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PI3K/AKT/mTOR signaling participates in
insulin‐mediated regulation of pathological
myopia‐related factors in retinal pigment
epithelial cells
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Abstract

Background: Insulin positively correlates with the length of the eye axis and is increased in the vitreous and serum
of patients with pathological myopia (PM). How insulin influences the physiological process of retinal pigment
epithelial (RPE) cells in PM remains unclear. This study aimed to explore the effect of insulin on the ultrastructure
and function of RPE cells and the role of PI3K/AKT/mTOR signaling involved in the development of PM.

Methods: The ARPE-19 cells were treated with different concentrations of insulin to analyze the cell morphology,
cell viability, the protein level of insulin receptor β, and the mRNA and protein levels of and PM-related factors
(TIMP-2, MMP-2, bFGF, and IGF-1). The ultrastructure of APRE-19 cells was also observed after insulin treatment.
Besides, the PI3K/AKT/mTOR signaling was studied with or without the PI3K inhibitor LY294002 in ARPE-19 cells.

Results: Insulin enhanced the cell viability of ARPE-19 cells and caused the endoplasmic reticulum to expand and
vesiculate, suggesting increased secretion of growth factors and degeneration in ARPE-19 cells. Furthermore, the
insulin receptor β was stimulated with insulin treatment, subsequently, the phosphorylation of AKT and mTOR was
positively activated, which was adversely suppressed in the presence of LY294002. The secretion of TIMP-2 and
bFGF was significantly decreased, and the secretion of MMP-2 and IGF-1 was highly elevated with insulin treatment
depending on the concentration in ARPE-19 cells. Furthermore, the effect of insulin on PM-related proteins was
restored with the addition of LY294002.

Conclusions: Our results indicated that insulin regulated the secretion of PM-related factors via the PI3K/AKT/mTOR
signaling pathway in retinal pigment epithelial cells, and thus probably promoted the development of PM through
transducing regulation signals from retina to choroid and sclera.
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Background
Pathological myopia (PM) is defined as an eye axial
length larger than 26 mm or a refractive error greater
than 6 D, accompanied by posterior scleral staphyloma
and chorioretinal degeneration in the macular area [1].
The development of this disease leads to irreversible
damage to the retinal tissue and it is one of the leading
causes of blindness over the world. The incidence of PM
is 2 %, and it is increasing year by year [2]. A recent
study found that systemic metabolic factors may be re-
lated to the abnormal growth of PM eyeballs [3]. Further
research found that serum and vitreous insulin levels in
PM patients increased [4].
RPE cells are one of the important cells in the initi-

ation mechanism of the retina-choroid-sclera pathway
[5]. Progression of PM has discovered that RPE cells
may play an important role in the formation and devel-
opment of myopia [6, 7]. For example, it has been shown
that transforming growth factor and bone morpho-
genetic protein pathways are involved in the regulation
of eye growth and myopia in RPE cells [6]. Previous
studies have revealed that the growth of the eye axis and
the deformation of the eyeball during PM are caused by
the steady-state changes of eyeball growth, which are
controlled by optical signals [8]. After receiving the op-
tical signal, the local retina can control the growth of the
local eyeball and the refractive state of the eyeball. The
current research generally believes that the growth of
the eyeball originates from the retina [9]. After the retina
receives optical signals, it can release a variety of signal
molecules to control the growth rate of the underlying
tissues and affect the process of myopia [10]. In this sig-
nal transmission system, RPE cells are one of the most
important cells and are closely related to the occurrence
of eyeball growth and myopia. It is located in the outer-
most layer of the retina and separates the retina from
the choroid and sclera. This key position of RPE between
the retina and the choroid makes it a possible conduit for
the growth regulation signal from the retina to the choroid
and sclera. RPE has the function of secreting various cyto-
kines and growth factors and carrying out ion transport
[11]. In turn, RPE cells have a similar barrier function and
prevent the active substances of the retina from reaching
downstream tissues, thereby preventing changes in down-
stream tissue morphology and function, so the disordered
secrete function in RPE cells is an important cause of
changes in the eye axis. Therefore, it is believed that the ac-
tive substance of the retina acts as a primary signal on RPE
cells first, which will cause function changes in RPE cell,
and then generate secondary signals downstream [10, 12].
Insulin is one of the indispensable hormones to pro-

mote tissue growth. It is a protein hormone secreted by
insulin β cells and stimulated by endogenous or exogen-
ous substances such as glucose, lactose, glucagon, etc.

[13]. It is the only protein hormone in the body that
lowers blood sugar and plays its role in promoting
growth and inhibiting protein decomposition. In recent
years, insulin has been used in animal models to study
the mechanism of eyeball growth regulation [14]. Animal
studies have found that the role of exogenous insulin in
the formation of animal ocular myopia is mainly mani-
fested in the injection of insulin into the eye, which can
promote the growth of the eye axis and the thinning of
choroidal tissue [15]. Further studies have proposed that
a certain concentration of exogenous insulin can also act
on the eyes of form-deprivation animal models, causing
a further deepening of myopia and an increase in the
length of the eye axis [4]. At present, the specific mech-
anism of insulin has not yet been clarified, and the study
is limited to animal experiments, and no clinical studies
have been reported.
Insulin receptors (INSR) are widely distributed in hu-

man eye tissues, including the retina, choroid, and sclera
[16]. The signal transduction of insulin receptors mainly
goes through two pathways, the PI3K pathway and the
MAPK pathway [17]. Among them, the PI3K/AKT/
mTOR pathway plays an important role in cellular sugar
uptake, glycogen synthesis, protein synthesis, and cell
survival [18]. Insulin binds to INSR, phosphorylates
INSR substrate protein, triggers PI3K to activate AKT,
activates mTOR through the TSC pathway, initiates cell
growth regulation, and releases downstream MMP-2/
TGF-β2 and other cytokines, which are involved in the
regulation of eye growth [19]. However, whether insulin
can regulate the biological behavior of RPE cells through
this pathway in the eye, thereby regulating the growth of
the eyeball, has not yet been reported.
Herein, we will investigate the mechanism of insulin in

the occurrence and development of PM in RPE cells.

Methods
Cell culture
The ARPE-19 cells (ATCC, USA) were cultured in
DMEM with 10 % fetal bovine serum (Gibco, USA) in a
37 °C incubator with 5 % CO2. The cells were cultured
in serum-free DMEM for 24 h before treated with insu-
lin. 0.1 µg/mL and 1 µg/mL concentrations of insulin
were used to treat the ARPE-19 cells for 24 or 72 h in
the study. 0 µg/mL of insulin stands for the blank
control.

CCK-8 assay
A CCK-8 kit (Cell Counting Kit-8, Beyotime, China) was
used to detect ARPE-19 cell viability (with or without in-
sulin treatment at the concentration of 0.1 or 1 µg/mL).
Cells in the logarithmic growth phase were seeded into
96-well plates at a density of 5 × 104/well and cultured
overnight. At the time point of 72 h, 10 µL CCK-8
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reagent was added to each well, and cells incubated for
another 1 h. The absorbance of cells at 450 nm was
measured using a microplate reader.

Transmission electron microscopy
ARPE-19 cell suspensions at the concentration of 1×106

were centrifuged at 200×g for 10 min, and then fixed
with 3 % glutaraldehyde for 2 h at 4 °C and postfixed
with 1 % osmium tetroxide (OsO4) for another 2 h at
4 °C. After that, the cells were dehydrated with ethyl al-
cohol series for 15 min and embedded in Epon. Ultra-
thin sections (60–70 nm) were stained with uranyl
acetate for 8 min and lead citrate for 5 min. The ultra-
structure of ARPE-19 cells was viewed using a transmis-
sion electron microscope (HD-2700, Hitachi, Japan).
Images were captured from three different fields at a
magnification of 6800×.

Western blotting
The APRE-19 cells were washed 3 times with PBS and
then lysed with radio immune precipitation (RIPA) buf-
fer. The total protein was extracted in RIPA buffer,

separated on polyacrylamide gels, and then immobilized
on polyvinylidene fluoride (PVDF) membrane. Following
blocking with 5 % non-fat milk at room temperature for
1.5 h, the PVDF membranes were incubated with pri-
mary antibodies against insulin receptor β, p-AKT, AKT,
p-mTOR, mTOR, and β-actin for 12 h at 4 °C environ-
ments. The primary antibodies were purchased from
Abcam and used at 1:1000 dilution. Then the PVDF
membrane was washed 3 times with PBST. Subse-
quently, the membrane was incubated with a horseradish
peroxidase-conjugated secondary antibody at a dilution
of 1:5000 in a shaker at room temperature for 1 h. Fi-
nally, the ECL kit was used to process the membrane for
the color reaction. The quantitative western blot results
were normalized to the results of β-actin.

RT-qPCR assay
Total RNA was extracted using Trizol reagent (Invitro-
gen, UK). The purity and concertation of extracted RNA
were determined by the NanoDrop TM ND-1000
(Thermo Fisher Scientific, USA). Prime Script TM RT
reagent Kit was used to prepare cDNA (Takara, Japan).
RT-qPCR was performed using the SYBR Green PCR
master mix (Takara, Japan). The RT-qPCR amplification
was performed in triplicate, the expression of RNA was
calculated using the 2-ΔΔCt method [20]. GAPDH ex-
pression was used as the internal control, allowing com-
parison of mRNA levels. Primers used in our study are
listed in Table 1.

ELISA
Cells treated with or without insulin or LY294002 were
seeded into 6-well plates. After incubation for 48 h, the
protein levels of TIMP-1, MMP2, bFGF, and IGF-1 were
detected in cell supernatants using an ELISA kit
(Thermo Fisher Scientific, USA), according to the manu-
facturer’s protocol. In brief, the diluted samples were
added to the monoclonal antibody-coated well plate.
After incubation for 2 h at 37 °C, the plate was washed,

Table 1 List of primers used in reverse transcription-quantitative
PCR

Gene name Primer sequences (5’-3’)

TIMP-2-F ACTGCAGGA TGGACTCTTGCA

TIMP-2-R TTTCAGAGCCTTGGAGGAGCT

MMP-2–F CCACTGCCTTCGATACAC

MMP-2-R GAGCCACTCTCTGGAATCTTAAA

b-FGF-F ACCCCGACGGCCGA

b-FGF-R TCTTCTGCTTGAAGTTGTAGCTTGA

IGF-1-F TGTGTGGAGACAGGGGCTTT

IGF-1-R TTGGCAGGCTTGAGGGGT

GAPDH-F ACGGCAAGTTCAACGGCACAG

GAPDH-R GAAGACGCCAGTAGACTCCACGAC

Fig. 1 Insulin enhances the cell viability of ARPE-19 cells. Cell morphology (a) and cell viability (b) of ARPE-19 cells treated with insulin at different
concentrations (0, 0.1, 1 µg/mL) for 72 h. The red arrows point to floating dead cells. *p < 0.05, ***p < 0.001 vs.. the insulin-free group; ##p < 0.01
vs.. the 1 µg/mL of insulin treatment group. Scale bar: 100 μm
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and an enzyme-labeled antibody was added to each well
except the blank wells. After further incubation for 1 h
at 37 °C, the plate was washed 5 times. After patting dry,
each well was added with color developer A and B.
Color reaction was stopped after 15 min with the stop
solution. The absorbance was measured at 450 nm with
a multimode microplate reader (Thermo, MK-3).

Statistical analysis
The data analysis was performed mainly using Graphpad
Prism version 8.0 statistical software. All experiments
were conducted at least three times. All data were pre-
sented as means ± standard deviations (SD). Student’s t-

test or one-way analysis of variance (ANOVA) was per-
formed to calculate the statistical differences. P < 0.05
was considered to indicate significance. Image J was used
to carry out the semiquantitative analysis after the west-
ern blotting experiments.

Results
Insulin enhances the cell viability of ARPE-19 cells
APRE-19 cells were treated with different concentrations
of insulin (0, 0.1, 1 µg/mL) for 72 h. The results in Fig. 1 a
showed that the floating dead cells were significantly re-
duced after 72 h of insulin treatment. The number of
dead cells decreased as the insulin concentration

Fig. 2 Ultrastructure of ARPE-19 cells after insulin treatment. The ARPE-19 cells were treated with 1 µg/mL of insulin for 24 h. Transmission
electron microscopy of Nuclei (N), basal infoldings (BI), endoplasmic reticulum (ER), defective melanin vesicle (*), melanin vesicle (MV), and
mitochondria (Mt) in ARPE-19 cells. Scale bars: 2 μm on the left pictures, 0.5 μm on the right pictures
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increased. The cell viability was also detected with CCK-
8. The cell viability was increased with the insulin con-
centration rose (Fig. 1b).

Endoplasmic reticulum expansion and vesiculation of the
ARPE-19 cells after insulin treatment
The ultrastructure of ARPE-19 cells was observed in a
transmission electron microscope after treatment with
1 µg/mL of insulin (Fig. 2). After 24 h of insulin treat-
ment, the endoplasmic reticulum expanded and vesicu-
lated to varying degrees, along with the particles on the
membrane of the rough endoplasmic reticulum were
mostly lost, suggesting increased secretion of cytokines
and degeneration in ARPE-19 cells [21].

Effects of insulin on insulin receptor β and factors
involved in PM
To further study the effect of insulin in PM, the protein
expression level of insulin receptor β was measured by
western blotting at different concentrations (0, 0.1, 1 µg/
mL) of insulin treatment. The results showed that insu-
lin dramatically promoted the INSRβ protein level (p <
0.05 at 0.1 µg/mL, and p < 0.001 at 1 µg/mL after 24 h
insulin treatment; p < 0.001 both at 0.1 µg/mL and 1 µg/

mL after 72 h insulin treatment). The INSRβ protein
level was significantly higher with 1 µg/mL insulin treat-
ment than that with 0.1 µg/mL insulin treatment after
24 h, whereas no significance was observed after 72 h
(Fig. 3 a). The secretion of TIMP-1, MMP2, bFGF, and
IGF-1, which were involved in pathological myopia, were
detected with ELISA assay in ARPE-19 cells treated with
1 µg/mL of insulin for 24 or 72 h. The secretion of
TIMP-2 and bFGF was significantly reduced in the insu-
lin treatment group than in the blank control group
(Fig. 3b and d). On the other hand, the secretion of
MMP-2 and IGF-1 were increased in the insulin treat-
ment group than in the blank control group (Fig. 3 c, e).

The inhibitor of PI3K LY294002 acted an antagonistic
effect on insulin
To examine the role of PI3K/AKT/mTOR signaling in
PM. The main proteins in the PI3K/AKT/mTOR sig-
naling pathway were measured by western blotting
with or without insulin treatment. The phosphoryl-
ation levels of AKT and mTOR were both markedly
promoted with insulin treatment, especially at the
concentration of 1 µg/mL (p < 0.001). However, this
promotion with insulin treatment disappeared in the

Fig. 3 Insulin had effects on insulin receptor β and factors involved in PM. a. The protein expression level of insulin receptor β was measured by
western blotting at different concentrations of insulin treatment, *p < 0.05, ***p < 0.001 vs.. the control group, #p < 0.05, vs.. the 0.1 µg/mL insulin
group. The protein levels of (b) TIMP-1, (c) MMP2, (d) bFGF, and (e) IGF-1, involved in pathological myopia, were detected with ELISA assay in
ARPE-19 cells treated with 1 µg/mL of insulin for 24 or 72 h. *p < 0.05, **p < 0.01, ***p < 0.001 vs.. the blank group
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presence of LY294002 (Fig. 4 a). The mRNA and pro-
tein expression levels of TIMP-2, MMP-2, bFGF, and
IGF-1 were also detected with LY294002 treatment
for 72 h. The mRNA and protein expression levels of
TIMP-2 and bFGF were significantly higher in the
LY294002 treatment group than in the insulin treat-
ment group (Fig. 4b, d, f and h). The mRNA and
protein expression levels of MMP-2 and IGF-1 were
lower in the LY294002 treatment group than in the
insulin treatment group (Fig. 4c, e, g, and i). Our re-
sults showed that insulin activated INSR and then
stimulated AKT phosphorylation, which subsequently
activated mTOR phosphorylation. The PI3K inhibitor
LRY294002 successfully restored the induction of the
phosphorylation of AKT and mTOR.

Discussion
RPE cells are the main source of many growth factors
and cytokines, including insulin-like growth factor-1
(IGF-1), transforming growth factor-β (TGF-β), and
basic fibroblast growth factor (bFGF). They are locally
synthesized and subsequently secreted, and play import-
ant roles in maintaining the structure and homeostasis
of the retina and choroid [6, 22]. Among the various cy-
tokines secreted by RPE cells, TGF-β2 is a multifunc-
tional cytokine that regulates cell growth and
differentiation [23]. It is one of the key signal molecules
that regulate the growth of the eyeball [24]. It can pro-
mote the proliferation of scleral cells and regulate the
synthesis and degradation of the scleral extracellular
matrix (ECM) [25]. Also, our previous study has proved

Fig. 4 The inhibitor of PI3K LY294002 acted antagonistic effect on insulin. a The protein levels of main molecules in the PI3K/AKT/mTOR signaling
pathway were measured by western blotting, *p < 0.05, **p < 0.01, ***p < 0.001 vs.. the control group, ### p < 0.0501, vs.. the 24 h treatment group.
Transcriptional levels of (b) TIMP-2, (c) MMP-2, (d) bFGF, and (e) IGF-1 were detected by RT-qPCR in ARPE-19 cells treated with 1 µg/ml of insulin or
LY294002 for 72 h. Protein expression levels of (f) TIMP-2, (g) MMP-2, (h) bFGF, and (i) IGF-1 were detected by ELISA in ARPE-19 cells treated with 1 µg/
mL of insulin or LY294002 for 72 h. *p < 0.05, **p < 0.01, ***p < 0.001 vs.. the blank group; ##p < 0.01, ###p < 0.001 vs.. the Insulin group
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that TGF-β2 is a myopic signal factor in RPE cells. Be-
sides, we have validated that insulin can promote the
proliferation of RPE cells and the secretion of TGF-β2 in
RPE cells for signal transmission and promote the occur-
rence of myopia [26]. In our present study, the other
two growth factors, IGF-1 and bFGF were studied. We
found that insulin positively activated the proliferation
of RPE cells, significantly promoted the secretion of
IGF-1, and reduced the secretion of bFGF in ARPE-19
cells. As the insulin concentration increased and the ac-
tion time was prolonged, the effect became more obvi-
ous. Our results proved that the myopia-promoting
effect of insulin was likely to be through affecting RPE
cells, promoting the increase of the secondary myopia
signal molecule (TGF-β2, IGF-1, bFGF) secreted by RPE
cells, and then acting on choroidal sclera and other
downstream tissues, causing eye axis growth, and even-
tually promoting the occurrence of myopia.
The expression of MMP-2 (matrix metalloproteinases

2) and TIMP-2 (tissue inhibitors of metalloproteinase 2)
were also detected in this study. MMP-2, which is a kind
of zinc-dependent protease, can degrade the extracellular
matrix of the sclera and mediate scleral remodeling in
experimental myopia [27]. TIMPs are a group of en-
dogenous inhibitors of MMPs, regulating the proteolytic
activity of MMPs [28]. Pieces of evidence from myopic
animal models (e.g. chicken and guinea pig) have shown
an elevation of MMP-2 protein and mRNA levels in the
sclera of myopic eyes, and a reduction of TIMP-2 ex-
pression [29, 30]. In our study, insulin significantly pro-
moted MMP-2 mRNA and protein expression levels and
decreased the mRNA and protein levels of TIMP-2 in
ARPE-19 cells. As the insulin concentration increased
and the action time was prolonged, the effect became
more obvious. Our results were assistant with previous
studies.
At the same time, we detected a high expression of the

insulin receptor (INSR) after insulin stimulation in
ARPE-19 cells. The insulin activates a complex intracel-
lular signaling network through INSR and the classic
PI3K and ERK cascade. However, in many cases, MAPK
does not seem to be necessary for the insulin-mediated
signaling pathway [31, 32]. Based on the results of previ-
ous experiments that the MAPK inhibitor PD98059
failed to cause significant changes with insulin treat-
ment, the PI3K pathway was chosen in this study [33].
We found that the insulin receptor activated the phos-
phorylation of AKT and mTOR after insulin stimulation,
and this effect was restored by the PI3K inhibitor
LY294002. Besides, the expression levels of myopia-
related factors were also restored by LY294002. The re-
sults showed that after stimulating the insulin receptor,
insulin acted on RPE cells through the PI3K/AKT/
mTOR signaling pathway.

We also observed the ultrastructure changes in the
ARPE-19 cells after insulin treatment. In the process of
cell degeneration and necrosis, the granular endoplasmic
reticulum generally expands [34]. The lighter and limited
expansion can only be seen under the electron micro-
scope, and the severe expansion can be manifested
under the optical microscope as vacuole formation. Be-
sides, it has been reported that the endoplasmic
reticulum vesiculation and expansion can lead to ER
stress-induced apoptosis [21]. After 24 h of insulin treat-
ment, expansion and vesiculation in the endoplasmic
reticulum were observed in our experiment, suggesting
increased secretion of cytokines and degeneration in
ARPE-19 cells.

Conclusions
In summary, our study suggested that insulin acted on
RPE cells as a primary signal molecule, and then in-
creased the cell viability and promoted the secretion of
pathological myopia-related factors, which was accom-
panied by the ultrastructure alteration, through PI3K/
AKT/mTOR signaling pathway. Our findings may pro-
vide some evidence for the pathogenesis of pathologic
myopia and a target for its clinical treatment.

Abbreviations
RPE: Retinal pigment epithelial; PM: Pathological myopia; INSR: Insulin
receptor; ER: Endoplasmic reticulum; IGF-1: Insulin-like growth factor-1;
TIMP: Tissue inhibitor of metalloproteinase; MMP: Matrix metalloproteinase;
TGF-β: Transforming growth factor-β; bFGF: Basic fibroblast growth factor

Acknowledgements
Not applicable.

Authors’ contributions
YQL and JLJ performed the experiments, interpreted the data, and were equal
contributors in writing the manuscript, they were listed as co-first authors. JY, LBX,
and QYH were responsible for data analysis and visualization. YZ significantly
contributed to the design and conception of the study and was a major
contributor in critically revising the manuscript. All authors have read
and approved the final manuscript.

Funding
This study was supported by Yunnan Fundamental Research Projects (Grant
No.: 2018FE001(-077)) and Yunnan Eye Disease Clinical Medical Center (Grant
Nos.: ZX2019-02-01, YXZX-09, and YXZX-10). The funders had no role in study
design, data collection, and analysis, decision to publish, or preparation of
the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Li et al. BMC Ophthalmology          (2021) 21:218 Page 7 of 8



Author details
1Ophthalmology Department, 2nd People’s Hospital of Yunnan Province, The
Affiliated Hospital of Yunnan University, No. 176 Qingnian Road, Wuhua
District, Yunnan Province 650021 Kunming, China. 2Orthopedics and
Traumatology Department, 2nd People’s Hospital of Yunnan Province, The
Affiliated Hospital of Yunnan University, 650021 Kunming, Yunnan Province,
China.

Received: 28 December 2020 Accepted: 13 April 2021

References
1. Ohno-Matsui K, Lai TY, Lai CC, Cheung CM. Updates of pathologic myopia.

Prog Retin Eye Res. 2016;52:156–87.
2. Lee DH, Kang HG, Lee SC, Kim M. Features of optical coherence

tomography predictive of choroidal neovascularisation treatment response
in pathological myopia in association with fluorescein angiography. Br J
Ophthalmol. 2018;102(2):238–42.

3. Goldschmidt E, Jacobsen N. Genetic and environmental effects on myopia
development and progression. Eye (Lond). 2014;28(2):126–33.

4. Feldkaemper MP, Neacsu I, Schaeffel F. Insulin acts as a powerful stimulator
of axial myopia in chicks. Invest Ophthalmol Vis Sci. 2009;50(1):13–23.

5. Rymer J, Wildsoet CF. The role of the retinal pigment epithelium in eye
growth regulation and myopia: a review. Vis Neurosci. 2005;22(3):251–61.

6. Zhang Y, Wildsoet CF. RPE and Choroid Mechanisms Underlying Ocular
Growth and Myopia. Prog Mol Biol Transl Sci. 2015;134:221–40.

7. Chen M, Yu M, Dai J, Chu R. Long-Term Natural Course of Pathologic
Myopia in Chinese Patients. J Ophthalmol. 2019;2019:1210398.

8. Vutipongsatorn K, Nagaoka N, Yokoi T, Yoshida T, Kamoi K, Horie S, Uramoto
K, Hirata A, Occelli LM, Petersen-Jones SM, et al. Correlations between
Experimental Myopia Models and Human Pathologic Myopia. Retina. 2019;
39(4):621–35.

9. Ohno-Matsui K, Fang Y, Shinohara K, Takahashi H, Uramoto K, Yokoi T.
Imaging of Pathologic Myopia. Asia Pac J Ophthalmol (Phila) 2019.

10. Riddell N, Faou P, Murphy M, Giummarra L, Downs RA, Rajapaksha H,
Crewther SG. The retina/RPE proteome in chick myopia and hyperopia
models: Commonalities with inherited and age-related ocular pathologies.
Mol Vis. 2017;23:872–88.

11. Li X, Zhao M, He S. RPE epithelial-mesenchymal transition plays a critical
role in the pathogenesis of proliferative vitreoretinopathy. Ann Transl Med.
2020;8(6):263.

12. Marchese A, Cicinelli MV, Carnevali A, Borrelli E, Bandello F, Querques G.
Complicated Retinal Pigment Epithelium Humps in High Myopia.
Ophthalmic Surg Lasers Imaging Retina. 2020;51(2):119–23.

13. Ojha A, Ojha U, Mohammed R, Chandrashekar A, Ojha H. Current
perspective on the role of insulin and glucagon in the pathogenesis and
treatment of type 2 diabetes mellitus. Clin Pharmacol. 2019;11:57–65.

14. Sheng C, Zhu X, Wallman J. In vitro effects of insulin and RPE on choroidal and
scleral components of eye growth in chicks. Exp Eye Res. 2013;116:439–48.

15. Penha AM, Burkhardt E, Schaeffel F, Feldkaemper MP. Effects of intravitreal
insulin and insulin signaling cascade inhibitors on emmetropization in the
chick. Mol Vis. 2012;18:2608–22.

16. Kasuga M. Structure and function of the insulin receptor-a personal
perspective. Proc Jpn Acad Ser B Phys Biol Sci. 2019;95(10):581–9.

17. Liu X, Wang P, Qu C, Zheng H, Gong B, Ma S, Lin H, Cheng J, Yang Z, Lu F,
et al. Genetic association study between INSULIN pathway related genes
and high myopia in a Han Chinese population. Mol Biol Rep. 2015;42(1):
303–10.

18. De Meyts P. The Insulin Receptor and Its Signal Transduction Network. In:
Endotext. edn. Edited by Feingold KR, Anawalt B, Boyce A, Chrousos G, de
Herder WW, Dungan K, Grossman A, Hershman JM, Hofland HJ, Kaltsas G
et al. South Dartmouth (MA); 2000.

19. Haeusler RA, McGraw TE, Accili D. Biochemical and cellular properties of
insulin receptor signalling. Nat Rev Mol Cell Biol. 2018;19(1):31–44.

20. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001;25(4):402–8.

21. van Anken E, Braakman I. Endoplasmic reticulum stress and the making of a
professional secretory cell. Crit Rev Biochem Mol Biol. 2005;40(5):269–83.

22. Wallman J, Winawer J. Homeostasis of eye growth and the question of
myopia. Neuron. 2004;43(4):447–68.

23. Tan J, Deng ZH, Liu SZ, Wang JT, Huang C. TGF-beta2 in human retinal
pigment epithelial cells: expression and secretion regulated by cholinergic
signals in vitro. Curr Eye Res. 2010;35(1):37–44.

24. Jostrup R, Shen W, Burrows JT, Sivak JG, McConkey BJ, Singer TD.
Identification of myopia-related marker proteins in tilapia retinal, RPE, and
choroidal tissue following induced form deprivation. Curr Eye Res. 2009;
34(11):966–75.

25. Seko Y, Shimokawa H, Tokoro T. Expression of bFGF and TGF-beta 2 in
experimental myopia in chicks. Invest Ophthalmol Vis Sci. 1995;36(6):1183–7.

26. Yue Zou Meng-zhu, Wu F, Wang, Fan Y. Effects of insulin on proliferation
and secretion of transforming growth factor- β2 of human retinal pigment
epithelial cells. Guoji Yanke Zazhi (Int Eye Sci). 2013;13(4):663–6.

27. Laronha H, Caldeira J. Structure and Function of Human Matrix
Metalloproteinases. Cells 2020, 9(5).

28. Nagase H, Visse R, Murphy G. Structure and function of matrix
metalloproteinases and TIMPs. Cardiovasc Res. 2006;69(3):562–73.

29. Rada JA, Perry CA, Slover ML, Achen VR. Gelatinase A and TIMP-2 expression
in the fibrous sclera of myopic and recovering chick eyes. Invest
Ophthalmol Vis Sci. 1999;40(13):3091–9.

30. Yang SR, Ye JJ, Long Q. [Expressions of collagen, matrix metalloproteases-2,
and tissue inhibitor of matrix metalloproteinase-2 in the posterior sclera of
newborn guinea pigs with negative lens-defocused myopia]. Zhongguo Yi
Xue Ke Xue Yuan Xue Bao. 2010;32(1):55–9.

31. Seto-Young D, Zajac J, Liu HC, Rosenwaks Z, Poretsky L. The role of
mitogen-activated protein kinase in insulin and insulin-like growth factor I
(IGF-I) signaling cascades for progesterone and IGF-binding protein-1
production in human granulosa cells. J Clin Endocrinol Metab. 2003;88(7):
3385–91.

32. Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and
lipid metabolism. Nature. 2001;414(6865):799–806.

33. Lazar DF, Wiese RJ, Brady MJ, Mastick CC, Waters SB, Yamauchi K, Pessin JE,
Cuatrecasas P, Saltiel AR. Mitogen-activated protein kinase kinase inhibition
does not block the stimulation of glucose utilization by insulin. J Biol Chem.
1995;270(35):20801–7.

34. Terasaki M. Dynamics of the endoplasmic reticulum and golgi apparatus
during early sea urchin development. Mol Biol Cell. 2000;11(3):897–914.

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

Li et al. BMC Ophthalmology          (2021) 21:218 Page 8 of 8


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	CCK-8 assay
	Transmission electron microscopy
	Western blotting
	RT-qPCR assay
	ELISA
	Statistical analysis

	Results
	Insulin enhances the cell viability of ARPE-19 cells
	Endoplasmic reticulum expansion and vesiculation of the ARPE-19 cells after insulin treatment
	Effects of insulin on insulin receptor β and factors involved in PM
	The inhibitor of PI3K LY294002 acted an antagonistic effect on insulin

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

