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SCIENTIFIC REPLIRTS

Inflammatory cytokines in highly
_myopic eyes

: JianshuYuan?, Shanjun Wu?, Yuewen Wang?, Suqi Pan?, Pengyun Wang! & Lingyun Cheng?

. Currently, myopic retinopathy is the most common irreversible blinding disease but its pathophysiology
© is not completely clear. A cross-sectional, observational study was conducted in a single center to
Accepted: 29 January 2019 . analyze aqueous samples from highly myopic eyes (axial length >25mm, n=92) and ametropic or
Published online: 05 March 2019  mild myopic eyes (n = 88) for inflammatory cytokines. Vascular endothelial growth factor (VEGF),
. Interleukin 6 (IL-6), and matrix metalloproteinase-2 (MMP-2) were measured using an enzyme-linked

immunosorbent assay. IL-6 and MMP-2 were significantly higher in the highly myopic eyes than in the
: non-high myopic eyes (IL-6: 11.90 vs. 4.38 pg/mL, p < 0.0001; MMP-2:13.10 vs. 8.82 ng/mL, p=0.0003)
. while adjusting for age, gender, and intraocular pressure. There was a significant positive association
. between levels of IL-6 and MMP-2 in aqueous humor and the axial lengths of the eye globes (IL-6,
: 3=0.065, p<0.0001, n=134; MMP-2, 3=0.097, p < 0.0001, n=131). Conversely, VEGF in aqueous
. humor was significantly lower in the highly myopic eyes than in the non-high myopic eyes (45.56 vs.
© 96.90 pg/mL, p < 0.0001, n=153) while age, gender, and intraocular pressure were adjusted. The
. results suggest that low-grade intraocular inflammation may play an important role in the development
: and progression of high myopia and myopic retinopathy.

Received: 8 May 2018

. Myopia is a very common refractive disorder of the eye. Mild or moderate myopia usually stabilizes within the
. third decade of life without pathological changes of the retina later in life. However, there are many patients
. whose refractive error and eye structure experience a progressive change over their whole lifetime. These changes
- include elongation of the eye globe axis, stretching of the eye wall, degenerative changes such as geographic
. atrophy of the retina and choroid, and choroidal neovascularization at the macular region. These pathological
. changes occur later in life (fifth decade and later) and can cause significant visual loss and disability'-5. Large
. population-based studies have shown that high myopia is the leading eye disorder to cause visual disability*-,
. only second to cataract in the Asian population®’. Myopia has become a worldwide health issue afflicting 1.4
. billion people worldwide and a projected 4.7 billion people will have myopia (49.8% of the world population) by
: 2050. Of those, 163 million have high myopia with progressive eye globe elongation and develop blinding myopic
© retinopathy®.

: Currently there is no ideal therapy to halt the progressive elongation of axial length in highly myopic eyes,
. although posterior scleral reinforcement surgery early in life is being investigated®’. The root cause of this devas-
. tating eye disorder is not completely clear; both genetic!!~** and environmental factors have been suggested to be
© at play'*">. In daily retina practice, chronic inflammatory chorioretinal diseases are often noted to have a myopic
. refractive shift over time. With the advent of OCT imaging technology, stretching of the sclera or development
. of staphyloma can be monitored during treatment and follow-up of some inflammatory ocular disease such as
© Vogt-Koyanagi-Harada disease (ARVO abstract 3126, Yosuke Harada, on Tuesday, May 5, 2015)'. If choroid
. inflammation can weaken and cause the sclera to stretch, resulting in myopia as seen in Vogt-Koyanagi-Harada
. disease, it is possible that persistent low-grade chronic inflammation in the retina/choroid could cause progressive
: stretching of the sclera and axial elongation. Indeed, the data from a large study of chorioretinal inflammatory
. diseases with fifteen years of follow-up revealed that myopic refractive shift was present in every inflammatory
. disease entity including multifocal choroiditis (average —2.19 diopters), punctate inner choroidopathy (average
. —3.67 diopters), diffuse subretinal fibrosis syndrome (average —1.25 diopters), and multiple evanescent white
: dot syndrome (average —1.25 diopters)!”. There may be a connection between myopia (and the associated retinal
: degeneration) and innate subclinical inflammation in the retina/choroid. The neural retina, as an extension of
. the vertebrate brain, shares many anatomical and physiological features such as tight endothelial barriers. Several

© INingbo Eye Hospital, 855 Min An Road, Ningbo, Zhejiang, 315040, China. 2Jacob’s Retina Center at Shiley Eye
" Institute, Department of Ophthalmology, University of California San Diego, 9415 Campus Point Drive, La Jolla, CA,
: 92037-0946, USA. Correspondence and requests for materials should be addressed to L.C. (email: ILcheng@ucsd.
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Figure 1. Study Flowchart.

degenerative changes in the brain, such as Alzheimer’s disease and dementia, have been reported to be attributa-
ble to chronic inflammation'®-*. While the retina of highly myopic eyes exhibits clear degenerative changes®, it is
not yet well explored if the retinal degeneration is related to inflammation.

The association between myopia and subclinical chorioretinal inflammation has rarely been explored and
relevant data is in paucity?"*%. One reason for this is that there is no clinically perceivable inflammation in the
retina or choroid of myopic eyes and it is not justified to sample ocular fluid from these patients. Senile cataract
extraction in emmetropic and myopic eyes provides an excellent opportunity for us to sample aqueous humor
from selected patients. Studies have demonstrated that the levels of drugs or cytokines are positively correlated
between the aqueous and vitreous fluid****. The aim of this study is to investigate if there is indeed a connection
between low-grade intraocular inflammation and highly myopic eyes using undiluted aqueous humor samples
from a senile cataract population who received cataract extraction at a single eye hospital from January 2016 to
October of 2017.

Materials and Methods

Study design. We hypothesize that persistent low-grade chronic inflammation may be one of the factors
contributing to progressive axial elongation in highly myopic eyes or pathological myopia. Eyes with —8 diopters
or worse are at significantly higher risk for developing a myopic retinopathy later in life, including diffuse chori-
oretinal atrophy, patchy chorioretinal atrophy, and macular atrophy?*. For this sake, senile cataract patients with
a history of high myopia and an axial length greater than 25 mm, or concurrent senile cataract patients without
myopia or an axial length of 25 mm or shorter were prospectively selected at the pre-cataract surgery examination
with the patients’ signed informed consent. At the start of cataract surgery following retro bulbar anesthesia, the
undiluted aqueous humor was collected immediately prior to the intracameral injection of viscoelastic material.
The sampled volume was between 90 uL and 120 pL depending on eye size, depth of the anterior chamber, and the
procedural safety judged by the surgeon. The ethics committee of the Ningbo Eye Hospital approved the study
and all study participants gave their consent before the surgery. This research strictly adhered to the tenets of the
Declaration of Helsinki.

Participants. Patients who underwent cataract surgery between January 2016 and October 2017 were
recruited for this study as the study flowchart shown (Fig. 1). During the pre-surgical visit, patient medical history
and family history were carefully discussed with the patients and reviewed systematically. Patients with any previ-
ous intraocular surgery, trauma, or any known eye diseases such as diabetic or high blood pressure retinopathy, a
history of retinitis, uveitis, retinal vein occlusion, or any type of macular degeneration other than myopic macular
degeneration were excluded. Patients who had a family history of glaucoma or a personal history of glaucoma,
systemic diseases such as diabetes or rheumatic disorders, or usage of steroids were excluded from the study. If
patients underwent cataract surgery in one eye previously, it had to have been performed at least 5 months before
the current eye surgery. Eyes with myopic choroidal neovascularization were also excluded.

Ophthalmic examinations and data recording. Prior to the surgery date, a comprehensive ophthalmic
examination was conducted with a slit-lamp and indirect ophthalmoscope. All patients were subjected to careful
evaluation of aqueous humor inflammatory cell grading according to the SUN working group®. Any patient with
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0P AC depth Cornea
Group Age Gender (mmHg) SE (diopter) (mm) AL (mm) endothelium/mm?
Control 68.4+8.7 F66%/M34% 14.7£2.7 —1.15+3.25 2.66+£0.37 23.32+£0.84 25614286
High Myopia 60.2+9.8 F61%/M39% 15.6+3.1 —14.78+5.51 3.13+0.48 29.49+2.25 2592+316
p value <0.0001 0.48 0.029 <0.0001 <0.0001 <0.0001 0.51

Table 1. Baseline characteristics of the patients by groups. SE: Spherical Equivalent; IOP = Intraocular Pressure;
AC: Anterior Chamber. AL: Axial length of the eye globe.

a grade of 0.5 or higher was excluded from the study. All qualified patients were subjected to myopic maculopathy
evaluation and grading during pre-surgical exams or the day after the cataract extraction. Myopic maculopathy
was graded into five categories (no myopic retinopathy 0, tessellated fundus 1, diffuse chorioretinal atrophy 2,
patchy chorioretinal atrophy 3 and macular atrophy 4, according to the international photographic classification
and grading system for myopic maculopathy?’. The classification was confirmed or rectified by a post-surgical
fundus examination. In addition, intraocular pressure (IOP) was measured by applanation tonometry. Corneal
refraction was determined by an auto refractometer (HAAG-STREIT LS900, Swaziland). Biometry and axial
length were measured using the IOL Master (Version 3.01; Carl Zeiss Meditec AG, Germany). B-scan ultrasonog-
raphy (Accutome, Esaote MyLab50, Italy), cornea curvature, cornea endothelium imaging (Topcon SP-3000P,
Japan), and optical coherence tomography (Topcon3D OCT-2000) were also conducted. The patients were pre-
scribed 0.5% Levofloxacin eye drops and instructed to apply 6 times the day before surgery. No other medications
or eye drops were used.

Cytokine selection and ELISA quantitation. Various cytokines have been implicated in myopia pro-
gression in experimental studies, including interleukin 6 (IL6)? and metalloproteinase-2 (MMP-2)?2. Vascular
endothelial growth factor (VEGF) has been shown to be low in myopic eyes**’; however, VEGF in highly myopic
eyes has not been well investigated. The hypothesis behind this study is that chronic subclinical inflammation
may play a role in eye globe elongation, assuming that inflammation promotes the breakdown of the extracel-
lular matrix of the sclera and results in axial elongation. Therefore, the pro-inflammatory cytokine, IL-6, and an
enzyme involved in the degradation of extracellular matrix proteins, MMP-2, were selected as the outcome meas-
ures of this investigation. During the surgery, the aqueous samples were collected into a sterile tube with stand-
ard aseptic techniques and immediately stored at —80 °C until analysis. IL-6, MMP-2, and vascular endothelial
growth factor A (VEGF-A) were quantitated by the enzyme-linked immunosorbent assay (ELISA). The assay was
performed according to the manufacturer’s instruction (Human IL-6 Immunoassay/Catalog Number: VAL102,
R&D Systems, Inc., Minneapolis, MN, USA) (Total MMP-2 Immunoassay/Catalog Number: MMP200, R&D
Systems, Inc., Minneapolis, MN, USA) (Human VEGF Immunoassay/ Catalog Number: VAL106, R&D Systems,
Inc., Minneapolis, MN, USA). A standard curve was constructed from 0 pg/mL to 1000 pg/mL for VEGE, 0 pg/
mL to 100 pg/mL for IL6, and 0 pg/mL to 32 ng/mL for MMP-2. The concentrations of these proteins in the aque-
ous humor were determined from the standard curve. If the samples were diluted to allow for the analysis of all
three cytokines, the concentration read from the standard curve was multiplied by the dilution factor. To ensure
accuracy, the dilution factor was kept under 4 and some aqueous samples were not enough for quantitation of all
three cytokines. The minimum detection limit of VEGF is 7.8 pg/mL, 1.56 pg/mL for IL-6, and 0.033 ng/mL for
MMP-2. If the concentration readouts are below the minimum detectable limits, the concentration numbers were
derived from dividing the square root of 2 into the minimum detection limit.

Statistical analysis. The continuous data was expressed as mean and standard deviation while the categor-
ical data was expressed by fraction or percentage. Categorical data was compared between groups by Chi square
or Fisher’s exact test. The data with normal distribution or transformed normalized data were analyzed with
either t-test or multivariate linear regression for comparisons between the high myopia and the control groups
while adjusting for gender, age, and IOP. A linear regression analysis using the globe axial length to predict the
level of the cytokine in aqueous was also performed. All tests were two-tailed and the significance was considered
statistical when p < 0.05.

Results

Baseline characteristics of the participants. We obtained 180 aqueous samples from 180 Chinese
patients who were scheduled for senile cataract surgery. Out of 180 samples, 92 samples were from highly myopic
eyes and the other 88 samples were from regular senile cataract patients without high myopia or myopia with a
globe axial length no longer than 25 mm. The pre-operative distributions of age, gender, IOP, refractive spherical
equivalent, depth of the anterior chamber, eye globe axial length, and cornea endothelium count are summarized
in Table 1. The two groups did not differ by gender and cornea endothelium count. The other parameters (Table 1)
were statistically different between the two groups. The globe axial length of highly myopic eyes was 26% longer
(6.17 mm longer) than that of the concurrent control eyes (29.49 +2.25 vs. 23.32 4 0.84, p < 0.0001 t-test). Out of
92 highly myopic patients, 73% had staphyloma while none of the control eye had staphyloma. The distribution
of myopic maculopathy is presented in Fig. 2. Only 11% of the control eyes had tessellated fundus (grade 1) and
the rest of the eyes had a normal fundus (grade 0). In contrast, only 3% of the highly myopic eyes had a normal
fundus (grade 0): 39% with a tessellated fundus (grade 1), 22% with diffuse chorioretinal atrophy (grade 2), 26%
with patchy chorioretinal atrophy (grade 3), and 10% with macular atrophy.
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Figure 2. Distribution of myopic maculopathy within each group. 0 denotes a normal fundus, 1 denotes a
tessellated fundus, 2 denotes diffuse chorioretinal atrophy, 3 denotes patchy chorioretinal atrophy, and 4 denotes
macular atrophy.
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Figure 3. The data of IL-6 (Interleukin 6) was log-transformed to follow a normal distribution. IL-6 levels

in the aqueous humor increase along the increase of globe axial length, with a numerical relation of 1.85 pg/
mL increase per millimeter elongation of the studied eye globe with axial length between 22 to 36 mm. The
heavier shaded area indicates the confidence region for the fitted line and the lighter shaded area indicates the
confidence region for individual predicted values.

IL-6 levels in the aqueous humor of the study eyes. The multivariate linear regression revealed that
IL-6 in the aqueous samples of the highly myopic eyes was significantly higher than in the aqueous of the control
eyes (least square means 11.90 vs. 4.38 pg/mL, p < 0.0001) while adjusting for age, gender, and IOP. Neither the
age (p=0.84), gender (p=0.45), nor IOP (0.53) was a significant factor. A linear regression of aqueous humor
IL-6 levels over the eye globe axial length revealed a significant positive association between the two parameters
(Fig. 3,3=0.065, p < 0.0001, n=134). For an eye with an axial length of 22 mm, the predicted IL-6 in the aqueous
humor would be 3.63 pg/mL and 29.51 pg/mL for an eye with 36 mm of axial length. Each mm increase of the
axial length led to 1.85 pg/mL increase of IL-6 in aqueous humor.

MMP-2 levels in the aqueous humor of the study eyes. The multivariate linear regression revealed
that MMP-2 in the aqueous samples of the highly myopic eyes was significantly higher than in the aqueous of the
control eyes (least square means 13.10 vs. 8.82 ng/mL, p=0.0003) while adjusting for age, gender, and IOP. Age
and IOP were not significant factors (p =0.17 and p = 0.63), however, gender was a significant factor (F=9.80 vs.
M=11.97, p=0.029, n=131). The regressions of aqueous humor MMP-2 levels over the eye globe axial length
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Figure 4. Regression plot for square root transformed MMP-2 (matrix metalloproteinase-2) by globe axial
length stratified by gender. Blue line of fit for females (F) and red line of fit for males (M). Each mm increase
in axial length of a female eye led to 0.57 ng/mL increase of MMP-2 in the aqueous humor while the increase
was 0.86 ng/mL for a male eye within the axial range from 22 to 36 mm. The heavier shaded area indicates the
confidence region for the fitted line and the lighter shaded area indicates the confidence region for individual
predicted values.

revealed significant positive associations between the two parameters (Fig. 4, p < 0.0001, n=131) while adjusting
for gender. For the eye of a female with an axial length of 22 mm, the predicted MMP-2 in the aqueous humor
would be 7.83 ng/mL and 15.76 ng/mL for an eye with 36 mm of axial length. In contrast to the female, for the eye
of a male with an axial length of 22 mm, the predicted MMP-2 in the aqueous humor would be 8.15ng/mL and
20.22 ng/mL for an eye with an axial length of 36 mm. Each mm increase of the axial length of a female eye led to
a0.57 ng/mL increase of MMP-2 in the aqueous humor and a 0.86 ng/mL increase for a male eye.

VEGF levels in the aqueous of the study eyes. The multivariate regression revealed that VEGF in the
aqueous humor of the highly myopic eyes was significantly lower compared with the control eyes (least square
means 45.56 vs. 96.90 pg/mL, p < 0.0001) while adjusting for age (p=0.11), gender (p=0.81), and IOP (p=0.48).
A linear regression analysis of aqueous VEGF and the globe axial length demonstrated that VEGF in aqueous
humor was significantly associated with globe axial length in a negative mode (Fig. 5, p <0.0001, n=153). Each
millimeter increase of axial length in a range of axial length 21 mm to 34 mm would lead to 5.54 pg/mL decrease
of VEGF in aqueous humor.

Sub-analysis of relationship between the cytokines in aqueous humor and the globe axial
length in the eyes without retinal atrophic changes.  Within this sub-analysis, the eyes with retinal
atrophy ((diffuse chorioretinal atrophy (grade 2), patchy chorioretinal atrophy (grade 3), and macular atrophy
(grade 4)) were excluded. The characteristics of the excluded patients were summarized in Table 2. The remaining
patients had either a normal fundus or only a tessellated fundus, a very common finding in myopia. The regres-
sion of the cytokines on the eye globe axial length demonstrated the similar significant relationship as described
above (for IL-6, 3 =10.06, p=0.0032; for MMP-2, 3 =0.089, p=0.002; for VEGE, 3= —0.65, p < 0.0001). The
average retina thickness within 1.5 mm (diameter) from the center of the macula had a tendency to be thinner for
myopic group (ctrl =234 vs. myopia =217 um, p =0.09); and the macular volume was significantly smaller for
myopia group (ctrl = 1157 vs. myopia=1011 um?, p < 0.0001) while adjusting for age and gender.

Discussion

Few studies have examined the possible association between chronic inflammation and myopia development or
progression®"?2, The association is largely based on retrospective clinical case observation?"?>*! or experimental
animal data*’. The mechanistic basis for the role of inflammation in myopia development and progression is
not yet established. There is no tangible evidence that inflammation is indeed associated with high myopia in
humans. One small sample study using human aqueous samples reported no significant association between eye
axial length and inflammatory cytokines (IL-1(3, IL6, and TGF-«) in 33 patients with an axial length in the range
of 22.6-31.5 mm?. The study by Zhu et al. did not have a control group and the eyes included were emmetropic
to mild or moderately myopic. The current study had a much larger sample size and eye axial lengths ranging
from 21 mm to 35 mm, which revealed that inflammatory cytokines, IL-6 and MMP-2, are overexpressed in the
ocular fluid of highly myopic eyes. We found a strong positive association between eye globe axial length and
these two inflammatory cytokines. The data modeling suggests that each millimeter increase of globe axial length
is associated with a 1.85 pg/mL increase of IL-6 and a 0.57-0.86 ng/mL increase of MMP-2 in the aqueous humor.
Interestingly, the association between MMP-2 and eye globe axial length was stronger in males than in females.
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Figure 5. Plot of square root transformed aqueous humor VEGF (vascular endothelial growth factor) over the
eye axial length. VEGF in the aqueous humor was negatively associated with the axial length of the eye globes.
Each millimeter increase of axial length from 22 mm to 36 mm leads to a 5.54 pg/mL decrease of VEGF in the
aqueous humor. The heavier shaded area indicates the confidence region of the fitted line and the lighter shaded
area indicates the confidence region for individual predicted values.

53 60+9 F68%/M32% 1534+3.4 —15.984+5.02 3.2540.46 30.44+1.95 2561 +275

Table 2. Baseline characteristics of the patients with retinal atrophic change. SE: Spherical Equivalent;
IOP =Intraocular Pressure; AC: Anterior Chamber. AL: Axial length of the eye globe.

Several molecules have been implicated in the development of myopia in experimental studies: MMP-2%2,
tissue inhibitor of metalloproteinase-2 (TIMP-2)*, and inflammatory cytokines including IL-6%. Lin et al.??
demonstrated the retinal levels of MMP-2 and IL-6 increased over time in the occluded eyes of guinea pigs.
Rada et al.*® reported decreased expression of TIMP-2 in the sclera of form-deprived chick eyes while McBrien
et al.* reported increased scleral MMP-2 activity in tree shrew eyes during myopia development. It is assumed
that signals originate from the retina and promote MMP-2 activity in the sclera, leading to a loss of extracellular
matrix in the posterior sclera. The resultant thinning along with mechanical stress on the sclera allows for myopia
development and progression®*>**-37. However, if or how inflammatory cytokines play a role in human myopia is
not yet clear.

Studies on human eyes similar to the studies done in animals are very limited due to poor availability of
human eye tissue. It is simply not justified to collect the vitreous from high myopia patients. It is possible to
sample the vitreous when such patients are under surgery for some eye diseases other than simple high myopic
change; however, that eye disease or condition would bias cytokine profiles and make the study invalid. The cur-
rent study is the most comprehensive so far and includes a large sample of human eyes. We took the opportunity
during cataract extractions to sample clean aqueous humor without the influence of any eye diseases. Senile
cataracts were present in all of the study patients. Though the degree of cataract was not graded in this study,
a large sample size of this study may make disparity of cataract across the groups much less of a confounding
factor. Although the aqueous is further away from the retina than the vitreous, studies have shown that drug and
cytokine levels are closely associated in the same direction within these two ocular fluids***,

Other studies have indicated that cells in the retina, such as pigment epithelium, actively participate in
the pathogenesis of myopia through biological signaling (cytokines)*®**. In animal models of myopia, higher
MMP-2 activity was detected from the sclera® and retina?. If increased expression of MMP-2 is seen in the ret-
ina of myopic animal eyes?, it is logical that elevated MMP-2 would also be detectable in the aqueous humor. In
addition to the current study, a smaller study of human aqueous humor from cataract surgeries showed higher
MMP-2 and TIMP-2 in myopic eyes*.

In contrast to MMP-2, which has been well portrayed in scleral remodeling and thinning during experimental
myopia studies, IL-6 is seldom implicated in myopia. Very little experimental research has investigated IL-6 in
the sclera or intraocular tissues of myopic model eyes®?. Clinically, the current study is the first to demonstrate
a connection between this inflammatory cytokine and highly myopic eyes. In our study, IL-6 in the aqueous
humor is shown to increase with elongation of the eye globe, indicating a connection between inflammation
and eye globe elongation. IL-6 is an inflammatory mediator and upregulated in many inflammatory eye diseases
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such as uveitis*!, diabetic retinopathy*? and in the eyes of patients with systemic diseases such as lupus®. All of
these inflammatory diseases were excluded from the current study. Recently, a retrospective clinical cohort study
reported that the odds of developing myopia was significantly higher in populations of uveitis, diabetic retinop-
athy, and lupus patients when compared with age and sex-matched controls®. This indirect evidence in addition
to the direct evidence from the current study suggests that inflammatory cytokine IL-6 in the retina may serve
as a trigger to initiate MMP-2 activity in first the retina, then the sclera, causing progressive scleral remodeling
and thinning. In human pathophysiology, IL-6 has been linked to increased MMP-2 production**, especially
in neurodegenerative and neuroinflammatory states*. Retinal atrophy, either diffuse or patchy, in high myopia
is a type of neurodegenerative change. Though no data available in literature to suggest a connection between
retinal atrophy and inflammation such as higher level of IL-6 in ocular fluid, brain neurodegeneration have been
reported to show significant higher IL-6 level in cerebrospinal fluid* or peripheral blood*. The retina is located
in the back of the eye and is an evagination of the brain and part of the central nervous system. Though there is
no direct evidence in literature to associate myopia with neuroinflammatory disease such as Alzheimer disease,
studies have shown that both retinal nerve fiber layer thinning and choroidal thinning were present in Alzheimer
disease*®*°. Thinning of retina and choroid is the hallmark of high myopia®'. At the same time, some studies have
also implicated VEGF as a neuroprotective factor and insufficient VEGF is involved in neurodegeneration®>®.
VEGF has long been noted to be lower in myopic eyes*>***-5_ Interpretation of this finding has no consensus
and no clear assumption has been made about the connection between low VEGF and high myopia. Sawada et
al. suggested lower VEGF levels in myopic eyes are due to less production by the retina, not due to dilution by the
larger eye volume®’. However, Hu et al. suggested that low VEGF is due to the larger intraocular volume of myopic
eyes and the effect of dilution®®. Of these studies, Sawada et al. had the largest sample size of 60 eyes®. The current
study had a much larger sample size (180 eyes) and the findings confirmed the previous reports. However, we
believe the mechanism for lower VEGF levels in myopic eyes may be more complex than the proposed diluting
effect. We postulate that low VEGF in myopic eyes may be responsible for myopic retinal degeneration noted in
various stages of myopia. Recent studies have further suggested that VEGF may play a neuroprotective role in
vitro and in vivo in brain or retinal degeneration®”*%. It has recently been reported that prolonged suppression
of ocular VEGF by repeated intravitreal injection of anti-VEGF agents may promote chorioretinal geographic
atrophy®. This is another layer of evidence that a certain level of VEGF in the retina is imperative to maintain the
health of retinal neurons.

The current study highlights the possible connection between highly myopic eyes and low-grade or subclinical
inflammation. As the study is cross sectional, a possible reversed causality can be argued; that myopic maculop-
athy results in higher IL-6 and MMP-2 and lower VEGF. However, our sub-analysis shows the same trend even
when the cases with advanced myopic retinopathy are excluded. All these analyses were adjusted for age and
gender since age is associated with anti-retinal immunity in general®®®l. The sub-analysis suggests that these
cytokines were elevated or lowered prior to myopic retinopathy and may be regarded as prelude. The details of
the mechanisms or intracellular signaling of these cytokines in high myopic eyes needs to be further explored.

In summary, the current study suggests there is a connection between low-grade intraocular inflammation
and highly myopic eyes. It is possible that persistent subclinical inflammation of the retina/choroid is the driving
force behind the elevated MMP-2 activity in the retina and the sclera, subsequent scleral thinning, and progres-
sive eye globe axial elongation. However, since the current study was cross-sectional, the results should not be
over-interpreted. Longitudinal studies and more cross-sectional studies are needed to further shed light on this
topic. Nonetheless, the current study has highlighted the need to investigate the inflammatory aspect of high
myopia and has provided a possible new direction of research to investigate the root cause of high myopia and the
associated myopic retinopathy®.

Data Availability
The datasets used and/or analyzed during the current study are available from the corresponding author on rea-
sonable request.

References

1. Tano, Y. Pathologic myopia: where are we now? Am ] Ophthalmol 134, 645-660 (2002).

2. Xu, L. et al. Causes of blindness and visual impairment in urban and rural areas in Beijing - The Beijing eye study. Ophthalmology
113, 1134-1141, https://doi.org/10.1016/j.0phtha.2006.01.035 (2006).

3. Morgan, I. G., Ohno-Matsui, K. & Saw, S. M. Myopia. Lancet 379, 1739-1748, https://doi.org/10.1016/S0140-6736(12)60272-4
(2012).

4. Jones, D. & Luensmann, D. The Prevalence and Impact of High Myopia. Eye Contact Lens 38, 188-196, https://doi.org/10.1097/
ICL.0b013e31824ccbc3 (2012).

5. Wong, T. Y., Ferreira, A., Hughes, R,, Carter, G. & Mitchell, P. Epidemiology and Disease Burden of Pathologic Myopia and Myopic
Choroidal Neovascularization: An Evidence-Based Systematic Review. American Journal of Ophthalmology 157, 9-25, https://doi.
org/10.1016/j.aj0.2013.08.010 (2014).

6. Liu, H. H. et al. Prevalence and Progression of Myopic Retinopathy in Chinese Adults: The Beijing Eye Study. Ophthalmology 117,
1763-1768, https://doi.org/10.1016/j.0phtha.2010.01.020 (2010).

7. Hsu, W. M, Cheng, C. Y, Liu, J. H., Tsai, S. Y. & Chou, P. Prevalence and causes of visual impairment in an elderly Chinese
population in Taiwan - The Shihpai Eye Study. Ophthalmology 111, 62-69, https://doi.org/10.1016/j.0phtha.2003.05.011 (2004).

8. Holden, B. A. et al. Global Prevalence of Myopia and High Myopia and Temporal Trends from 2000 through 2050. Ophthalmology
123, 1036-1042, https://doi.org/10.1016/j.0phtha.2016.01.006 (2016).

9. Xue, A. Q. et al. Posterior Scleral Reinforcement on Progressive High Myopic Young Patients. Optometry Vision Sci 91, 412-418,
https://doi.org/10.1097/Opx.0000000000000201 (2014).

10. Xue, A. Q. et al. Genipin-Crosslinked Donor Sclera for Posterior Scleral Contraction/Reinforcement to Fight Progressive Myopia.
Invest Ophth Vis Sci 59, 3564-3573, https://doi.org/10.1167/iovs.17-23707 (2018).

11. Guggenheim, J. A., Kirov, G. & Hodson, S. A. The heritability of high myopia: a reanalysis of Goldschmidt’s data. ] Med Genet 37,
227-231, https://doi.org/10.1136/jmg.37.3.227 (2000).

SCIENTIFIC REPORTS | (2019) 9:3517 | https://doi.org/10.1038/s41598-019-39652-x 7


https://doi.org/10.1038/s41598-019-39652-x
https://doi.org/10.1016/j.ophtha.2006.01.035
https://doi.org/10.1016/S0140-6736(12)60272-4
https://doi.org/10.1097/ICL.0b013e31824ccbc3
https://doi.org/10.1097/ICL.0b013e31824ccbc3
https://doi.org/10.1016/j.ajo.2013.08.010
https://doi.org/10.1016/j.ajo.2013.08.010
https://doi.org/10.1016/j.ophtha.2010.01.020
https://doi.org/10.1016/j.ophtha.2003.05.011
https://doi.org/10.1016/j.ophtha.2016.01.006
https://doi.org/10.1097/Opx.0000000000000201
https://doi.org/10.1167/iovs.17-23707
https://doi.org/10.1136/jmg.37.3.227

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Parmeggiani, F. et al. Identification of novel X-linked gain-of-function RPGR-ORF15 mutation in Italian family with retinitis
pigmentosa and pathologic myopia. Sci Rep 6, 39179, https://doi.org/10.1038/srep39179 (2016).

Kloss, B. A. et al. Exome Sequence Analysis of 14 Families With High Myopia. Invest Ophthalmol Vis Sci 58, 1982-1990, https://doi.
org/10.1167/i0vs.16-20883 (2017).

Wong, T. Y. et al. Prevalence and risk factors for refractive errors in adult Chinese in Singapore. Invest Ophth Vis Sci 41, 2486-2494
(2000).

Williams, K. M. et al. Association Between Myopia, Ultraviolet B Radiation Exposure, Serum Vitamin D Concentrations, and
Genetic Polymorphisms in Vitamin D Metabolic Pathways in a Multicountry European Study. Jama Ophthalmol 135, https://doi.
0rg/10.1001/jamaophthalmol.2016.4752 (2017).

Takahashi, H., Takase, H., Terada, Y., Mochizuki, M. & Ohno-Matsui, K. Acquired myopia in Vogt-Koyanagi-Harada disease. Int
Ophthalmol, https://doi.org/10.1007/s10792-018-0841-2 (2018).

Reddy, C. V. et al. Enlarged blind spots in chorioretinal inflammatory disorders. Ophthalmology 103, 606-617 (1996).

Heneka, M. T. et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol 14, 388-405, https://doi.org/10.1016/S1474-
4422(15)70016-5 (2015).

Pasqualetti, G., Brooks, D. J. & Edison, P. The Role of Neuroinflammation in Dementias. Curr Neurol Neurosci 15, https://doi.
0rg/10.1007/s11910-015-0531-7 (2015).

Kouli, A., Vuono, R., Barker, R. A. & Williams-Gray, C. H. The role of neuroinflammation in the development of Parkinson’s disease
dementia. Movement Disord 31, S469-5469 (2016).

Herbort, C. P,, Papadia, M. & Neri, P. Myopia and inflammation. ] Ophthalmic Vis Res 6, 270-283 (2011).

Lin, H.J. et al. Role of Chronic Inflammation in Myopia Progression: Clinical Evidence and Experimental Validation. Ebiomedicine
10, 269-281, https://doi.org/10.1016/j.ebiom.2016.07.021 (2016).

Bakri, S. J. et al. Pharmacokinetics of intravitreal ranibizumab (Lucentis). Ophthalmology 114, 2179-2182, https://doi.org/10.1016/j.
ophtha.2007.09.012 (2007).

Funatsu, H. et al. Aqueous humor levels of cytokines are related to vitreous levels and progression of diabetic retinopathy in diabetic
patients. Graef Arch Clin Exp 243, 3-8, https://doi.org/10.1007/s00417-004-0950-7 (2005).

Verkicharla, P. K., Ohno-Matsui, K. & Saw, S. M. Current and predicted demographics of high myopia and an update of its associated
pathological changes. Ophthal Physl Opt 35, 465-475, https://doi.org/10.1111/0po0.12238 (2015).

Jabs, D. A., Nussenblatt, R. B., Rosenbaum, J. T. & Nomenclatu, S. U. Standardization of uveitis nomenclature for reporting clinical
data. Results of the First International Workshop. American Journal of Ophthalmology 140, 509-516, https://doi.org/10.1016/j.
j0.2005.03.057 (2005).

Ohno-Matsui, K. et al. International Photographic Classification and Grading System for Myopic Maculopathy. American Journal of
Ophthalmology 159, 877-883, https://doi.org/10.1016/j.2j0.2015.01.022 (2015).

Neurath, M. E & Finotto, S. IL-6 signaling in autoimmunity, chronic inflammation and inflammation-associated cancer. Cytokine
Growth Factor Rev 22, 83-89, https://doi.org/10.1016/j.cytogfr.2011.02.003 (2011).

Zhu, D. et al. Intracameral Interleukin 1 beta, 6, 8, 10, 12p, Tumor Necrosis Factor alpha and Vascular Endothelial Growth Factor
and Axial Length in Patients with Cataract. Plos One 10, https://doi.org/10.1371/journal.pone.0117777 (2015).

Sawada, O. et al. Negative correlation between aqueous vascular endothelial growth factor levels and axial length. Jpn ] Ophthalmol
55, 401-404, https://doi.org/10.1007/s10384-011-0027-1 (2011).

Kamath, Y. S., Singh, A., Bhat, S. S. & Sripathi, H. Acute onset myopia as a presenting feature of systemic lupus erythematosus. J
Postgrad Med 59, 245-246, https://doi.org/10.4103/0022-3859.118060 (2013).

McBrien, N. A. Regulation of scleral metabolism in myopia and the role of transforming growth factor-beta. Exp Eye Res 114,
128-140, https://doi.org/10.1016/j.exer.2013.01.014 (2013).

Rada, J. A, Perry, C. A,, Slover, M. L. & Achen, V. R. Gelatinase A and TIMP-2 expression in the fibrous sclera of myopic and
recovering chick eyes. Invest Ophth Vis Sci 40, 3091-3099 (1999).

Rada, J. A,, Thoft, R. A. & Hassell, J. R. Increased Aggrecan (Cartilage-Proteoglycan) Production in the Sclera of Myopic Chicks. Dev
Biol 147, 303-312, https://doi.org/10.1016/0012-1606(91)90288-E (1991).

McBrien, N. A., Lawlor, P. & Gentle, A. Scleral remodeling during the development of and recovery from axial myopia in the tree
shrew. Invest Ophth Vis Sci 41, 3713-3719 (2000).

Harper, A. R. & Summers, J. A. The dynamic sclera: Extracellular matrix remodeling in normal ocular growth and myopia
development. Exp Eye Res 133, 100-111, https://doi.org/10.1016/j.exer.2014.07.015 (2015).

Wong, C. W,, Phua, V,, Lee, S. Y., Wong, T. Y. & Cheung, C. M. G. Is Choroidal or Scleral Thickness Related to Myopic Macular
Degeneration? Invest Ophth Vis Sci 58, https://doi.org/10.1167/i0vs.16-20742 (2017).

Smith, E. L., Hung, L. F. & Huang, J. Relative peripheral hyperopic defocus alters central refractive development in infant monkeys.
Vision Res 49, 2386-2392, https://doi.org/10.1016/j.visres.2009.07.011 (2009).

Chen, K. C. et al. MicroRNA-328 May Influence Myopia Development by Mediating the PAX6Gene. Invest Ophth Vis Sci 53,
2732-2739, https://doi.org/10.1167/iovs.11-9272 (2012).

Jia, Y. et al. MMP-2, MMP-3, TIMP-1, TIMP-2, and TIMP-3 Protein Levels in Human Aqueous Humor: Relationship With Axial
Length. Invest Ophth Vis Sci 55, 3922-3928, https://doi.org/10.1167/iovs.14-13983 (2014).

Murray, P. I, Hoekzema, R., Van Haren, M. A., De Hon, E. D. & Kijlstra, A. Aqueous-Humor Interleukin-6 Levels in Uveitis. Invest
Ophth Vis Sci 31, 917-920 (1990).

Dong, N., Xu, B., Wang, B. S. & Chu, L. Q. Study of 27 aqueous humor cytokines in patients with type 2 diabetes with or without
retinopathy. Mol Vis 19, 1734-1746 (2013).

Chun, H. Y. et al. Cytokine IL-6 and IL-10 as biomarkers in systemic lupus erythematosus. J Clin Immunol 27, 461-466, https://doi.
0rg/10.1007/s10875-007-9104-0 (2007).

Kossakowska, A. E. et al. Interleukin-6 regulation of matrix metalloproteinase (MMP-2 and MMP-9) and tissue inhibitor of
metalloproteinase (TIMP-1) expression in malignant non-Hodgkin’s lymphomas. Blood 94, 2080-2089 (1999).

Pagenstecher, A., Stalder, A. K., Kincaid, C. L., Shapiro, S. D. & Campbell, I. L. Differential expression of matrix metalloproteinase
and tissue inhibitor of matrix metalloproteinase genes in the mouse central nervous system in normal and inflammatory states. Am
J Pathol 152, 729-741 (1998).

Jia, J. P. et al. Cerebrospinal fluid tau, A31-42 and inflammatory cytokines in patients with Alzheimer’s disease and vascular
dementia. Neuroscience Letters 383,22-29 (2005).

Swardfager, W. et al. A meta-analysis of cytokines in Alzheimer’s disease. Biol Psychiatry 68, 930-941, https://doi.org/10.1016/j.
biopsych.2010.06.012 (2010).

Cheung, C. Y. L. et al. Retinal Ganglion Cell Analysis Using High-Definition Optical Coherence Tomography in Patients with Mild
Cognitive Impairment and Alzheimer’s Disease. ] Alzheimers Dis 45, 45-56, https://doi.org/10.3233/Jad-141659 (2015).

Kirbas, S., Turkyilmaz, K., Anlar, O., Tufekci, A. & Durmus, M. Retinal Nerve Fiber Layer Thickness in Patients With Alzheimer
Disease. ] Neuro-Ophthalmol 33, 58-61, https://doi.org/10.1097/WNO.0b013e318267fd5f (2013).

Gharbiya, M. et al. Choroidal Thinning as a New Finding in Alzheimer’s Disease: Evidence from Enhanced Depth Imaging Spectral
Domain Optical Coherence Tomography. ] Alzheimers Dis 40, 907-917, https://doi.org/10.3233/Jad-132039 (2014).
Flores-Moreno, I., Ruiz-Medrano, J., Duker, J. S. & Ruiz-Moreno, J. M. The relationship between retinal and choroidal thickness and
visual acuity in highly myopic eyes. Brit ] Ophthalmol 97, 1010-1013, https://doi.org/10.1136/bjophthalmol-2012-302836 (2013).

SCIENTIFIC REPORTS |

(2019) 9:3517 | https://doi.org/10.1038/s41598-019-39652-x 8


https://doi.org/10.1038/s41598-019-39652-x
https://doi.org/10.1038/srep39179
https://doi.org/10.1167/iovs.16-20883
https://doi.org/10.1167/iovs.16-20883
https://doi.org/10.1001/jamaophthalmol.2016.4752
https://doi.org/10.1001/jamaophthalmol.2016.4752
https://doi.org/10.1007/s10792-018-0841-2
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1007/s11910-015-0531-7
https://doi.org/10.1007/s11910-015-0531-7
https://doi.org/10.1016/j.ebiom.2016.07.021
https://doi.org/10.1016/j.ophtha.2007.09.012
https://doi.org/10.1016/j.ophtha.2007.09.012
https://doi.org/10.1007/s00417-004-0950-7
https://doi.org/10.1111/opo.12238
https://doi.org/10.1016/j.ajo.2005.03.057
https://doi.org/10.1016/j.ajo.2005.03.057
https://doi.org/10.1016/j.ajo.2015.01.022
https://doi.org/10.1016/j.cytogfr.2011.02.003
https://doi.org/10.1371/journal.pone.0117777
https://doi.org/10.1007/s10384-011-0027-1
https://doi.org/10.4103/0022-3859.118060
https://doi.org/10.1016/j.exer.2013.01.014
https://doi.org/10.1016/0012-1606(91)90288-E
https://doi.org/10.1016/j.exer.2014.07.015
https://doi.org/10.1167/iovs.16-20742
https://doi.org/10.1016/j.visres.2009.07.011
https://doi.org/10.1167/iovs.11-9272
https://doi.org/10.1167/iovs.14-13983
https://doi.org/10.1007/s10875-007-9104-0
https://doi.org/10.1007/s10875-007-9104-0
https://doi.org/10.1016/j.biopsych.2010.06.012
https://doi.org/10.1016/j.biopsych.2010.06.012
https://doi.org/10.3233/Jad-141659
https://doi.org/10.1097/WNO.0b013e318267fd5f
https://doi.org/10.3233/Jad-132039
https://doi.org/10.1136/bjophthalmol-2012-302836

www.nature.com/scientificreports/

52. Storkebaum, E. & Carmeliet, P. VEGF: a critical player in neurodegeneration. J Clin Invest 113, 14-18, https://doi.org/10.1172/
Jci200420682 (2004).

53. Lambrechts, D., Storkebaum, E. & Carmeliet P. VEGF: necessary to prevent motoneuron degeneration, sufficient to treat ALS?
Trends in Molecular Medicine 10, 275-282 (2004).

54. Jonas, J. B., Tao, Y., Neumaier, M. & Findeisen, P. VEGF and Refractive Error. Ophthalmology 117, 2234-U2235 (2010).

55. Shin, Y. J., Nam, W. H., Park, S. E., Kim, J. H. & Kim, H. K. Aqueous humor concentrations of vascular endothelial growth factor and
pigment epithelium-derived factor in high myopic patients. Mol Vis 18, 2265-2270 (2012).

56. Hu, Q. J. et al. Intravitreal Vascular Endothelial Growth Factor Concentration and Axial Length. Retina-] Ret Vit Dis 35, 435-439
(2015).

57. Vezzani, A. VEGF As a Target for Neuroprotection. Epilepsy Currents 8, 135-137, https://doi.org/10.1111/j.1535-7511.2008.00269.x
(2008).

58. Li, Z. et al. Human Adipose-Derived Stem Cells Delay Retinal Degeneration in Royal College of Surgeons Rats Through Anti-
Apoptotic and VEGF-Mediated Neuroprotective Effects. Curr Mol Med 16, 553-566, https://doi.org/10.2174/156652401666616060
7090538 (2016).

59. Grunwald, J. E. ef al. Incidence and Growth of Geographic Atrophy during 5 Years of Comparison of Age-Related Macular
Degeneration Treatments Trials. Ophthalmology 124, 97-104, https://doi.org/10.1016/j.0phtha.2016.09.012 (2017).

60. Goronzy, J. J. & Weyand, C. M. Immune aging and autoimmunity. Cell Mol Life Sci 69, 1615-1623, https://doi.org/10.1007/s00018-
012-0970-0 (2012).

61. Vadasz, Z., Haj, T., Kessel, A. & Toubi, E. Age-related autoimmunity. Brmc Med 11, https://doi.org/10.1186/1741-7015-11-94 (2013).

62. Xu, X. et al. Clinical implication of triamcinolone in aqueous humor after depository sub-Tenon application. J Cataract Refr Surg 43,
1383-1390, https://doi.org/10.1016/j.jcrs.2017.08.010 (2017).

Acknowledgements
We thank Mrs. Kristyn Huffman for English proofreading. Financial Support: 1. Medical Technology and Health
Science Project of Zhejiang China, Grant #: 2018KY736.

Author Contributions

J.S.Y. acquired funding, performed the surgery and wrote the manuscript. S.J.W. performed the surgery and wrote
the manuscript. Y.W.W. performed the surgery and wrote the manuscript. S.Q.P. collected and organized the data
and wrote the manuscript. PY.W. collected and organized the data and wrote the manuscript. L.C. designed the
study, analyzed and interpreted the data, and made critical revision of the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:3517 | https://doi.org/10.1038/s41598-019-39652-x 9


https://doi.org/10.1038/s41598-019-39652-x
https://doi.org/10.1172/Jci200420682
https://doi.org/10.1172/Jci200420682
https://doi.org/10.1111/j.1535-7511.2008.00269.x
https://doi.org/10.2174/1566524016666160607090538
https://doi.org/10.2174/1566524016666160607090538
https://doi.org/10.1016/j.ophtha.2016.09.012
https://doi.org/10.1007/s00018-012-0970-0
https://doi.org/10.1007/s00018-012-0970-0
https://doi.org/10.1186/1741-7015-11-94
https://doi.org/10.1016/j.jcrs.2017.08.010
http://creativecommons.org/licenses/by/4.0/

	Inflammatory cytokines in highly myopic eyes

	Materials and Methods

	Study design. 
	Participants. 
	Ophthalmic examinations and data recording. 
	Cytokine selection and ELISA quantitation. 
	Statistical analysis. 

	Results

	Baseline characteristics of the participants. 
	IL-6 levels in the aqueous humor of the study eyes. 
	MMP-2 levels in the aqueous humor of the study eyes. 
	VEGF levels in the aqueous of the study eyes. 
	Sub-analysis of relationship between the cytokines in aqueous humor and the globe axial length in the eyes without retinal  ...

	Discussion

	Acknowledgements

	Figure 1 Study Flowchart.
	Figure 2 Distribution of myopic maculopathy within each group.
	Figure 3 The data of IL-6 (Interleukin 6) was log-transformed to follow a normal distribution.
	Figure 4 Regression plot for square root transformed MMP-2 (matrix metalloproteinase-2) by globe axial length stratified by gender.
	Figure 5 Plot of square root transformed aqueous humor VEGF (vascular endothelial growth factor) over the eye axial length.
	Table 1 Baseline characteristics of the patients by groups.
	Table 2 Baseline characteristics of the patients with retinal atrophic change.




