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Abstract
BACKGROUND 
Synaptotagmins (SYTs) are a family of 17 membrane transporters that function as 
calcium ion sensors during the release of Ca2+-dependent neurotransmitters and 
hormones. However, few studies have reported whether members of the SYT 
family play a role in glucose uptake in diabetic retinopathy (DR) through Ca2+

/glucose transporter-1 (GLUT1) and the possible regulatory mechanism of SYTs.

AIM 
To elucidate the role of the SYT family in the regulation of glucose transport in 
retinal pigment epithelial cells and explore its potential as a therapeutic target for 
the clinical management of DR.
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METHODS 
DR was induced by streptozotocin in C57BL/6J mice and by high glucose medium in human retinal pigment 
epithelial cells (ARPE-19). Bioinformatics analysis, reverse transcriptase-polymerase chain reaction, Western blot, 
flow cytometry, ELISA, HE staining, and TUNEL staining were used for analysis.

RESULTS 
Six differentially expressed proteins (SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13) were found between the DR and 
control groups, and SYT4 was highly expressed. Hyperglycemia induces SYT4 overexpression, manipulates Ca2+ 
influx to induce GLUT1 fusion with the plasma membrane, promotes abnormal expression of the glucose 
transporter GLUT1 and excessive glucose uptake, induces ARPE-19 cell apoptosis, and promotes DR progression. 
Parkin deficiency inhibits the proteasomal degradation of SYT4 in DR, resulting in SYT4 accumulation and 
enhanced GLUT1 fusion with the plasma membrane, and these effects were blocked by oe-Parkin treatment. 
Moreover, dysregulation of the myelin transcription factor 1 (Myt1)-induced transcription of SYT4 in DR further 
activated the SYT4-mediated stimulus-secretion coupling process, and this process was inhibited in the oe-MYT1-
treated group.

CONCLUSION 
Our study reveals the key role of SYT4 in regulating glucose transport in retinal pigment epithelial cells during the 
pathogenesis of DR and the underlying mechanism and suggests potential therapeutic targets for clinical DR.

Key Words: Diabetic retinopathy; Glucose transporter-1; Synaptotagmin 4; Parkin; Myelin transcription factor 1
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Core Tip: This study highlights the important role of synaptotagmin 4 (SYT4), which is a member of the SYTs family, in the 
regulation of glucose transport in retinal pigment epithelial cells during the development of diabetic retinopathy (DR). 
Hyperglycemia-induced overexpression of SYT4 perturbed calcium influx, resulting in the fusion of glucose transporter-1 
(GLUT1) with the plasma membrane, abnormal expression of the glucose transporter GLUT1, and increased glucose uptake. 
Additionally, SYT4 contributed to apoptosis and inflammation, further exacerbating DR progression. This study also 
elucidated the molecular mechanisms by which Parkin and myelin transcription factor 1 modulate SYT4, providing new 
potential therapeutic targets for the clinical management of DR.
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INTRODUCTION
Diabetic retinopathy (DR) is a common microvascular complication of diabetes mellitus and the leading cause of poor 
vision and blindness[1]. More than 400 million people worldwide have been diagnosed with diabetes, and approximately 
one-third of DR patients develop a vision-threatening form of the disease[2]. The development of DR is closely related to 
uncontrolled glucose-driven biochemical reactions[3]. Long-term hyperglycemia can lead to inflammation, retinal 
pigment epithelial cell damage, and a series of fundus lesions, such as microangioma, neovascularization, vitreous 
hyperplasia and even retinal detachment[4]. Studies have reported that the progression of retinopathy can be reversed or 
delayed by strict glycemic control[5,6]. Therefore, a better understanding of the mechanisms governing glucose transport 
is essential for inhibiting the uptake of glucose by retinal cells under hyperglycemic conditions, thereby alleviating the 
progression of DR.

Glucose is a major substrate for energy metabolism in retinal neurons. Like in most tissues, retinal cells produce ATP 
through the uptake of glucose and then through glycolysis in the cytoplasm or oxidative phosphorylation in mi-
tochondria[7,8]. Glucose transporter (GLUT) proteins are monosaccharide transporters that belong to the major facilitator 
superfamily and mediate the transport of sugars across the cell membrane in mammals[9]. GLUT1 plays a key role in 
glucose uptake. The glucose transporter GLUT1 is responsible for the facilitated diffusion of glucose into red blood cells 
and supplies glucose to the brain and other organs[10]. Several studies have reported that GLUT1 is involved in DR 
progression. GLUT1 in the neural retina induces polyol accumulation and promotes early pathological changes in the 
diabetic retina[11]. GLUT1 promotes retinal inflammation triggered by excessive glucose uptake in microglia, thereby 
exacerbating DR progression[12]. In addition, recent studies have shown that GLUT1 expression and glucose uptake are 
Ca2+-dependent and that an increase in cellular Ca2+ after cell injury initiates information flow, which ultimately leads to 
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the upregulation of the stress response gene GLUT1[13]. Perrini et al[14] reported that increased cytoplasmic Ca2+ concen-
trations stimulates GLUT1 translocation to the plasma membrane and increases glucose uptake in adipocytes, con-
tributing to the progression of diabetes. Based on these findings, we hypothesize that the Ca2+ pathway may affect the 
uptake of glucose by retinal cells in DR by upregulating the expression of the glucose transporter GLUT1.

Synaptic receptors (SYTs) are abundant, evolutionarily conserved integral membrane proteins constituting a family of 
17 isoforms (SYT1-SYT17); these proteins share a transmembrane domain near the N-terminus and a double C2 domain at 
the C-terminus, which binds Ca2+ to regulate Ca2+-dependent membrane docking and fusion[15,16].

SYTs act as calcium sensors during Ca2+-dependent neurotransmitter and hormone release[17,18]. These factors trigger 
and regulate the fusion of vesicles with the target membrane, participate in the strict regulation of neurotransmitter and 
hormone release, and regulate the transport of cellular proteins and membranes[15,19]. Dean et al[20] performed crystal 
structure analysis and showed that the C2B domains of Syt IV and Syt XI were confirmed to contain all five acidic 
residues involved in Ca2+ binding via lentivirus-mediated gene delivery. Huynh et al[21] identified Syt XI as a substrate of 
Parkin that plays a role in mediating neurotransmitter release by binding to its C2A and C2B domains, and Parkin-
mediated polyubiquitination accelerates its turnover. In addition, several studies have reported that SYT family members 
play important roles in the pathogenesis and progression of human diseases[22,23]. However, few studies have shown 
that members of the SYT family further influence glucose uptake by DR retinal cells by regulating the fusion of GSVs with 
target membranes via Ca2+ and promoting GLUT1 membrane translocation.

Myelin transcription factor 1 (Myt1) is a founding member of the zinc finger protein family, which also includes MyT1 
L and MyT3. Myt1 is highly expressed in developing neural tissue and was first shown to regulate neurogenesis in 
Xenopus gastrula[24]. Myt1 has since been shown to be involved in the migration of neuronal precursors to the sub-
ventricular zone and the cortical plate in mammals[25]. In addition, Myt1 is closely related to endocrine function, and 
members of the Myt1 family promote neuroendocrine differentiation by antagonizing Notch activity[26]. Interestingly, 
recent studies have shown that the transcription factor Myt1 affects glucose-induced insulin secretion by regulating the 
transcription of the SYT4[27]. However, whether Myt1 affects the progression of DR by regulating the transcription of 
SYTs to mediate glucose uptake is unclear.

In this study, we investigated the expression of SYT family members in DR and their effects on glucose uptake in 
human retinal pigment epithelial cells (ARPE-19), and the results showed that SYT4 regulated the Ca2+ signaling pathway 
through GLUT1 to affect glucose uptake by ARPE-19 cells under high glucose conditions. In addition, we provide 
evidence that Parkin overexpression selectively induces the degradation of SYT4 and that Myt1 overexpression inhibits 
the transcription of SYT4, which plays a key role in the effects of GLUT1 on high glucose-induced cellular glucose uptake.

MATERIALS AND METHODS
Animals
A total of 60 male mice (C57BL/6J) weighing 18-20 g were purchased from the Animal Experimental Center of Kunming 
Medical University. A total of 15 sham-operated mice were fed a normal diet (control group), and 45 mice were fed a 
high-fat diet.

Model group: After fasting for 12 h, the mice were given intraperitoneal injections of 60 mg/kg streptozotocin (STZ) 
solubilized in 0.1 mol/L citrate buffer (pH = 4.5). After 72 h, blood samples were collected from the tail vein, and blood 
glucose levels were measured. Control mice were injected with an equal dose of citrate buffer, and blood glucose was 
measured using a blood glucose monitoring system (Glucotrend-2; Roche Diagnostics GmbH, Mannheim, Germany). 
Blood glucose levels greater than 16.7 mmol/L for one week indicated successful establishment of the DR model[28].

Model + si-SYT4 group: Model group mice were injected with 5 μL of si-SYT4 through the vitreous cavity.
Model + si-SYT4 + Bay K8644 group: Model group mice were injected with 5 μL of si-SYT4 through the vitreous cavity 

and were injected intraperitoneally with Bay K8644 (Sigma-Aldrich Corp., St. Louis, MO, United States) at a dose of 8 
mg/kg.

The animal experiments were approved by the Animal Care and Use Committee of The People’s Hospital of ChuXiong 
Yi Autonomous Prefecture & The Fourth Affiliated Hospital of Dali University (approval No. 2022-08) and were 
conducted in accordance with the National Institutes of Health guidelines.

Cell culture and transfection
Thirty-two pairs of DR samples and adjacent normal retinal tissue were collected from the ophthalmology department of 
the First Affiliated Hospital of Kunming Medical University. ARPE-19 were purchased from Otwo Biotech Co., Ltd. 
(Shenzhen, China) and cultured in medium containing 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL 
streptomycin; the medium was changed every 2-3 d. In addition, ARPE-19 cells were cultured in medium with 25 mmol/
L glucose to establish a DR cell model (HG group)[29]. si-SYT4, oe-Parkin, or oe-MYT1 (Sangon Biotech, China) were 
transfected into ARPE-19 cells according to the instructions of the Lipofectamine 2000 transfection kit (Invitrogen, United 
States).

Cell viability assay
We used Cell Counting Kit-8 (CCK-8) assays (MCE, United States) to measure cell viability. First, the cells were added to 
a 96-well plate, after which 10 μL of CCK-8 solution was added, and the plate was incubated for 1 h. The absorbance at 
450 nm was subsequently measured with a microplate reader (BioTek, United States).
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Table 1 Primer sequences

Gene Forward (5′-3′) Reverse (5′-3′)
Parkin GGCTGACCAGTTGCGTGTGAT GTGGTGAGTCCTTCCTGCTGTC

MYT1 ACGAAGAGGAGGACGAGGAGGA GGCAGAGGTGTGAGAGGTGTCT

SYT2 TGCTTCTCACCTGCTGCTTCTG CTGTCTCTGCGTCGTCGTCATC

SYT3 CCAGTCACATCAGCAGGTCACA GGTCTGAGAAGCCGTTGGAGTC

SYT4 TCTCTGCTATCAGTCCACCACA TTCCAGTGCTCTCCACCAGTTC 

SYT7 CCTCTGCCAACTCCATCATCGT CCGCTCTTCCAGGACAGGTAGA

SYT11 CACCTGCCGAAGATGGACATC AGGTCGGTGGGGATGTCGTAG

SYT13 CGCCTCCTGGTGGTGCTGATTA CTTCCGAGCCTGGTGCTTCAAG

GAPDH TGAGGACCAGGTTGTCTCCTGCG CACCACCCTGTTGCTGTAGCCA

SYT: Synaptotagmins; MYT1: Myelin transcription factor 1.

TUNEL staining
Mouse retinal tissue was fixed in 1% formaldehyde and mixed with 0.2% Triton X-100. Then, the samples were treated 
with fluorescein 2’-deoxyuridine 5’-triphosphate (dUTP)-end labeling (ApoAlert DNA Fragment Analysis Kit; Clontech, 
Mountain View, CA, United States) and DAPI. Finally, the samples were observed and photographed by a fluorescence 
microscope (Nikon TE200-U, Tokyo, Japan).

Cell apoptosis was determined by flow cytometry
Apoptosis was assessed using the Annexin V-FITC/PI Apoptosis Detection Kit (American, Sigma-Aldrich). The cells 
were harvested and washed twice with cold phosphate-buffered saline. Then, 500 µL of binding buffer, 5 µL of Annexin 
V-FITC and 5 µL of PI were added according to the kit instructions. Subsequently, the cells were incubated for 10 min, 
after which the percentage of apoptotic cells was determined via flow cytometry.

Enzyme-linked immunosorbent assay
A multifactor ELISA kit (ExCell Biology, Shanghai, China) was used for analysis. Cell culture supernatants were collected 
and frozen at -80 °C. The levels of the inflammatory factor tumour necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), 
and IL-6 in each experimental group were quantified according to the manufacturer’s instructions.

Reverse transcriptase-polymerase chain reaction
Total RNA was extracted from tissues and cells by a one-step method with TRIzol reagent (Invitrogen, Carlsbad, CA, 
United States) and then reverse transcribed into cDNA using a PrimeScript™ RT kit (TaKaRa, Japan). The cDNA was 
subjected to reverse transcriptase-polymerase chain reaction (RT-qPCR) using SYBR Premix Ex Taq™ II (TaKaRa, Japan). 
The primer sequences are shown in Table 1.

Western blot analysis
Total protein was extracted from tissues and cells in each experimental group using RIPA buffer (Sigma Aldrich, 
Cambridge, MA, United States), and the protein concentration was detected using a BCA kit (Sigma Aldrich, Cambridge, 
MA, United States). The proteins were next separated on a 10% SDS-Page gel and transferred to a PVDF membrane, 
which was then incubated with SYT2 (1/1000, EPR23920-2, ab259977), SYT3 (1/1000, ASV30, ab13259), SYT4 (1/100, 
ASV30, ab13259), SYT7 (1/1000, N275/14, ab174633), SYT11 (Anti-SYT11, 1/250, ab204589), SYT13 (1/500, Anti-SYT13, 
ab110520), GLUT4 (1/1000, EPR930(2), ab188317), GLUT1 (1/20000, EPR3915, ab115730), GLUT2 (1/10000, EPR16550, 
ab192599), GLUT3 (1/20000, EPR10508(N), ab191071), CAMK4 (1/1000000, EP2565AY, ab68218), p-CREB (1/500, E113, 
ab32096), Parkin (1/20000, PRK8, ab77924), MYT1 (1/50, anti-MyT1L, ab139732), and GAPDH (1/10000, EPR16891, 
ab181602) primary antibodies overnight at 4 °C. The membrane was then incubated with the appropriate secondary 
antibody for 1 h at room temperature, after which the optical density of the protein band was measured using an 
enhanced chemiluminescence Western blot Detection Kit (Bio-Rad, United States).

Glut1 localization assay
The cells were fixed in methanol for 10 min, washed twice with PBS, and then blocked in 1% goat serum/PBS for 1 h. 
Subsequently, the cells were incubated with GlUT1 antibody (1:250) for 1 h at room temperature, followed by washing 
steps and incubation with the secondary antibody (Alexa Fluor 594; 1:500; Life Technologies, Waltham, MA, United 
States) for 1 h at room temperature. The cells were then treated with DAPI. Images were obtained using a microscope 
(Nikon TE200-U, Tokyo, Japan).
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SYT4 ubiquitination assay
The cells were cotransfected with SYT4 and Parkin-ubiquitin. Forty-eight hours after transfection, the cells were collected 
and lysed in RIPA buffer (Beyotime), and IP was performed on the lysate using anti-SYT4, followed by Western blot 
using anti-SYT4 antibodies.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8 software (San Diego, CA, United States). The data were from 
at least three independent experiments and are shown as the mean ± SD. Differences between two groups were analyzed 
using Student’s t test, while differences between multiple groups were analyzed by one-way analysis of variance. P < 0.05 
indicated a significant difference.

RESULTS
Expression of SYT family members in DR
Six genes (SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13) were differentially expressed in DR, as determined by a 
bioinformatics analysis of SYT family member (SYT1 to SYT17) expression in 32 pairs of human normal retinal tissues and 
diabetic retinal tissues (Figure 1A). Subsequently, the expression of SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13 in 32 
pairs of human normal retinal tissues and diabetic retinal tissues was analyzed by RT-qPCR, and the results showed that, 
compared with the other five differentially expressed genes, SYT4 was significantly upregulated in human diabetic 
retinal tissue (Figure 1B). In addition, we analyzed the expression of SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13 in a DR 
ARPE-19 cell model induced by high glucose medium and a STZ-induced DR animal model by Western blot and found 
that the six differentially expressed proteins were highly expressed in the DR model groups compared with the control 
groups both in vitro and in vivo. SYT4 was significantly upregulated (Figure 1C and D). These results demonstrated that 
six members of the SYT family (SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13) were differentially expressed in DR and that 
SYT4 was highly expressed in DR samples and in both in vitro and in vivo models of DR. Therefore, we next focused on 
the impact of SYT4 on the progression of DR.

SYT4 promotes cellular glucose uptake by ARPE-19 cells under high glucose conditions
The transfection efficiency of SYT4 was examined by Western blot, and as shown in Figure 2A, knockdown of SYT4 in 
ARPE-19 cells significantly downregulated the expression of SYT4 compared with that in the control group (Figure 2A). 
Flow cytometry and CCK-8 assays showed that, compared with the control treatment, HG treatment significantly 
promoted ARPE-19 cell apoptosis (Figure 2B) and inhibited cell proliferation (Figure 2C), and these effects were reversed 
in the si-SYT4-treated group. In addition, the level of Ca2+ was significantly increased in HG-treated cells compared with 
control cells (Figure 2D), and glucose uptake by ARPE-19 cells was significantly increased under HG conditions 
(Figure 2E). Furthermore, Western blot showed that, compared with those in the control group, the expression of the 
transporter GLUT1 in ARPE-19 cells was significantly higher, and the protein expression level of GLUT1 was higher than 
that of the other three transporters (Figure 2F). Consistent with these findings, HG induced GLUT1 membrane translo-
cation in ARPE-19 cells, as shown by immunofluorescence analysis (Figure 2G). Notably, these changes were also 
reversed in the si-SYT4-treated group. In addition, compared with the control treatment, HG significantly promoted the 
inflammatory response and increased the levels of the inflammatory factors TNF-α, IL-1β, and IL-6, as detected by ELISA 
(Figure 2H), and these changes were consistently blocked in the si-SYT4-treated group. These results suggest that under 
high glucose conditions, ARPE-19 cell proliferation is inhibited and ARPE-19 apoptosis is increased, which may be due to 
the SYT4-induced influx of intracellular Ca2+ triggered by high glucose concentrations, thus inducing excessive cellular 
glucose uptake and inflammation.

Ca2+ signaling is required for the increased glucose uptake by ARPE-19 cells in high glucose conditions
An increase in the intracellular Ca2+ concentration can upregulate the stress response gene GLUT1[13]. Next, we invest-
igated whether the Ca2+ signaling pathway affects HG-induced cellular glucose uptake in ARPE-19 cells through GLUT1. 
The flow cytometry and CCK-8 results showed that compared to the control treatment, treatment with the Ca2+ signaling 
pathway inhibitor CGH-869 significantly promoted the proliferation of ARPE-19 cells (Figure 3A) and inhibited apoptosis 
(Figure 3B). The flow cytometry, Western blot and glucose assay results showed that treatment with the Ca2+ signaling 
pathway inhibitor CGH-869 reduced the intracellular Ca2+ levels induced by HG (Figure 3C) and inhibited the protein 
expression of CAMK4 and p-CREB, which are related to the Ca2+ signaling pathway (Figure 3D). Furthermore, treatment 
with a Ca2+ signaling pathway inhibitor (CGH-869) reduced the expression level of the transporter GLUT1 in HG-treated 
ARPE-19 cells (Figure 3E) and inhibited the GLUT1 membrane transfer induced by HG (Figure 3F), significantly 
alleviating the excessive uptake of glucose by ARPE-19 cells (Figure 3G). In addition, we found that CGH-869 
significantly inhibited the HG-induced inflammatory response and reduced the levels of the inflammatory cytokines 
TNF-α, IL-1β, and IL-6 in the treatment group (Figure 3H). These results suggest that high glucose induces apoptosis and 
inhibits the proliferation of ARPE-19 cells, which may be achieved by GLUT1 translocation via the Ca2+ signaling 
pathway, excessive glucose uptake by ARPE-19 cells, and increased inflammation.

Parkin promotes the ubiquitination and degradation of SYT4
Parkin is an E3 ubiquitin ligase. In Parkinson’s disease (PD), parkin interacts with and polyubiquitinates SYT4, thereby 
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Figure 1 Expression of synaptotagmins family members in diabetic retinopathy. A: The expression of synaptotagmins 1 (SYT1)-SYT17 was analyzed 
to identify differentially expressed proteins; B: The expression of SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13 was measured via reverse transcriptase-polymerase 
chain reaction; C and D: The expression of SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13 in ARPE-19 cells (C) induced by high glucose was detected by Western 
blot, and the expression in the retinas of diabetic retinopathy model mice (D) induced by streptozotocin was detected by Western blot. aP < 0.01, bP < 0.001, vs the 
normal group, control group, NC group. SYT: Synaptotagmins; DR: Diabetic retinopathy.

accelerating its proteoglycan degradation[30]. In this study, we investigated whether Parkin plays a role in the ubiquit-
ination-mediated degradation of SYT4 in the context of DR. A total of 32 pairs of human normal and diabetic retinal 
tissues were analyzed via RT-qPCR, which revealed that Parkin was downregulated in human diabetic retinal tissue 
clinical samples (Figure 4A). Furthermore, Western blot revealed that Parkin was expressed at low levels in high glucose-
treated ARPE-19 cells and in STZ-induced DR model mice (Figure 4B and C). We also found that the ubiquitination-
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Figure 2 Synaptotagmins 4 promotes high glucose-induced cellular glucose uptake by ARPE-19 cells. A: The expression of synaptotagmins 4 
(SYT4) was detected via Western blot; B: Apoptosis was observed by flow cytometry; C: A Cell Counting Kit-8 assay was used to determine cell viability; D: Flow 
cytometry was used to determine intracellular Ca2+ levels; E: Glucose uptake levels were determined; F: Western blot was used to detect the glucose transporter; G: 
Immunofluorescence analysis was used to examine the extent of GLUT1 membrane translocation; H: The levels of inflammatory cytokines [tumour necrosis factor 
alpha, interleukin (IL)-1β, and IL-6] were measured via ELISA. aP < 0.05, bP < 0.001, vs the NC group; cP < 0.01, dP < 0.01 vs the NC group, HG group. SYT: 
Synaptotagmins; GLUT1: Glucose transporter-1; TNF-α: Tumour necrosis factor alpha; IL: Interleukin.
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Figure 3 Ca2+ signaling is required for the increased glucose uptake by ARPE-19 cells in high glucose conditions. A: A Cell Counting Kit-8 
assay was used to determine cell viability; B: Flow cytometry was used to determine apoptosis; C: Intracellular Ca2+ levels were determined by flow cytometry; D: The 
Ca2+ signaling pathway-related proteins CAMK4 and p-CREB were detected via Western blot; E: The glucose transporter was detected via Western blot; F: The 
membrane translocation of GlUT1 was examined by immunofluorescence analysis; G: ELISA was used to measure the levels of inflammatory factors [tumour 
necrosis factor alpha, interleukin (IL)-1β, and IL-6]; H: ELISA was used to measure the level of glucose uptake. aP < 0.001, vs the NC group; bP < 0.01, cP < 0.01, dP 
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< 0.001 vs the HG group. GLUT1: Glucose transporter-1; TNF-α: Tumour necrosis factor alpha; IL: Interleukin.

Figure 4 Parkin promotes the ubiquitination and degradation of synaptotagmins 4. A: reverse transcriptase-polymerase chain reaction was used to 
measure the expression of Parkin; B: Western blot was used to detect the expression of Parkin in cells; C: Western blot was used to determine the expression of 
Parkin in the tissues of the mice; D: Western blot was used to determine the level of synaptotagmins 4 (SYT4) ubiquitination in cells; E: Western blot was used to 
determine the level of SYT4 ubiquitination in the tissues of mice; F: The transfection efficiency of oe-Parkin was detected via Western blot; G: The level of SYT4 
ubiquitination in cells was detected via Western blot. aP < 0.05, bP < 0.01, cP < 0.001, vs normal group, control group, NC group; cP < 0.001, vs HG group. SYT: 
Synaptotagmins; DR: Diabetic retinopathy; TNF-α: Tumour necrosis factor alpha; IL: Interleukin.

mediated degradation of SYT4 was significantly inhibited in high glucose-treated ARPE-19 cells compared with that in 
the NC group (Figure 4D). Consistently, the ubiquitination-mediated degradation of SYT4 was significantly inhibited in 
STZ-induced DR mouse retinal tissue compared to that in control tissue (Figure 4E). In addition, oe-Parkin significantly 
upregulated the expression of Parkin compared with that in the oe-NC group (Figure 4F). Western blot further revealed 
that oe-Parkin significantly promoted the ubiquitination-mediated degradation of SYT4 compared with that in the HG 
group (Figure 4G). These results indicate that Parkin is downregulated in DR and that oe-Parkin promotes the ubiquit-
ination of SYT4.
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Parkin overexpression inhibits the increased glucose uptake by ARPE-19 cells induced by high glucose
The flow cytometry and CCK-8 results showed that HG treatment inhibited ARPE-19 cell proliferation (Figure 5A) and 
promoted apoptosis (Figure 5B), and these changes were reversed in the oe-Parkin treatment group. Compared with 
those in the HG group, the HG-induced intracellular Ca2+ levels in the oe-Parkin treatment group were reduced 
(Figure 5C), and oe-Parkin alleviated the excessive glucose uptake by ARPE-19 cells (Figure 5D). Oe-Parkin treatment 
downregulated the expression of the transporter GLUT1 in ARPE-19 cells, as shown by the Western blot and immuno-
fluorescence analyses, compared to that in the control cells under HG conditions (Figure 5E), and inhibited HG-induced 
GLUT1 translocation in ARPE-19 cells (Figure 5F). In addition, the HG-induced inflammatory response was inhibited in 
the oe-Parkin treatment group, and the levels of the inflammatory factors TNF-α, IL-1β, and IL-6 were significantly 
inhibited (Figure 5G). These results suggest that high glucose induces apoptosis and inhibits the proliferation of ARPE-19 
cells, possibly through the inhibition of Parkin expression, which further increases intracellular Ca2+ influx and induces 
excessive cellular glucose uptake and an inflammatory response.

The transcription factor MYT1 regulates SYT4 expression
The SYT and transcription factor SYT4 has been reported to be regulated by Myt1 in neonatal mammalian islet beta cells
[27]. In this study, we aimed to investigate whether the expression of SYT4 in DR is regulated by the transcription factor 
MYT1. A total of 32 pairs of human normal and diabetic retinal tissues were analyzed by RT-qPCR, which revealed that 
MYT1 was downregulated in clinical DR samples (Figure 6A). Furthermore, Western blot showed that MYT1 expression 
was low in ARPE-19 cell treated with high glucose medium and in the DR model mice (Figure 6B and C). In addition, oe-
MYT1 significantly upregulated the expression of MYT1 compared with that in the oe-NC group (Figure 6D). 
Furthermore, Western blot showed that SYT4 was significantly low expressed in the oe-MYT1 group compared to the HG 
group (Figure 6E). These results indicate that MYT1 is downregulated in DR and that oe-MYT1 inhibits SYT4 
transcription.

Overexpression of MYT1 inhibits excessive glucose uptake by ARPE-19 cells under high glucose conditions
The flow cytometry and CCK-8 results showed that compared with the HG treatment, the oe-MYT1 treatment 
significantly promoted the proliferation of ARPE-19 cells (Figure 7A) and reduced the apoptosis of ARPE-19 cells 
(Figure 7B). In addition, compared with those in the HG-treated cells, the HG-induced intracellular Ca2+ levels in the oe-
MYT1-treated cells were decreased (Figure 7C), and oe-MYT1 treatment alleviated the excessive glucose uptake by ARPE-
19 cells (Figure 7D), as shown by flow cytometry, Western blot analysis and glucose assays. Compared with the HG 
treatment, the oe-MYT1 treatment downregulated the expression of the transporter GLUT1 in ARPE-19 cells (Figure 7E) 
and inhibited HG-induced GLUT1 translocation in ARPE-19 cells (Figure 7F), as shown by Western blot and immuno-
fluorescence analysis. In addition, the HG-induced inflammatory response was inhibited in the oe-MYT1 treatment 
group, and the levels of the inflammatory factors TNF-α, IL-1β, and IL-6 were significantly reduced (Figure 7G). These 
results suggest that high glucose induces apoptosis and inhibits the proliferation of ARPE-19 cells, which may be caused 
by the inhibition of MYT1 expression, which further increases intracellular Ca2+ influx, induces excessive cellular glucose 
uptake, and increases inflammation.

Protective effect of SYT4 knockdown against DR
We verified the effect of SYT4 on DR in animal experiments. Compared to mice in the model group, mice in the si-SYT4-
treated group had significantly lower blood glucose levels (Figure 8A) and significantly higher body weights (Figure 8B). 
HE staining of mouse retinopathy tissue showed that, compared with those in the model group, the retinas in the si-SYT4 
treatment group were significantly thicker, the cells in the entire retinal layer were neatly arranged, and the tissue 
morphology was significantly restored (Figure 8C). Moreover, si-SYT4 treatment significantly inhibited STZ-induced 
apoptosis (Figure 8D). However, these changes were abrogated by a calcium channel agonist (Bay K8644). In addition, 
compared with the model group, the si-SYT4 treatment group exhibited reduced levels of Ca2+ (Figure 8E), downreg-
ulated expression of the Ca2+ signaling pathway-related proteins CAMK4 and p-CREB (Figure 8F), and significantly 
inhibited expression of the transporter GLUT1 (Figure 8G). These changes were abrogated in the Bay K8644 treatment 
group. In addition, si-SYT4 treatment significantly inhibited the inflammatory response and reduced the levels of the 
inflammatory cytokines TNF-α, IL-1β, and IL-6 compared to those in the model group (Figure 8H), as measured by 
ELISA. Consistent with these findings, these changes were blocked by Bay K8644 treatment. These experimental results 
indicate that SYT4 knockdown protects against DR.

DISCUSSION
The retinal pigment epithelium (RPE) plays a crucial role in retinal homeostasis by influencing the function and 
maintenance of photoreceptors and the capillary endothelium[31]. Dysfunction of the RPE barrier caused by excessive 
cellular uptake of glucose through the insulin-independent GLUT is the leading cause of DR[32]. Previous studies have 
shown that insulin is secreted in response to glucose stimulation and is accompanied by increased intracellular ATP 
levels during cellular glucose uptake[33]. An increase in ATP levels leads to membrane depolarization and the opening of 
Ca2+ channels, resulting in the influx of extracellular Ca2+. An increase in intracellular Ca2+ promotes the fusion of GLUT1 
with the plasma membrane, mediating excessive glucose uptake[34-36]. In this study, in vivo and in vitro experiments 
revealed that high expression of the Ca2+ signaling pathway-related proteins CAMK4 and p-CREB and high Ca2+ influx 
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Figure 5 Parkin overexpression inhibits the excessive glucose uptake by ARPE-19 cells induced by high glucose. A: A Cell Counting Kit-8 
assay was used to determine cell viability; B: Flow cytometry was used to determine apoptosis; C: Intracellular Ca2+ levels were determined by flow cytometry; D: 
Glucose uptake was detected by a kit; E: GLUT1 expression was detected via Western blot; F: The extent of glucose transporter-1 membrane transfer was examined 
by immunofluorescence analysis; G: The levels of inflammatory factors [tumour necrosis factor alpha, interleukin (IL)-1β, and IL-6] were measured via ELISA. aP < 
0.001, vs the NC group; bP < 0.01, cP < 0.01, dP < 0.001 vs the HG group. GLUT1: Glucose transporter-1; TNF-α: Tumour necrosis factor alpha; IL: Interleukin.
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Figure 6 The transcription factor myelin transcription factor 1 regulates synaptotagmins 4 expression. A: reverse transcriptase-polymerase 
chain reaction was used to measure the expression of myelin transcription factor 1 (MYT1); B: Western blot was used to detect the expression of MYT1 in cells; C: 
Western blot was used to determine the expression of MYT1 in mouse tissues; D: Western blot was used to determine the transfection efficiency of MYT1 in cells; E: 
The expression of synaptotagmins 4 was detected by Western blot. aP < 0.05, bP < 0.001, vs normal group, control group, NC group. DR: Diabetic retinopathy; MYT1: 
Myelin transcription factor 1.

induced the rapid fusion of GLUT1 vesicles with the plasma membrane, resulting in high expression of the glucose 
transporter GLUT1 and promoting the excessive uptake of glucose by ARPE-19 cells, further impairing ARPE-19 cells, 
and promoting inflammation. Our results indicate that the Ca2+ signaling pathway promotes high glucose uptake by 
ARPE-19 cells through GLUT1, resulting in ARPE-19 injury and inflammation and accelerating DR progression.

The SYT protein family plays a key role in regulating membrane trafficking at neuronal synapses. In recent years, SYT 
family members have been shown to be involved in the pathogenesis and progression of human diseases. Specifically, 
Sung et al[37] demonstrated that SYT2 was upregulated in ovarian cancer, promoted the migration and invasion of 
ovarian cancer cells and was associated with poor survival in ovarian cancer patients. SYT7 is overexpressed in lung 
cancer, colorectal cancer and glioma and promotes cell proliferation and inhibits apoptosis, resulting in poor prognosis
[38,39]. SYT4 is upregulated in triple-negative breast cancer, confers resistance to paclitaxel, and contributes to a poor 
prognosis[40]. However, few studies have assessed the impact of SYT family members on DR progression. In this study, 
we investigated the effect of SYT family members on DR. Bioinformatics analysis (SYT1-SYT17) revealed the differential 
expression of 6 members of the SYT family: SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13. In particular, SYT4 was highly 
expressed in the tissues and cells of DR patients. Therefore, we focused on the effect of SYT4 on glucose transport in RPE 
cells during DR.

Accumulating evidence suggests that a transient increase in intracellular Ca2+ triggers and accelerates clathrin-
dependent and clathrin-independent endocytosis in neurons and neuroendocrine cells[41,42]. Several endocytic Ca2+ 
sensors and effectors can initiate and mediate Ca2+-dependent endocytosis. Among them, SYTs are a family of type I 
membrane proteins with an evolutionarily conserved cytoplasmic tandem C2 domain (C2A and C2B) and are well-
characterized Ca2+ sensors[17]. SYT4, which is a member of the SYT family, has been reported to be present in vesicles 
that contain synaptic plasticity and growth regulators, mediating the delivery of Ca2+-dependent factors to postsynaptic 
cells via exosomal anterograde delivery of SYT4 and regulating the fusion pores and fusion patterns of endocrine cells 
and neurons[43,44]. In Drosophila, the Ca2+-dependent retrograde signaling pathway is dependent on the postsynaptic 
Ca2+ sensor SYT4, and the loss of SYT4 results in abnormal development and function of the NMJ[45]. In addition, SYT4 is 
involved in the regulation of secretory events in several other mammalian cell types, including insulin-stimulated glucose 
transporter delivery to the plasma membrane in adipocytes and glucose-stimulated insulin secretion by pancreatic beta 
cells[27]. Consistently, in the present study, we found that SYT4 induced an increase in Ca2+ levels in RPE cells under high 
glucose conditions, promoting GLUT1 vesicle fusion with the plasma membrane and cellular glucose uptake.

Ubiquitination is a posttranslational modification that mediates the degradation of proteins, typically through the 
covalent attachment of ubiquitin and ubiquitin chains to lysine residues or to the N-terminal amino group of the substrate 
protein[46]. In the ubiquitination pathway, E3 ubiquitin ligases typically provide most of the specificity and regulation by 
recognizing substrates and controlling activity[47]. Parkin is an E3 ubiquitin ligase that induces proteasomal degradation 
of its substrates by polyubiquitination[48] and mitochondrial autophagy[49]. It has been suggested that abnormal 
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Figure 7 Myelin transcription factor 1 overexpression inhibits high glucose-induced cellular glucose uptake by ARPE-19 cells. A: A Cell 
Counting Kit-8 assay was used to determine cell viability; B: Flow cytometry was used to determine apoptosis; C: Intracellular Ca2+ levels were determined by flow 
cytometry; D: Glucose uptake was detected by a kit; E: Glucose transporter-1 (GLUT1) expression was detected via Western blot; F: The extent of GlUT1 membrane 
transfer was examined by immunofluorescence analysis; G: The levels of inflammatory factors [tumour necrosis factor alpha, interleukin (IL)-1β, and IL-6] were 
measured via ELISA. aP < 0.001, vs the NC group; bP < 0.01, cP < 0.01, dP < 0.001 vs the HG group. MYT1: Myelin transcription factor 1; GLUT1: Glucose 
transporter-1; TNF-α: Tumour necrosis factor alpha; IL: Interleukin.
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Figure 8 Animal experiment to verify the inhibition of diabetic retinopathy by synaptotagmins 4 knockdown. A: A kit was used to measure the 
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blood glucose levels of the mice; B: Electronic weighing was used to evaluate the mice; C: HE staining was used to observe retinal structure; D: TUNEL staining was 
performed to evaluate cell apoptosis; E: Flow cytometry was used to determine Ca2+ levels; F: Western blot was used to detect the Ca2+ signaling pathway-related 
proteins CAMK4 and p-CREB; G: The glucose transporter was detected via Western blot; H: The levels of inflammatory cytokines [tumour necrosis factor alpha, 
interleukin (IL)-1β, and IL-6] were measured via ELISA. aP < 0.001, vs the control group; bP < 0.01, cP < 0.001 vs the model group; dP < 0.05, eP < 0.01, fP < 0.001 vs 
the model + si- synaptotagmins 4 group. SYT: Synaptotagmins; TNF-α: Tumour necrosis factor alpha; IL: Interleukin.

Figure 9 The mechanism of action of synaptotagmins 4 in diabetic retinopathy. SYT: Synaptotagmins; MYT1: Myelin transcription factor 1; GLUT1: 
Glucose transporter-1.

accumulation of Parkin substrates can contribute to DA-related neuronal degeneration in PD patients and is associated 
with Parkin mutations[50]. In addition, SYTs have been extensively studied as Parkin substrates in PD. Wang et al[51] 
showed that parkin dysfunction leads to the accumulation of Syt11, which inhibits endocytosis, and the release of DA by 
DA neurons, ultimately initiating the pathogenesis of PD. Huynh et al[21] identified Syt XI as a substrate of Parkin whose 
turnover is accelerated by Parkin-mediated polyubiquitination. Interestingly, recent studies have also reported that Syt 
IV, which is an isoform that is highly homologous to Syt XI, can also bind to the C2A and C2B domains of Syt IV and 
promote its proteasomal degradation through parkin polyubiquitination[30]. Therefore, we examined whether the 
excessive accumulation of SYT4 in DR was related to Parkin. As expected, we found that Parkin expression was 
significantly downregulated in DR. Furthermore, in cells transfected with the Parkin overexpression plasmid, we found 
that Parkin overexpression promoted the ubiquitination and degradation of SYT4 and significantly reduced SYT4-
induced Ca2+ levels, GLUT1 membrane translocation, glucose uptake, apoptosis, and inflammation. Our data suggest that 
Parkin deficiency is an important factor in the excessive accumulation of SYT4 in DR and that Parkin deficiency inhibits 
SYT4 proteasomal degradation and promotes GLUT1 membrane translocation, which in turn promotes cellular glucose 
uptake.

In recent years, SYT4 has attracted much attention as a new intervention target in diabetes-related diseases[52,53]. 
However, the mechanism regulating SYT4 expression has not yet been determined. A previous study showed that SYT4 
expression affects pancreatic beta cell insulin secretion and that the expression of SYT4 may be regulated by the 
transcription factor Myt1[27]. Therefore, in this study, we focused on whether the high expression of SYT4 in DR was 
related to the transcription factor MYT1. Overexpression of MYT1 inhibited SYT4 transcription in ARPE-19 cells, which in 
turn inhibited Ca2+-induced GLUT1 fusion with the plasma membrane, attenuated GLUT1 translocation, and downreg-
ulated the protein expression of the glucose transporter GLUT1. High glucose-induced glucose uptake by ARPE-19 cells 
was inhibited. Notably, SYTs often act synergistically by binding to multiple family members, so it is not clear whether 
MYT1 directly inhibits SYT4 transcription in ARPE-19 cells. Mall et al[25] showed that MYT1L binds to the promoters of 
several SYT genes (SYT1, 2, 3, 7, and 12) and downregulates their expression in fibroblasts. We hypothesized that MYT1 
inhibits SYT4 expression via a similar mechanism in ARPE-19 cells. Furthermore, different cell types use different signals 
to activate SYT4 expression[52]. Therefore, further identification of the unknown factors and mechanisms controlling 
SYT4 expression is needed to fully understand SYT4-mediated stimulus-secretion coupling in DR.

In this study, we provide evidence that hyperglycemia-mediated overexpression of SYT4 manipulates Ca2+ influx to 
induce the fusion of GLUT1 to the plasma membrane, promote abnormal glucose transporter expression and cellular 
glucose uptake, and enhance the inflammatory response in cells, which in turn promotes DR progression (Figure 9). In 
addition, our results showed that in our DR cell model, the lack of Parkin inhibited the proteasome-mediated degradation 
of SYT4 and promoted the fusion of GLUT1 with the plasma membrane, which upregulated the expression of GLUT1. 
Furthermore, we also found that the regulatory mechanism of the abnormally high SYT4 expression was related to the 
dysregulation of the transcription factor MYT1 in DR and that the transcription of SYT4 was repressed by MYT1, playing 
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a key role in inhibiting SYT4-mediated stimulus-secretion coupling.

CONCLUSION
In conclusion, our study reveals the key role of SYT4 in regulating glucose transport in retinal pigment epithelial cells 
during the pathogenesis of DR and provides insights into potential therapeutic targets for clinical DR.

ARTICLE HIGHLIGHTS
Research background
Synaptotagmins (SYTs) are a family of 17 membrane transporters that function as calcium ion sensors during the release 
of Ca2+-dependent neurotransmitters and hormones. However, few studies have investigated whether members of the 
SYT family play a role in glucose uptake in diabetic retinopathy (DR) through Ca2+/glucose transporter-1 (GLUT1) and 
the possible related mechanisms.

Research motivation
To elucidate the role of the SYT family in the regulation of glucose transport in retinal pigment epithelial cells and explore 
its potential as a therapeutic target for the clinical management of DR.

Research objectives
To elucidate the role of SYT4 in the regulation of glucose transport in retinal pigment epithelial cells.

Research methods
DR was induced by streptozotocin in C57BL/6J mice in vivo and by high glucose medium in human retinal pigment 
epithelial cells (ARPE-19) in vitro. Bioinformatics analysis, reverse transcriptase-polymerase chain reaction, Western blot, 
flow cytometry, ELISA, HE staining and TUNEL staining were used for analysis.

Research results
Six proteins (SYT2, SYT3, SYT4, SYT7, SYT11, and SYT13) were found to be differentially expressed in DR, and SYT4 was 
highly expressed. Hyperglycemia induces the overexpression of SYT4, manipulates Ca2+ influx to induce the fusion of 
GLUT1 with the plasma membrane, promotes the abnormal expression of the glucose transporter GLUT1 and excessive 
cellular glucose uptake, induces ARPE-19 cell apoptosis, and promotes the progression of DR. Parkin deficiency inhibits 
the proteasomal degradation of SYT4 in DR, resulting in SYT4 accumulation and promoting GLUT1 fusion to the plasma 
membrane, and this process is blocked by oe-Parkin treatment. Moreover, dysregulation of Myelin transcription factor 1 
(Myt1)-induced transcription of SYT4 in DR further activated the SYT4-mediated stimulus-secretion coupling process, 
and this process was inhibited in the oe-MYT1-treated group.

Research conclusions
The hyperglycemia-mediated overexpression of SYT4 manipulates Ca2+ influx to induce the fusion of GLUT1 to the 
plasma membrane, promote abnormal glucose transporter expression and cellular glucose uptake, and enhance the 
inflammatory response in cells, which in turn promotes DR progression. A lack of Parkin inhibited the proteasome-
mediated degradation of SYT4 and promoted the fusion of GLUT1 with the plasma membrane, which upregulated the 
expression of GLUT1. Furthermore, the regulatory mechanism of the abnormally high expression of SYT4 was related to 
the dysregulation of the transcription factor Myt1.

Research perspectives
Our study reveals the key role of SYT4 in regulating glucose transport in retinal pigment epithelial cells during the 
pathogenesis of DR and the underlying mechanism and suggests potential therapeutic targets for clinical DR.
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