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Abstract

Background: NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) is a common inflammatory factor that induces inflammation
by increasing the expression of related cytokines. Although the NLRP3 inflammasome has been implicated in many ophthalmic diseases,
its role in myopia is largely unknown. The aim of this study was to explore the relationship between myopia progression and the NLRP3
pathway. Methods: A form-deprivation myopia (FDM) mouse model was used. Different degrees of myopic shift were achieved via
monocular form deprivation with 0-, 2-, and 4-week covering, and by 4-week covering followed by 1-week uncovering (the blank, FDM2,
FDM4, and FDM5 groups, respectively) in both wild-type and NLRP3 (-/-) C57BL/6J mice. Axial length and refractive power were
measured to assess the specific degree of myopic shift. The protein levels of NLRP3 and of related cytokines in the sclera were evaluated
by Western blotting and immunohistochemistry. Collagen I and matrix metalloproteinase-2 (MMP-2), which affect extracellular matrix
(ECM) remodeling of the sclera, were also examined to clarify the possible underlying mechanism. Results: In wild-type mice, the
FDM4 group had the most significant myopic shift. Both the increase in refractive power and the elongation in axial length were
significantly different between the experimental and control eyes in the FDM2 group. The protein levels of NLRP3, caspase-1, IL-1β,
and IL-18 were significantly up-regulated in the FDM4 group compared to the other groups. The myopic shift was reversed and there
was less up-regulation of cytokines in the FDM5 group compared to the FDM4 group. MMP-2 expression showed similar trends to
NLRP3, while collagen I expression was inversely correlated. Similar results were found in NLRP3 -/- mice, although there was less
myopic shift and less obvious changes in cytokine expression in the treatment groups as compared to the wild-type mice. In the blank
group, no significant differences were found in refraction and axial length between wild-type mice and NLRP3 -/- mice of the same
age. Conclusions: NLRP3 activation in the sclera could be involved in myopia progression in the FDM mouse model. Activation of
the NLRP3 pathway up-regulated MMP-2 expression, which in turn affected collagen I and caused scleral ECM remodeling, eventually
affecting myopic shift.
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1. Introduction

Myopia is a highly prevalent eye disease worldwide
[1]. An epidemiological survey found that in urbanized East
Asia and North America, more than half the children who
complete their high school education are myopic [2]. A re-
cent meta-analysis has suggested that close to half of the
world’s population may be myopic by 2050, with as many
as 10% being highly myopic [3]. Low to moderate degrees
of myopia make daily life inconvenient due to blurred dis-
tance vision. This is usually corrected with spectacles or
contact lenses, or by refractive surgery. In some cases, high
degree myopia is also correctable using these optical ap-
proaches, although there is a significant increase in the inci-
dence of pathological myopia, myopic maculopathy, chori-
oretinal degeneration, retinal degeneration and detachment
[4]. However, permanent vision loss can occur in these sit-
uations. The prevention and treatment of myopia, and par-
ticularly high degree myopia, has therefore become an im-

portant international public health priority [1].

In the vast majority of myopic cases (>95%), the re-
fractive error develops because of excessive axial size re-
sulting from accelerated postnatal eye growth, rather than
because of changes in corneal or lens power [5]. Strong ev-
idence from clinical and experimental studies indicates that
the sclera plays an important role in determining the size
and refractive status of the eye [6,7]. During myopia de-
velopment, researchers have found that the scleral extracel-
lular matrix (ECM) undergoes remodeling, with decreased
stiffness and increased extensibility. This in turn causes the
sclera to be less able to withstand normal intraocular pres-
sure, resulting in further posterior expansion and extension,
and finally elongation of the ocular axis [8–10]. The most
important enzymes involved in this process are matrix met-
alloproteinases (MMPs), which degrade ECMproteins such
as collagen I [11,12].

Previous studies have shown that chronic inflam-
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mation is involved in myopia progression [13,14]. The
population-based cohort study showed that patients with au-
toimmune diseases such as type 1 diabetes mellitus, sys-
temic lupus erytheomatosus, uveitis, and allergic conjunc-
tivitis have a higher risk of myopia compared to patients
without autoimmune disease. In animal models of my-
opia, inflammatory markers such as c-Fos, nuclear fac-
tor kappa B (NFκB), interleukin (IL)-6 and tumor necro-
sis factor (TNF)-α are up-regulated. Moreover, IL-6 and
TNF-α enhanced the development of myopia, while the
immuno-suppressive agent cyclosporine A (CSA) slowed
myopia progression. Inflammation is a protective response
to pathogen or to damage-associated stimulation. The
nucleotide-binding oligomerization domain, leucine-rich
repeat–containing receptors (NLRs) are now recognized to
be key sensors of pathogens and danger signals. NOD-
, LRR-, and pyrin domain-containing protein 3 (NLRP3)
is an intracellular sensor that can detect a broad range of
microbial motifs, endogenous danger signals, and environ-
mental irritants. In response to such signals, NLRP3 in-
flammasomes are formed and activated [15,16]. NLRP3
binds to pro-caspase-1 to form activated NLRP3 inflamma-
somes, before it shear-activates and releases IL-1β and IL-
18 into the extracellular compartment to generate an inflam-
matory reaction [17]. NLRP3 inflammasomes are mainly
found in macrophages, of which a small number are located
in the sclera. Previous studies have shown that IL-1β and
IL-18 have regulatory effects onMMPs in some tissues, but
their effects in the sclera remain unclear [18,19]. Thus, it
can be hypothesised that the NLRP-3 pathway affects the
progression of myopia by targetting the sclera. The aim
of the present study was therefore to investigate the rela-
tionship between myopia progression and the NLRP3 in-
flammasome in the sclera using a form-deprivation myopia
(FDM) mouse model.

2. Materials and Methods
2.1 Animals

Healthy 3-week-old male wild-type C57BL/6J mice
(Beijing Vital River Laboratory Animal Technology Co.,
Ltd., Beijing, China) and NLRP3 (-/-) C57BL/6J mice
(ViewSolid Biotech Co., Beijing, China) of the same age
and with body weights of 12–14 g were used in this study.
Mouse genotypes were confirmed by DNA sequencing
technology. Both types of mice were randomly divided
into four groups, comprising three FDM groups (12 mice
in each group) and a blank group that was comprised of
3 subgroups (6 mice in each subgroup). The FDM mouse
model involved covering the right eye with latex balloons
for 2 weeks (FDM2 group), 4 weeks (FDM4 group), or 4
weeks followed by 1-week uncovered (FDM5 group). The
balloons were also used to make collars that prevented the
mice from using their paws to remove the balloon cover-
ing their eye. The mice in the blank group did not re-
ceive any treatment and were examined when they were 5,

7 and 8 weeks old, thus corresponding to the ages of mice
in the FDM2, FDM4 and FDM5 groups, respectively. All
mice were exposed to daily periods of 12 hours of natural
light and 12 hours of dark. Water, vegetables, and vitamins
were provided ad libitum. Animal treatment adhered to the
Association for Research in Vision and Ophthalmology’s
Statement on the Use of Animals in Ophthalmic and Vision
Research. The animal experiments were conducted under
pathogen-free conditions in line with the institutional ani-
mal care protocols approved by the Peking Union Medical
College Hospital (XHDW-2022-52).

2.2 Measurements of Refractive Power and Axial Length
Mice were anesthetized with an intraperitoneal injec-

tion of 1% pentobarbital sodium and the pupils were then
rapidly dilated with compound tropicamide. The refraction
of both eyes was measured in a dark room using a banded
optometric apparatus (Suzhou Sixty Six Vision Technology
Co., Ltd., Suzhou, China; Model YZ24) in the direction of
the visual axis. After the mice were sacrificed, their eyes
were removed with a forceps and stripped of as much pe-
ripheral connective tissue as possible so that the axis of
the eye was oriented in the same direction as the microme-
ter (Dongguan Sanqiang Hardware Machinery Co., Model
211-101). Readings were taken just as the spiral microme-
ter touched the corneal surface, which determined the axial
length (AL). Three measurements were made, and the av-
erage value was rounded to the nearest 0.001 mm. All mea-
surements were performed and recorded by experienced
personnel.

2.3 Immunohistochemistry
The removed eye samples were fixed in 4% formalde-

hyde solution at 4 ℃ and then cut into sections, blocked,
and incubated with primary antibodies for observation un-
der a fluorescent microscope. For the negative control, nor-
mal serum was used instead of the primary antibody. The
evaluation of fluorescence was carried out in double-blind
fashion. The primary antibodies were specific for NLRP3
(1:200 dilution; #15101, cell signaling technology, USA),
IL-1β (1:200; #12242, cell signaling technology, USA),
IL-18 (1:200; ab207323, abcam, UK), caspase-1 (1:200;
#24232, cell signaling technology, USA), MMP-2 (1:200;
ab86607, abcam, UK), and collagen-1 (1:200; ab88147, ab-
cam, UK). BOND polymer refined detection (DS9800, Le-
ica, German) was used. The immunoreactive score (IRS)
was determined using a 13-point scale ranging from 0 to 12
and was obtained by multiplying the percentage of positive
cells (PP: 0 = no positive cells; 1 =<25% positive cells; 2 =
25%–50% positive cells; 3 = 51%–75% positive cells; 4 =
>75% positive cells) by the predominant degree of staining
(SI: 0 = negative; 1 = weak; 2 = moderate; 3 = strong).
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Fig. 1. Refractive status and related cytokine expression in the blank group of wild-type mice and NLRP3-/- mice. 2b, 4b, 5b
represent the eyes from the blank group at the same age as the FDM2, FDM4 and FDM5 groups, respectively. (A) Immunohistochemical
images of sclera. Each image corresponds to an actual size of 100 µm × 100 µm. The arrow points to the portion of tissue stained by
that antibody. There were no significant differences in refraction (B) or axial length (C) between NLRP3 -/- and wild-type mice in the
blank group at the same age.

2.4 Western Blotting

The sclera was snap-frozen in liquid nitrogen, ground
into a powder and then placed in lysis solution for 60 min-
utes. The scleral lysates were prepared in SDS lysis buffer
containing a mixture of protease and phosphatase inhibitors
(Pierce, Rockford, IL). The proteins were quantified using
a Bradford protein assay and 40 µg samples of total protein
were loaded onto sodium dodecyl sulfate–polyacrylamide
gels. Following separation by electrophoresis, the pro-
teins were transferred onto polyvinylidene difluoride mem-
branes (Millipore, Billerica, MA, USA). These were incu-
bated overnight at 4 °C with the same primary antibod-
ies as those used for immunohistochemistry. Goat anti-
rabbit (ab6721, abcam) or anti-mouse (ab6789, abcam)
horseradish peroxidase-conjugated secondary antibody was
used to detect target proteins with a western blotting kit
(12957s, Cell Signaling Technology), followed by scanning
with the Odyssey Fc System (LI-COR, USA). Image J 1.8
software (LOCI, University of Wisconsin, Madison, WI,
USA)was used for grayscale analysis, with the relative gray
level obtained by dividing the target band with β-actin to
provide a semi-quantitative measure of protein expression
level.

2.5 Statistical Analysis

SPSS 22.0 (IBM Corp., Chicago, IL, USA) statisti-
cal software was used for statistical analysis. Measure-
ment data in this study were tested for normality using the
Shapiro-Wilk test and expressed as the mean ± standard
deviation. For the comparison of groups, differences were
assessed using parametric tests such as the t-test (for nor-
mally distributed data), the Mann-Whitney U test for non-
parametric data, or theWilcoxon matched pairs signed rank
test. p-values < 0.05 were considered statistically signifi-
cant.

3. Results
3.1 NLRP3 -/- Mice Achieved a Similar Refractive Status
during Natural Development as Wild-Type Mice

To determine whether the myopic shift in wild-type
and NLRP3 -/- mice was comparable in the subsequent
study, we first compared the refractive status of the blank
group in both wild-type and NLRP3 -/- mice. No signifi-
cant differences were found in axial length (AL) or refrac-
tion power between the two mouse types at the same age
(Fig. 1B,C). Immunohistochemical staining showed that
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Fig. 2. The expression of inflammatory cytokines related to the NLRP3 pathway and of scleral tissue remodeling proteins in-
creased over time in experimental eyes, and decreased after removal of the eye mask. Form deprivation promoted myopic shift in
wild-type C57/BL6J mice. 2c represents the control eyes in the FDM2 group, 2e represents the experimental eyes in the FDM2 group, 2b
represents the eyes in the blank group of mice with the same age as FDM2, and so on for FDM4 and FDM5. (A) Immunohistochemical
images of sclera. Scleral tissues were obtained from wild-type mice. Each image corresponds to an actual size of 100 µm × 100 µm,
with the arrow pointing to the portion of tissue stained with the antibody. Quantitative analysis of diopter (B) and axial length (C) from
the wild-type mice used in the experiments (n = 12). * represents a statistically significant difference (group A vs.group B, p < 0.05)
between the two groups connected by the solid line.

NLRP3 was expressed at much lower levels in NLRP3 -
/- mice compared to wild-type mice. Other cytokines re-
lated to the NLRP3 pathway and to the scleral ECM, includ-
ing IL-1β, IL-18, caspase-1, MMP-2 and collagen-1, also
showed differences in expression, but these did not reach
statistical significance (IRS in Table 1). Hence, in the ab-
sence of ocular masking, there were no differences in re-
fractive status between wild-type and NLRP3 -/- mice.

3.2 The NLRP3 Inflammasome is Activated in the Scleral
Tissue of FDM Mice

We next investigated whether changes to the NLRP3
inflammasome in the sclera were associated with myopia
development. To do this, the myopic shift, AL elongation,
and expression levels of NLRP3 and caspase-1 in the ex-
perimental eyes were compared with the control eyes (i.e.,

the uncovered contralateral eye) in the FDM2 and FDM4
groups of wild-type mice.

In the FDM4 group, significant myopic shift (Fig. 2C;
5.30 ± 1.16 D vs. 9.20 ± 1.21D, p = 0.001) and AL elon-
gation (Fig. 2B, 3070± 130 D vs. 2945± 115 D, p = 0.03)
were observed in the experimental eyes compared to control
eyes, respectively. A similar trend was seen in the FDM2
group, but the differences in myopic shift (Fig. 2C; 3.25 ±
1.37 D vs. 4.30 ± 1.08 D, p = 0.08) and AL elongation
(Fig. 2B; 2964 ± 127 D vs. 2832 ± 193 D, p = 0.13) did
not reach statistical significance.

Western blotting and immunohistochemistry revealed
that the expression levels of NLRP3 and caspase-1 pro-
tein were both correlated with the duration of form depriva-
tion. In both the FDM2 and FDM4 groups, the NLRP3 and
caspase-1 levels in the sclera of experimental eyes were
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Table 1. Immunoreactive score (IRS) in the sclera of wild-type and NLRP3 -/- mice (n = 6).
2c 2b 2e 4c 4b 4e 5c 5b 5e

+/- +/- +/- +/- +/- +/- +/- +/- +/-

IL-1β 1.2 ± 1.0/2.4 ± 1.2 0.9 ± 1.1/1.8 ± 1.3 5.1 ± 1.8/4.1 ± 1.6 2.1 ± 1.1/4.3 ± 1.5 1.8 ± 1.3/3.8 ± 1.7 9.5 ± 2.9/7.3 ± 2.0 2.9 ± 1.6/3.8 ± 1.4 2.6 ± 1.4/3.4 ± 1.6 5.4 ± 1.6/5.0 ± 1.8
IL-18 3.3 ± 1.6/2.2 ± 1.4 2.7 ± 1.4/1.9 ± 1.6 7.3 ± 2.3/4.6 ± 1.6 6.2 ± 2.9/5.6 ± 1.9 6.1 ± 3.1/4.9 ± 1.8 8.8 ± 2.6/8.2 ± 2.2 4.0 ± 2.1/4.2 ± 1.6 4.7 ± 1.9/4.4 ± 1.4 8.0 ± 1.9/5.4 ± 1.7
Caspase-1 1.5 ± 0.9/3.3 ± 1.2 1.8 ± 0.8/2.6 ± 1.5 4.3 ± 1.4/3.7 ± 1.3 1.8 ± 0.8/4.2 ± 1.5 2.0 ± 1.1/4.8 ± 1.8 8.5 ± 1.8/6.7 ± 1.6 2.6 ± 1.4/3.0 ± 1.6 2.3 ± 1.2/3.2 ± 1.4 1.6 ± 0.9/6.1 ± 2.1
NLRP-3 2.4 ± 1.1/0.8 ± 0.6 2.2 ± 1.0/1.1 ± 0.5 5.7 ± 1.4/1.5 ± 0.7 3.0 ± 1.3/1.6 ± 0.8 3.5 ± 1.1/1.3 ± 0.6 7.4 ± 1.9/1.4 ± 0.5 3.1 ± 2.0/1.6 ± 0.8 3.4 ± 1.6/1.1 ± 0.9 2.2 ± 1.2/1.1 ± 0.4
MMP-2 1.1 ± 0.8/3.5 ± 1.6 1.6 ± 1.1/2.7 ± 1.4 7.6 ± 2.2/6.0 ± 1.8 4.8 ± 1.6/2.8 ± 0.8 5.1 ± 1.8/2.1 ± 0.9 9.4 ± 2.4/7.8 ± 2.1 3.0 ± 1.6/3.8 ± 1.8 3.0 ± 1.9/3.4 ± 1.6 3.5 ± 1.4/3.0 ± 1.4
Collagen-1 4.7 ± 2.1/5.7 ± 2.0 5.0 ± 1.8/5.4 ± 2.2 3.5 ± 1.4/5.7 ± 1.4 3.3 ± 1.3/6.4 ± 2.0 4.0 ± 1.9/5.2 ± 1.5 2.1 ± 0.8/4.6 ± 1.5 4.8 ± 1.3/5.5 ± 2.3 4.4 ± 1.6/5.7 ± 1.8 2.8 ± 1.2/6.0 ± 2.3
The values shown in the table are the average IRS from 6 eyes in the same group. Data are expressed as the mean ± SD. 2c represents the control eyes (the uncovered contralateral eye in the FDM group) in
the FDM2 group, 2e represents the experimental eyes in the FDM2 group, 2b represents the eyes in the blank group with the same age as the FDM2 group, and so on for FDM4 and FDM5. ‘+’ represents
data from wild-type mice, while ‘-’ is data from NLRP3 -/- mice.
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higher than in the control eyes (Fig. 3A–C, and Fig. 2A).
NLRP3 and caspase-1 expression in the experimental eyes
of the FDM4 group were higher than in the control eyes of
the same group (Fig. 3B,C, p = 0.006), and also higher than
in the experimental eyes of the FDM2 group (Fig. 3B,C, p
= 0.032). This was consistent with the results observed for
myopic shift and AL elongation. Similar results were also
obtained using the immunohistochemical semi-quantitative
method for comparison (Table 1). These findings suggest
that myopic progression and activation of the NLRP3 in-
flammasome pathway occur in the FDM mouse model.

3.3 Suppression of the NLRP3 Pathway Following
Removal of the Mask Induced a Hyperopic Shift

The relationship between NLRP3 expression and my-
opia was further investigated by comparing the AL, my-
opic shift, and NLRP3 expression in the experimental eyes
of wild-type mice in the FDM5 group with those from the
FDM4 group. One week after removal of the covering,
the expression levels of NLRP3 and caspase-1 were signif-
icantly lower, as observed by Western blotting (Fig. 3B,C)
and immunohistochemistry (Fig. 2A). The myopic shift
in the experimental eyes was also significantly reduced
(Fig. 2B; 9.90± 1.40 vs. 5.30± 1.16, p = 0.001), but there
was no significant difference between the experimental and
control eyes (Fig. 2B; 9.90± 1.40 vs. 9.27± 1.10, p = 0.18)
in the FDM5 group. In addition, there was no statistical dif-
ference in AL between the experimental and control eyes
in the FDM5 group (Fig. 2C; 3191 ± 99 vs. 3205 ± 122,
p = 0.67), whereas the experimental eyes had significantly
longer AL in the FDM4 group (p = 0.03). Therefore, the
decreased NLRP3 and caspase-1 expression levels after re-
moval of the mask resulted in a subsequent hyperopic shift
in the experimental eyes. The control eyes in each group
were also compared with those in the blank group, but no
significant differences were found in the expression levels
of each factor, AL or refraction (Fig. 2). Hence, we con-
cluded that the increased expression level of each factor in
the experimental eye was confined to that eye and was not
due to systemic inflammation.

3.4 NLRP3 Deletion Reduced FDM Development

To clarify the effect of NLRP3 on the development
of myopia, we examined FDM using NLRP3 -/- mice and
measured the refraction power, AL and expression levels of
NLRP3 and caspase-1 in the different experimental groups.
The results were compared with those of wild-type mice
from the same age group.

Refractive changes in the experimental eyes from the
FDM4 group of NLRP3 -/- mice were again significantly
different to those of control eyes (Fig. 4B; 7.33 ± 1.16 vs.
9.15 ± 1.24, p = 0.01). However, there was no significant
difference between the experimental and control eyes in the
FDM2 group of NLRP3-/- mice (Fig. 4B; 3.75 ± 1.37 vs.
4.22 ± 1.31, p = 0.47). This differed to the result in wild-

type mice, where a trend was observed (p = 0.08). Cross-
group comparison of the same age group revealed that the
tendency towardsmyopia was suppressed in the experimen-
tal eyes of NLRP3 -/- mice (FDM4: wild-type vs. NLRP3
-/-: 7.33 ± 1.16 vs. 5.30 ± 1.07, p = 0.0002). The change
in AL was similar, but the difference was not statistically
significant (FDM4: wild-type vs. NLRP3 -/-: 3070 ± 130
vs. 3012 ± 115, p = 0.26). The difference in AL between
experimental and control eyes in FDM4 group of NLRP3
-/- mice was not significant (Fig. 4C, 3012 ± 115 vs. 2960
± 133, p = 0.31), in contrast to the significant difference
observed with wild-type mice (p = 0.03).

Furthermore, NLRP3 expression in NLRP3 -/- mice
was not statistically different between the various groups
(Fig. 5D and Fig. 4A) and relatively low (Fig. 6B Table 1).
The expression level for Caspase-1 in the experimental eyes
of the FDM4 group was higher than in the other groups of
NLRP3 -/- mice (Fig. 5F), but significantly lower than that
observed in wild-type mice (Fig. 6A). The myopic shift in
the FDM mouse model was suppressed when NLRP3 ex-
pression was lower.

3.5 NLRP3 Enhances Myopia via Downstream Cytokines
and the Expression of Proteins for Scleral Integrity

To explain the above findings, we measured the ex-
pression of IL-18 and IL-1β, and of MMP-2 and collagen
1. These represent factors downstream of the NLRP3 sig-
naling pathway, and factors associated with scleral integrity
and myopia progression, respectively. In wild-type mice,
the expression levels of IL-1β and MMP-2 in the experi-
mental eyes were higher than in the control eyes in both the
FDM2 and FDM4 groups. The expression levels in the ex-
perimental eyes of the FDM4 group were also higher than
those of the FDM2 group. However, the expression lev-
els in the experimental eyes of the FDM5 group were lower
compared to the FDM4 group (Fig. 3D,G and Table 1). The
results in NLRP3 -/- mice were identical to those of wild-
type mice (Fig. 5B,G and Table 1), consistent with the my-
opic shift and changes in NLRP3 expression level. These
results indicate a positive correlation between the expres-
sion levels of IL-1β and MMP-2, and also that increased
expression of these two factors promoted the progression
of myopia.

The expression of collagen I was completely differ-
ent to IL-1β and MMP-2. In each group of wild-type mice,
collagen I expression was higher in the control eyes than
in the experimental eyes (Fig. 3G), while its expression in
the experimental eyes of the FDM4 group was lower than
in all other groups (Fig. 2A). In NLRP3 -/- mice, colla-
gen I expression was also lowest in the experimental eyes
of the FDM4 group, but no statistical differences were ob-
served compared to the other groups (Fig. 5C). Since colla-
gen I is a major component of the scleral ECM, IL-1β and
MMP-2 may promote the progression of myopia by down-
regulating collagen-1 and subsequent scleral ECM remod-
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Fig. 3. Form deprivation promoted scleral NLRP3 inflammasome activation in wild-type C57/BL6J mice. 2c represents the
control eyes in the FDM2 group, 2e represents the experimental eyes in the FDM2 group, and so on for the FDM4 and FDM5 groups.
(A) Representative Western blot results for NLRP3, caspase-1, IL-1β, IL-18, MMP-2 and collagen-1 protein levels. Semi-quantitative
analysis of NLRP3 (B), caspase-1 (C), IL-1β (D), IL-18 (E), MMP-2 (F) and collagen-1 (G) expression levels deduced from the Western
blot results. Data are expressed as mean ± SD. (n = 3). # means ‘this group vs. 2e group, p < 0.05’ , and * means ‘this group vs. 4e
group, p < 0.05’.

eling.
In wild-type mice, IL-18 showed high expression in

all experimental eyes, with no statistical difference between
groups. In contrast, the experimental eyes in the FDM4
group of NLRP3 -/- mice showed a statistically different

level of IL-18 expression to all of the other groups (Fig. 5E),
although they also showed reduced levels compared to
wild-type mice (Fig. 6D). It is possible that the FDM
model induces IL-18 activation through pathways other
than NLRP3/caspase-1, therefore explaining why masking

7

https://www.imrpress.com


Fig. 4. The expression of inflammatory cytokines related to the NLRP3 pathway and of scleral tissue remodeling proteins in-
creased over time in NLRP3 -/- mice, but this did not reach statistical significance. 2c represents the control eyes in the FDM2
group, 2e represents the experimental eyes in the FDM2 group, 2b represents the eyes in the blank group with the same age as the FDM2
group, and so on for the FDM4 and FDM5 groups. (A) Immunohistochemical images of scleral tissues obtained from NLRP3 -/- mice.
Each image corresponds to an actual size of 100 µm × 100 µm, with the arrow pointing to the area of tissue stained by that antibody.
Quantitative analysis of diopter (B) and axial length (C) from the NLRP3 -/- mice used in the experiments (n = 12). * represents a
statistical difference (group A vs. group B, p < 0.05) between the two groups connected by the solid line.

still increased IL-18 expression in NLRP3 -/- mice.
In the FDM4 group of NLRP3 -/- mice, no statistical

differences were observed between the expression of each
factor in the eyes of the blank group compared to the eyes
of the controls. This demonstrates that the FDM model did
not affect the expression level of each factor in the control
eyes of NLRP3 -/- mice (Fig. 5B–G).

4. Discussion
Axial elongation is the most important form of change

in the progression of myopia [20], and was recapitulated in
the FDM mouse model used in the current study. In the
FDM4 group, the refraction shift towards myopia and axial
elongation were both significantly different in the experi-
mental eyes compared to the control eyes. Moreover, the
difference diminished after the mask had been removed for

one week. These results confirm a successful establishment
of the myopic model and validate the findings of previous
studies [21]. There were no significant differences in ei-
ther refraction or AL between eyes in the blank group and
control eyes in the FDM4 group, suggesting that masking
one eye did not affect development of the unmasked con-
trol eye. Together with the observation of no significant
differences in myopic shift and AL elongation between the
control eyes in the FDM4 group and the eyes in the blank
group, we believe that monocular form deprivation in wild-
type mice has no significant effect on the untreated eye in
FDM models.

In this study, immunohistochemistry and Western
blotting showed that protein expression levels for NLRP3,
Caspase-1, IL-18, and MMP-2 were highly consistent with
myopic shift and AL elongation in wild-type mice. These
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Fig. 5. NLRP3 knockout reduced scleral NLRP3 inflammasome activation in the FDM mouse model. 2c represents the control
eyes in the FDM2 group, 2e represents the experimental eyes in the FDM2 group, and so on for the FDM4 and FDM5 groups. (A)
Representative Western blot for expression of the NLRP3, caspase-1, IL-1β, IL-18, MMP-2 and collagen-1 proteins. Semi-quantitative
analysis for NLRP3 (D), caspase-1 (F), IL-1β (B), IL-18 (E), MMP-2 (G) and collagen-1 (C) expression levels deduced from theWestern
blot results. Data are expressed as mean ± SD (n = 3). # means ‘this group vs. 2e group, p < 0.05’ ; * means ‘this group vs. 4e group,
p < 0.05’.

results strongly suggest the NLRP3 pathway is associated
with the progression of myopia. Previous studies have
shown that NLRP3 is involved in various eye diseases such
as keratitis, diabetic retinopathy, dry eye disease and age-
related macular degeneration [22–24]. The current study
has for the first time revealed an association between the
NLRP3 pathway and myopia.

The role of inflammation in myopia progression has
been described previously [25,26]. Lin and colleagues re-

ported that expression levels for inflammatory cytokines in-
cluding c-Fos, nuclear factor κB, IL-6, and tumor necro-
sis factor-α were up-regulated in the FDM model, and
down-regulated by treatment with atropine [13]. Further-
more, these authors found that myopia progression could
be slowed by the immunosuppressive agent cyclosporine A.
Our findings provide additional evidence for the involve-
ment of an inflammatory response in the pathogenesis of
myopia.
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Fig. 6. Deletion of NLRP3 reduces the development of FDM and the expression of inflammatory cytokines related to NLRP3.
Comparison of caspase-1 (A), NLRP3 (B), IL-1β (C), IL-18 (D), collagen-1 (E), and MMP-2 (F) expression levels in NLRP3 -/- and
wild-type mice of the same age and group using relative grey-scale values. The color shades and ranges detected by a specific antibody
in western blot were quantified in image J as grayscale values and then divided by the grayscale value of its corresponding β-actin. 2e
represents the experimental eyes in the FDM2 group, and so on for the FDM4 and FDM5 groups.* represents a statistically significant
difference (group A vs.group B, p < 0.05’.) between the two groups connected by the solid line.

Previous studies have demonstrated that MMP-2 can
induce scleral ECM remodeling, thereby playing a key role
in myopia development. IL-18 and IL-1β can up-regulate
MMP-2 in many types of cells [18,27,28]. Zhao et al. [29]
reported that scleral monocyte-derived macrophages con-
tribute to the development of myopia by increasing MMP-2
expression in FDM mice. In the present study, protein ex-
pression levels for NLRP3, Caspase-1, IL-1β, and MMP-2
were positively correlated with myopic shift and AL elon-
gation in wild-type mice. In NLRP3 -/- mice, the expres-
sion of NLRP3 was suppressed, the expression levels for

Caspase-1, IL-1β, and MMP-2 were also lower to vary-
ing degrees, and myopic shift and AL elongation were re-
duced. In addition, collagen I expression was inversely cor-
related with NLRP3 expression. Combined with the find-
ings of previous studies, we propose the following pathway
in the FDMmodel: masking the eye causes NLRP3 expres-
sion to increase; NLRP3 binds to pro-Caspase-1 to form the
NLRP3 inflammasome and activate Caspase-1; Caspase-1
converts pro-IL-1β to IL-1β, which induces increased ex-
pression of MMP-2; MMP-2 then down-regulates collagen
I expression, which ultimately leads to remodeling of the
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Fig. 7. Possible mechanism explaining how the up-regulation of NLRP3 induces a myopic shift.

scleral ECM and progression of myopia (Fig. 7).
NLRP3 -/- mice experienced a significantmyopic shift

in the form-deprivation eyes compared with control eyes,
although to a much lesser extent than in wild-type mice.
Similiar trends were observed for axial elongation. A pos-
sible explanation could be that NLRP3 was only partially
suppressed in the knockout mice used in this study, and the
residual expression of NLRP3 could still play a role in the
development of myopia. Another explanation is that my-
opia is a multifactorial disease, and hence the progression
of myopia is only partly determined by NLRP3 activation.
The FDM model could also undergo myopia progression
through other pathways.

The situation with IL-18 was somewhat complicated
by the fact that its generally high expression in the exper-
imental eyes of wild-type mice prevented us from deter-
mining whether it was also involved in the aforementioned
mechanism of myopia progression. However, the expres-
sion level of IL-18 in NLRP3 -/- mice was consistent with
a myopic shift. This suggests there are other pathways in
the FDMmodel besides NLRP3 that can increase the IL-18
expression level and thus be associated with myopia pro-
gression.

Despite a plethora of research on myopia, the molecu-
lar/cellular mechanisms that underlie its pathology are still
not well understood, thereby slowing the search formore ef-
fective pharmacological controls. So far, the anticholiner-
gic blocking agent atropine has been the most effective and
is used by clinicians in off-label ways for myopia control.
However, there are concerns regarding potential long-term
ocular or systemic side-effects of atropine usage. NLRP3
is a common inflammatory factor involved in the develop-
ment and progression of many eye diseases. Inhibitors of
NLRP3 have proven effective in the treatment of these dis-
eases [30–32]. The present study demonstrated the involve-

ment of NLRP3 in the progression of myopia in the FDM
model. Moreover, the suppression of NLRP3 expression
reduced the extent of myopic shift, suggesting that NLRP3
inhibitors could potentially be used to prevent or slow the
development of myopia.

A limitation of this study was that only protein ex-
pression levels were assessed, with no analysis at the tran-
scriptional level using methods such as RT-PCR. In addi-
tion, Western blotting and immunohistochemistry are semi-
quantitative descriptions and somewhat inadequate for pre-
cise numerical evaluation.

5. Conclusions
In summary, this is the first report to our knowledge

that NLRP3 could be involved in myopic shift in the FDM
mouse model. The underlying mechanism might be that
NLRP3 promotes the activation of IL-1β, thereby induc-
ing MMP-2 expression, which in turn affects collagen I and
causes scleral ECM remodeling, thus eventually played a
role in myopic shift. These results provide a basis for future
investigations into the possible use of NLRP3 inhibitors for
the treatment of myopia.
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