the same solution as the primary anti-
body. Finally, cell nuclei were stained with 4′,6-diamidino-
2-phenylindole (Vector Laboratories, Burlingame, CA, USA).
The images were captured with a Zeiss LSM 880 confo-
cal microscope (ZEISS, Göttingen, Germany) under a ×20
magnification objective.

Statistical Analysis

Statistical Package for the Social Sciences (SPSS version
16.0; Chicago, IL, USA) software was used for analyses. A
paired sample t-test evaluated the differences in quantita-
tive RT-PCR (qRT-PCR values) between FD-T and FD-F eyes
in the same mouse. For comparisons of two groups, inde-
pendent data sets were compared by unpaired two-tailed
t-tests. Multiple comparisons were performed using one-way
ANOVA test or two-way ANOVA with Bonferroni’s post hoc
tests. For time-dependent multiple comparisons, a two-way
repeated-measures ANOVA was used to calculate the signif-
icance of differences in ocular refractive parameters and
ocular biometrics between the FD-T and FD-F eyes. Unless
stated otherwise, data are presented as mean ± SEM. P
values < 0.05 were considered statistically significant.

RESULTS

Form Deprivation Suppresses Scleral Vdr mRNA
Expression Levels

The effects of 14 days of FD on scleral Vdr mRNA expres-
sion levels were determined in 3-week-old C57BL/6J male
mice (n = 12). Form deprivation induced significant myopia
in the FD (T-F) group compared with the NC (OD-OS) group
(FD versus NC group: −5.87 ± 1.23D versus −0.12 ± 0.46D,

FIGURE 1. Form deprivation downregulates scleral Vdr mRNA expression levels. (A) The FD group after 2 weeks of monocular form
deprivation was significantly more myopic than the age-matched NC. There are no significant changes in AL (B) and VCD (C) following
2 weeks of FD. The C57BL/6J mice were randomly assigned to different groups. FD (T-F) = differences between FD-T and FD-F eyes in the
same mice (n = 7); NC (OD-OS) = differences between oculus dexter (OD) and oculus sinister (OS) eyes in the age-matched unoccluded
mice (n = 5). (D) qRT-PCR analyses showed that scleral Vdr mRNA levels reduced significantly in the FD-T group at 2 weeks relative to that
in the NC group (n = 4, P = 0.0081), whereas this difference was not significant between FD-F and FD-T eyes (n = 4, P = 0.4282). Relative
quantification (RQ) values were normalized to an internal 18S rRNA mouse control; repeated-measures ANOVA measured the refraction. RQ
values were calculated using the one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The data shown on the y-axes
are expressed as mean ± SEM.
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FIGURE 2. Calcipotriol blocks FD changes in refraction, AL, and VCD through upregulating Col1α1 gene expression levels in a normal vision
environment. (A–D) Levels of scleral Vdr (A), Cyp24a1 (B), Cyp27b1 (C), and Col1α1 (D) mRNA were determined by qRT-PCR analysis
after 4 weeks of FD and either DMSO or calcipotriol injections (DMSO n = 8, 0.1mg/kg Cal n = 7, 0.5mg/kg Cal n = 8). Col1α1 (D) mRNA
upregulation after 4 weeks of Cal injection in the FD group relative to the changes in the DMSO treated FD group. (E–G) Intraperitoneal
calcipotriol injections reduced myopia progression in refraction (E), AL (F), and VCD (G). FD data expressed as mean difference between
FD-T and FD-F at each time point (FD+DMSO n = 15, FD+0.1mg/kg Cal n = 15, FD+0.5mg/kg Cal n = 15). 18S rRNA was used as a
reference gene. Significance was determined between the gene expression values in the FD-T and the FD-F eyes with a paired sample t-test.
Multiple comparisons were performed using a two-way ANOVA test. (E–G) Data were analyzed using repeated-measures ANOVA, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.

P = 0.0002, Fig. 1A). On the other hand, there were no
significant changes in the AL (FD versus NC group: 0.012
± 0.006 mm versus 0.029 ± 0.01 mm, P = 0.6212, Fig. 1B)
and VCD (FD versus NC group: 0.001 ± 0.007 mm versus
0.021 ± 0.008 mm, P = 0.372, Fig. 1C) between the FD (T-
F) and NC (OD-OS) groups. After 2 weeks of FD, the Vdr
mRNA levels were significantly lower in the FD-T eyes than
in the NC eyes (P = 0.0081, Fig. 1D) whereas the difference
was not significant between the FD-T and FD-F groups (P
= 0.4282, Fig. 1D). Furthermore, Fig. 2A indicates that, after
4 weeks of FD, the VdrmRNA levels were significantly lower
in the FD-T eyes than in the FD-F eyes in the DMSO group
(P = 0.0103). These changes suggest that Vdr gene expres-
sion progressively fell to reach levels that were significantly
less than those in the FD-F eyes during the course of myopia
progression.

Calcipotriol Inhibits FDM Progression Without
Altering Normal Refractive Development

We then determined if activation of Vdr signaling could
inhibit myopia development through suppressing the
decline in the scleral Col1α1 expression. To activate the
scleral Vdr signaling, we performed intraperitoneal injec-
tions of either 0.1 mg/kg or 0.5mg/kg calcipotriol, and
the mice injected with the DMSO-containing vehicle served
as the control. In the first stage, we assessed the effect
of calcipotriol injection on normal refractive development.
After 4 weeks of injections, there were no significant differ-
ences in Vdr, Cyp24a1, Cyp27b1, and Col1α1 mRNA expres-
sions among the three groups (Supplementary Figs. S1A–D).
Vitamin D3 is activated through hydroxylations by CYP27B1

and inactivated by CYP24A1.33 Calcipotriol injections did
not alter either the refraction, AL or VCD (Supplementary
Figs. S1E–G) in non-FD mice. In the second stage, we deter-
mined the effects of intraperitoneal injections on FDM devel-
opment. Four weeks of FD induced a significant decline in
Vdr (Fig. 2A, P = 0.0103) and Col1α1 (Fig. 2D, P = 0.0019)
mRNA levels in FD-T eyes than those in FD-F eyes in the
DMSO group. However, such declines were not observed on
comparing the FD-F eyes of DMSO and calcipotriol groups
(Figs. 2A, D, DMSO versus 0.5 mg/kg or 0.1 mg/kg Cal, P >

0.9999). Calcipotriol maintained the stability of scleral Vdr
by sustaining Cyp24a1 (Fig. 2B, P = 0.0003) and Cyp27b1
(Fig. 2C, P = 0.0007) expression levels. These results suggest
that calcipotriol only reduces the mRNA expression level
of Vdr difference within groups, whereas its effects across
groups were insignificant. After 4 weeks of FD, calcipotriol
decreased the myopia development compared to the DMSO-
injected group (Fig. 2E, 0.5 mg/kg Cal versus 0.1 mg/kg Cal
versus DMSO: 1.01 ± 1.37 D versus 0.87 ± 1.16 D versus
−5.63 ± 0.72 D; n = 15 in each group, P < 0.0001). This
myopia inhibition was accompanied by suppressed AL elon-
gations in the calcipotriol groups (Fig. 2F, 0.5 mg/kg Cal
versus 0.1 mg/kg Cal versus DMSO: 0.039 ± 0.023 mm
versus −0.004 ± 0.008 mm versus −0.025 ± 0.008 mm,
DMSO versus 0.1 mg/kg Cal, P = 0.0571; DMSO versus 0.5
mg/kg Cal, P= 0.0021). In the FD group, the VCD was signif-
icantly less in the mice injected with 0.5 mg/kg calcipotriol
(−0.007 ± 0.004 mm) compared to those injected with
DMSO (0.012 ± 0.003 mm) (Fig. 2G, DMSO versus 0.1 mg/kg
Cal, P = 0.2504; DMSO versus 0.5 mg/kg Cal, P = 0.0478).
Therefore, calcipotriol inhibited the FDM-induced declines
in Vdr and Col1α1 mRNA expression within the group,
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FIGURE 3. Vdr shRNA transfection reduces Vdr gene expression levels and increases refraction, AL, and VCD. (A) qRT-PCR analysis of
Vdr mRNA expression in sclera. Vdr shRNA transfection reduced Vdr gene expression by 42%. The solid black bar represents the results of
injection with either Vdr shRNA or scrambled shRNA; the unshaded open bar served as the fellow (F) control (n = 7). Data from age-matched
mice with no treatment are also presented for comparison (NC, n = 6). Gene expression levels were normalized to 18S rRNA control. (B–D)
Four weeks after injection of Vdr shRNA, significant differences were observed in interocular differences in refraction, AL, and VCD between
the scrambled shRNA and the NC groups at the indicated postnatal time points during normal refractive development. The unshaded bar
of the NC (OD-OS) group shows the refraction, AL and VCD differences between the right and left eyes in the age-matched NC mice (n =
18). Gray bar of the scrambled shRNA (T-F) group shows the interocular differences between the injection-treated (T) eyes and noninjected
fellow (F) eyes in sub-Tenon’s capsule injected with an irrelevant scrambled sequence (n = 18). The solid black bar of the Vdr shRNA (T-F)
group shows the interocular differences between the T and F eyes and those injected with mouse Vdr gene shRNA (n = 22). The effect of
injection on time-dependent refractive development was evaluated by multivariate analysis of variance. RQ values were calculated using the
one-way ANOVA test. Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

which accounts for why their expression levels were similar
to those in the FD-F group.

Scleral Vdr Knockdown Induces Myopia
Development

To determine if scleral VDR downregulation contributes to
myopia development by reducing COL1α1 expression, we
assessed the effect of scleral Vdr knockdown on normal
refractive development. After 4 weeks of Vdr shRNA injec-
tion, the VdrmRNA expression level of the injected eyes was
lower than that in the noninjected fellow eyes (Fig. 3A, P =
0.0314) or the AAV8-Scramble injected eyes (Fig. 3A, P =
0.023).

Baseline measurements of all biometric variables were
similar among the three groups and between the eyes of
individual mice in the same group (Fig. 3B). After 2, 3, or
4 weeks of AAV8 injection, the refraction in Vdr shRNA-
injected eyes was significantly more myopic than the AAV8-
Scramble eyes and the NC groups (Fig. 3B, NC versus
Scramble shRNA versus Vdr shRNA: 0.127 ± 0.437 diopters
[D] versus −0.032 ± 0.409 D versus −4.559 ± 0.603 D,
NC/Scramble shRNA versus Vdr shRNA, P < 0.0001). Consis-
tent with the refraction, the AL elongation (Fig. 3C, NC

versus Scramble shRNA versus Vdr shRNA: 0.008 ± 0.005
mm versus 0.001 ± 0.005 mm versus 0.03 ± 0.004 mm, NC
versus Vdr shRNA, P = 0.0108; Scramble shRNA versus Vdr
shRNA, P = 0.0002) and VCD increase (Fig. 3D, NC versus
Scramble shRNA versus Vdr shRNA: 0.0049 ± 0.003 mm
versus 0.001 ± 0.002 mm versus 0.022 ± 0.003 mm, NC
versus Vdr shRNA, P = 0.01; Scramble shRNA versus Vdr
shRNA, P = 0.0011) were observed in AAV8-shRNA–injected
eyes. Details of the values and comparisons of interocular
differences are provided in Supplementary Tables S1 and
S2. Taken together, scleral Vdr downregulation induced a
significant myopic shift in refraction as well as increases in
the AL and VCD.

Calcipotriol Upregulates COL1A1 Expression
Through a VDR-Dependent Signaling Pathway in
HSFs

To evaluate the importance of VDR-dependent signaling
pathway in controlling COL1A1 expression, we treated
the HSFs with different concentrations of calcipotriol. As
per the minimum information for publication of quantita-
tive real-time PCR experiments (MIQE) guidelines,35 we have
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FIGURE 4. Calcipotriol upregulates COL1A1 protein expression levels through a VDR-dependent pathway in HSFs. Dose-dependent (1 nM,
10 nM, 100 nM, 1 μM, 10 μM) effects of calcipotriol on VDR and COL1A1 mRNA levels are shown in panels A and B. (C–E) Corresponding
effects of calcipotriol are shown on VDR and COL1A1 protein expression levels. (F–H) Western blot analysis evaluated the effects of the
loss of VDR function on calcipotriol-induced increases in COL1A1 protein expression. (I, J) Western blot analysis evaluated the effects of
the loss of VDR function on 10-nM calcipotriol-induced increases in COL1A1 protein expression. ACTB (Supplementary Fig. S3A) was used
as an internal control in mRNA levels (A, B). α-Tubulin as a loading equivalence control on the Western blots (C), the bar (D, E) graphs
represent relative protein expression levels of VDR and COL1A1 from grayscale analysis using Photoshop. Similarly, Figures 4G and 4H are
summary plots of the results shown in Figure 4F. Figure 4J shows summary plots of the results shown in Figure 4I. Results are expressed
as mean ± SEM of four independent analyses in Western blots and eight independent analyses in qRT-PCR. *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001. (A–E) Multiple comparisons were performed by using one-way analysis of variance with Bonferroni’s post hoc test
and (F–J) ordinary two-way ANOVA.

FIGURE 5. TGF-β2 induces increases in collagen expression levels through a VDR-independent signaling pathway. (A–E) Activation and
inhibition of VDR expression-induced changes in COL1A1 protein expression are compared in the presence and absence of TGF-β2 (5
ng/mL) for 24 hours in HSFs. VDR (A) and COL1A1 (B) mRNA expression levels were determined by qRT-PCR with ACTB (Supplementary
Fig. S3B) as an internal control with eight independent analyses. Western blot analysis evaluated VDR (D) and COL1A1 (E) protein expression
with α-tubulin as an internal control on the same blots. (F–I) HSFs were transfected with a relevant TGFBRI or TGFBRII siRNA and were then
exposed to calcipotriol (10 nM) or TGF-β2 (5 ng/mL) for 24 hours. Western blot analysis of VDR and COL1A1 protein expression levels of
each treatment group, VDR (H), and COL1A1 (I) protein expression data are expressed as mean ± SEM in triplicate by scanning volumetric
densitometry. α-Tubulin was used to verify protein loading equivalence. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; two-way ANOVA
test.
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FIGURE 6. Calcipotriol and TGF-β2 induce increases in COL1A1 expression through parallel signaling pathways. (A–D) Images depict
COL1A1 protein (red) and VDR protein (green) immunoreactivity and the blue delimited 4′,6-diamidino-2-phenylindole nuclear staining.
(A) Calcipotriol upregulates COL1A1 expression through a VDR-dependent pathway. (B) TGF-β2–induced increases in COL1A1 protein
expression level were not blocked by VDR siRNA-transfected HSFs. (C) Interference with both TGFBRI and TGFBRII did not mask the
expression of VDR and COL1A1 induced by 10 nM calcipotriol, (D) while interference with both TGFBRI and TGFBRII may have masked
the expression of VDR and collagen induced by TGF-β2. Scale bar: 50 μm.
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FIGURE 6. Continued.

normalized the expression of VDR and COL1A1 and
applied them across different treatment paradigms using
multiple reference genes such as ACTB, GAPDH, and HPRT
(Supplementary Figs. S2A and S2B). There is no significant
difference in the expression levels of these target genes

irrespective of the reference gene used. Hence, we used
one reference gene in subsequent qRT-PCR experiments.
After 24 hours of treatment, calcipotriol dose dependently
increased both VDR and COL1A1 mRNA expression up to
levels in the 100-nM group (Figs. 4A, 4B, DMSO versus 100
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nM Cal, P = 0.0207, P = 0.0002). These upregulations were
accompanied by corresponding increases in the protein
expression levels of VDR and COL1A1 (Figs. 4D, 4E, DMSO
versus 100 nM Cal, P < 0.0001, P = 0.0031). In addition,
loss of VDR function by siRNA transfection obviated the
calcipotriol-induced rises in VDR protein expression levels
(Fig. 4G, P < 0.0001). Loss of VDR function blocked the
increases in COL1A1 protein expression levels at all exoge-
nous calcipotriol concentrations (Fig. 4H). Accordingly,
10 nM was used to evaluate the involvement of VDR
signaling in mediating increases in COL1A1 expression
in HSFs under the subsequent conditions. Loss of VDR
gene function blocked the respective increases in VDR
and COL1A1 protein expression levels induced by 10 nM
calcipotriol (Fig. 4J, P< 0.0001, P= 0.0013). Taken together,
calcipotriol-induced rises in COL1A1 protein expression
levels depend on VDR gene function in HSFs.

TGF-β2 Induces Increases in COL1A1 Expression
Through a VDR-Independent Signaling Pathway

TGF-β2 is involved in mediating scleral ECM changes and
myopia progression in animal models.26,36 We determined
whether calcipotriol induced increases in COL1A1 through
a TGF-β2–dependent way in HSFs. The individual effects
of TGF-β2 (5 ng/mL) and calcipotriol (10 nM) on COL1A1
expression were measured in HSFs transfected with either
VDR siRNA or TGFBRI/II siRNA. TGF-β2 treatment alone
increased both VDR and COL1A1 mRNA and protein expres-
sion levels (Fig. 5). While both TGF-β2 and calcipotriol
upregulated VDR gene expression, they were suppressed in
VDR siRNA-transfected HSFs. (Figs. 5A, 5D, lane 1 versus
lane 3/6, P < 0.0001). However, the loss of VDR function in
siRNA-transfected cells did not reduce the TGF-β2–induced
increase in COL1A1 protein expression (Figs. 5B, 5E, lane
4 versus lane 6, P > 0.9999), which suggests that there is
another VDR-independent signaling pathway through which
TGF-β upregulates COL1A1. Another indication of the exis-
tence of such a pathway is that combining calcipotriol and
TGF-β2 increased the COL1A1 gene and protein expression
to levels that exceeded those obtained with TGF-β2 alone
(Figs. 5B, 5E, lane 4 versus lane 5, P = 0.0018, P = 0.0013).
To evaluate whether calcipotriol and TGF-β2 mediate control
of COL1A1 expression levels through parallel noninter-
acting receptor-linked signaling pathways, the individual
effects of 10 nM calcipotriol and 5 ng/mL TGF-β2 were
compared with one another in TGFBRI/II siRNA-transfected
HSFs and in scrambled siRNA-transfected HSFs. Calcipotriol
induced increases in VDR and COL1A1 protein expression
levels that were not blocked in TGFBRI or TGFBRII siRNA-
transfected HSFs (Figs. 5F, 5H, 5I, lane 2 versus lane 3/4,
P > 0.9999). However, TGF-β2–induced increases in the
expression of VDR and COL1A1 were essentially mediated
through TGFBRI/II (Figs. 5H, 5I, lane 5 versus lane 6, P <

0.0001). Immunostaining signals were also consistent with
these results (Fig. 6). These data suggest that calcipotriol
and TGF-β2 induced increases in COL1A1 expression levels
through two different signaling pathways.

DISCUSSION

There is growing evidence showing that vitamin D is
endogenously produced by ocular tissues.37–39 VDR expres-
sion is evident in the epithelium of the cornea,40 lens,

ciliary body, and retinal pigment epithelium as well as
the corneal endothelium, retinal ganglion cell layer, and
photoreceptors.40,41 Given that VDR and vitamin D hydrox-
ylases (CYP24A1 and CYP27B1) are expressed throughout
the eye, characterizing their roles is a relevant approach
to uncovering mechanisms that control ocular function in
health and disease.

Our results suggest that upregulating scleral VDR expres-
sion levels may be a viable option to suppress myopia devel-
opment in a clinical setting. This is evident since scleral Vdr
expression was downregulated during myopia development
in a well-recognized FDM mouse model. Scleral Vdr down-
regulation also induced declines in Col1α1 expression and
myopia development. Finally, calcipotriol injections reversed
the FD-induced declines in the Col1α1 expression level and
markedly inhibited myopia progression. At the same time,
calcipotriol maintained the scleral Vdr levels by regulat-
ing the expressions of Cyp24a1 and Cyp27b1. However,
calcipotriol injections had no effect on ocular development
in a normal refractive development.

TGF-β exists in three different isoforms (β1, β2, β3)
that increase both COL1A1 expression levels and stimulate
fibroblast proliferation in the mammalian sclera.25,26 TGF-
β2 levels are significantly reduced during myopia develop-
ment.25,42 Such declines may contribute to long-term colla-
gen fibril diameter thinning observed in highly myopic
eyes.43,44 A complex interplay between the TGF-β and VDR
signaling pathways has been described in recent studies in
different tissues,28–30,45,46 and they define a role for VDR as
an endocrine checkpoint to modulate liver fibrosis.28 On the
other hand, vitamin D3 increased the expression of TGF-
β and TGFBRI/II in osteoblasts47 and patients with multi-
ple sclerosis.48 Therefore, the interplay between TGF-β and
vitamin D3 can be either synergistic or antagonistic. Our
results show that calcipotriol and TGF-β2 induce increases
in COL1A1 mRNA and protein expression levels through
parallel independent signaling pathways in HSFs. On the
other hand, the VDR and TGF-β2 signaling pathways are
likely to interact with one another, as TGF-β2 upregulated
VDR protein expression, without having a corresponding
effect on COL1A1 expression level. Therefore, the interac-
tion between vitamin D3 and TGF-β in mediating control of
COL1A1 is tissue specific. The role of vitamin D3 is unclear
and perhaps species specific, as it was earlier shown that
it had no impact on myopia development in tree shrews
(Siegwart JT, et al. IOVS 2011;52(14):ARVO E-Abstract 6298).
Future studies are still required to determine if the protec-
tive effects of vitamin D3 against myopia in our study can
be replicated in a clinical setting.

It must be noted that the prevalence of low vitamin D is
common across different parts of the world.49 However, a
direct relation between regions with low vitamin D levels
and increased prevalence of myopia could not be estab-
lished. This could be due to a variety of environmental vari-
ables, including the level of education,50 time spent on near
work,51 profession,52 and so on, all of which are confounding
factors for myopia development. Due to the complex inter-
actions of genetic and environmental factors in myopia, vita-
min D3 may regulate the expression of COL1A1 in more than
one way to inhibit the progression of myopia. It was earlier
reported that vitamin D increased the activity of matrix
degrading enzymes, MMP-9 and MMP-2, and suppressed the
levels of their moderator, TIMP-1, leading to reduced ECM
and collagen deposition in liver.53 On the other hand, vita-
min D treatment decreased activities of MMP-954 and TGF-β



Effects of Vitamin D3 on Myopia IOVS | February 2023 | Vol. 64 | No. 2 | Article 2 | 11

levels and decreased collagen deposition in articular carti-
lage and lung fibrosis.55 Given that the scleral ECM under-
goes significant remodeling during myopia, we speculate
that downregulation of VDR may contribute to this scle-
ral remodeling that potentially leads to myopia develop-
ment. Especially, studies focusing on vitamin D deficiency
treatments and myopia progression in humans and other
mammals could shed more light on vitamin D mechanisms
in relation to myopia.
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