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ABSTRACT
Diabetic retinopathy (DR) represents the most typical complication of type 2 diabetes mellitus and 
one of the most primary oculopathy causing blindness. However, the mechanism of DR remains 
unknown. RIPK1/RIPK3, as homologous serine/threonine kinases, are key elements in mediating 
necroptosis and may have functions in DR development. To clarify the relationship between DR 
and RIPK1/RIPK3, this study established a model of apoptosis using high-glucose induced RGCs, 
which were treated with 7.5, 19.5, and 35 mM D-glucose for 12, 24, and 48 h, respectively. 
Subsequently, the expression of RIPK1/RIPK3 was determined and the protective effect of necros-
tatin-1 on RGCs injury induced by high glucose was explored. The results demonstrated that the 
expression of RIPK1 and RIPK3 in the cells was increased markedly following 12 h treatment with 
19.5 mM D-glucose. Additionally, following an addition of 100 μM necrostatin-1 in 19.5 mM 
D-glucose medium for RGCs treatment 12 h, the protein expression of RIPK1 and RIPK3 was 
decreased markedly, and the number of Nissl bodies in cells was increased substantially. The 
findings of the present study indicated that high glucose could induce the expression of RIPK1/ 
RIPK3, and necrostatin-1 could effectively protect RGCs from D-glucose-induced cell necrosis.
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1 Introduction

DR is the most typical complication of type 2 
diabetes mellitus, and it has become one of the 
most primary oculopathy causing vision loss [1]. 
However, the mechanism of DR remains to be 

fully understood. Traditionally, the pathological 
basis of DR is the thickening of the retinal micro-
vascular basement membrane, resulting in loss of 
pericytes and impairment of blood-retinal barrier 
function. Increasing studies have also confirmed 
the pathological changes of diabetic retinal vessels, 
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including the formation of microhemangioma, 
absence of capillary perfusion injury, vascular base-
ment membrane thickening, neovascularization, 
and selective loss of pericytes [2–4]. However, 
when angiopathy occurs presenting apparent symp-
toms in the eyes, it represents the best time for 
retinopathy treatment has lost. Presently, increasing 
concerns have been shown on the changes of retinal 
neurons in early DR. RGCs are the earliest neurons 
differentiated from the retina, and essential in the 
perception, processing, and transmission of visual 
signals, accounting for most of the retinal nerve 
tissue [5,6]. Post optic nerve injury, the degree of 
visual acuity recovery is intimately associated with 
the number of survival RGCs, that is, the more 
survival nerves, the better recovery of visual acuity. 
Measures on how to save the dying RGCs and how 
to prevent secondary injury to RGCs have always 
been a hotspot and challenge for researchers. To 
solve this challenging scientific problem, it is neces-
sary to track down the source to figure out the 
mode of RGCs necrosis and the key factors that 
trigger this mode of necrosis.

RIPK1 and RIPK3 are homologous serine/threo-
nine kinases, and they are key elements in mediat-
ing necroptosis [7,8]. Besides, the activation of 
a series of innate immune receptors TNFR1, 
IFNR, and TLR, can also activate RIPK1 and 
RIPK3. Some studies have revealed that these sti-
muli can cause necroptosis in vitro [9,10]. 
Accumulative studies have indicated that the stimu-
lation of TNF-a can induce necroptosis, and the 
activation of RIPK3 is a pivotal factor during the 
process [11,12]. RIPK3 can bind to RIPK1 and form 
a structure of ‘necrosome’, leading to the activation 
of downstream MLKL, and the latter serves as a key 
regulator in cell lysis and necrosis [13,14].

RGCs are the first cells affected in the early stages 
of DR and have the highest apoptosis rate. 
Hyperglycemia plays an important role in the devel-
opment of DR disease. Hyperglycemia increases 
peroxides in retinal cells, promoting impaired cell 
viability and apoptosis, which is often accompanied 
by retinal ischemia and necroptosis [15]. Studies 
have shown that intraocular prophylactic injection 
of necrostatin-1 in rats protects inner retinal neu-
rons and improves visual function [16]. In addition, 
RIP3 has been found to phosphorylate death- 
related protein (Daxx) in RGCs, causing Daxx to 

translocate from the nucleus and activate JNK- 
mediated cell death [17]. However, few reports 
have been made on the interaction between 
RIPK1/RIPK3 and high glucose.

We hypothesized that high glucose culture con-
ditions could modulate the expression of RIPK1/ 
RIPK3 in RGCs, resulting in RGCs damage and 
a reduction in niche vesicles. This study aimed to 
clarify the regulation of high glucose culture con-
ditions on the expression of RIPK1/RIPK3, RGCs 
were subsequently isolated and cultured, cells were 
treated with different concentrations of D-glucose, 
and the changes of RIPK1/RIPK3 expression in the 
cells were detected.

2 Materials and methods

2.1 Primary isolation of RGCs in mice

Eighteen C57BL/6 mice were decapitated and the 
heads were placed in 75% alcohol for 5 min. 
Briefly, the eyeballs were removed gently and 
rinsed in D-Hank’s solution 3 times. Under an 
anatomical microscope, the cornea was sheared 
from the corneaoscleral limbus, the lens and vitr-
eous were dissociated, and the retinal neuroepithe-
lial tissue was bluntly separated, rinsed in 
D-Hank’s solution 3 times, placed into a 2 mL 
0.25% trypsin solution, and incubated in a 37°C 
incubator for 30 min. DMEM-F12 culture medium 
containing 10% fetal bovine serum was added to 
terminate the digestion. After 1 000 rpm centrifu-
gation for 5 min, the supernatant was discarded 
and NeurobasalTM Media serum-free culture sys-
tem was added, which was blown with a blunt 
straw to prepare cell suspension. Following the 
cell density was adjusted to 1 × 105/mL, the cells 
were inoculated into 24-well plates, supplemented 
with 1 mL of serum-free culture system containing 
NeurobasalTM Media to each well, and placed in 
a CO2 cell incubator maintaining a constant tem-
perature at 37°C [18].

2.2 Identification of RGCs in mice by flow 
cytometry

The cells were cultured in 6-well plates, and when 
cell growth reached approximately 85%, the old 
culture medium was discarded. The cells were 

3948 S. GAO ET AL.



subsequently washed twice with 5 mL PBS, 
digested with 1 mL 0.25% trypsin until turned 
round, and terminated by adding 2 mL DMEM- 
F12 complete medium. All adherent cells were 
blown down, gently dispersed, transferred to 
a 15 mL centrifuge tube for centrifugation at 1 
000 rpm for 5 min. Following that, the supernatant 
was carefully aspirated, it is acceptable with 50 μL 
medium left. Following the addition of 1 mL pre- 
cooled PBS, the cells were resuspended, transferred 
to a 1.5 mL centrifuge tube, and repeated centri-
fugation and precipitation. The supernatant was 
carefully aspirated and it is acceptable with 
approximately 50 μL PBS left. The bottom of the 
centrifuge tube was flicked gently to disperse the 
cells avoiding clumps. A 5 μL of Thy1.2 antibody 
was added to a flow cytometry tube and a 50 μL 
Staining Buffer to an empty tube [19]. To each 
tube, 50 μL cell suspension was added (approxi-
mately 106 cells), mixed gently, and incubated at 
4°C for 20 min. After incubation, 1 mL staining 
buffer was added. Following centrifugation at 1 
000 rpm for 5 min, the supernatant was discarded 
and washed again. The cells were resuspended in 
100 μL PBS, supplemented with 5 uL 488 fluores-
cent antibodies in the flow cytometry tube, and 
incubated in a refrigerator at 4°C for 20 min. After 
1 000 rpm centrifugation for 5 min, the super-
natant was discarded and repeated wash three 
times. The cells were resuspended in 100 μL PBS 
and detected by flow cytometry.

2.3 RGCs treated with different concentrations 
of D-glucose

When the cell density in the culture flask reached 
approximately 85%, the culture medium was 
removed. The cells were washed twice with 5 mL 
PBS, added 1 mL 0.25% trypsin for digestion until 
turned round, and then supplied with 2 mL 
DMEM-F12 complete medium for digestion ter-
mination. All adherent cells were blown down, 
gently dispersed, and transferred to three 15 mL 
centrifuge tubes for centrifugation at 2 000 rpm 
for 3 min. The cells were resuspended with the 
three concentrations (7.5, 19.5, and 35 mM) of 
D-glucose, inoculated in 6-well plates, and placed 
in a CO2 cell incubator keeping a constant tem-
perature at 37°C for 12, 24, and 48 h [20]. Samples 

were collected at 12, 24, and 48 h for Western blot 
assays.

2.4 Western blot

Cell samples were lysed with lysate on ice for 
30 min, centrifugated at 13,000 g for 15 min, and 
the supernatant was collected. The protein concen-
tration was determined using the BCA method, 
diluted with sample buffer, and boiled for 5 min 
at 100°C. The protein was separated in 10% SDS- 
polyacrylamide gel via electrophoresis at 80 V for 
2 h and subsequently transferred to a PVDF mem-
brane, blocked with 5% skimmed milk for 1 h at 
room temperature, and incubated with primary 
antibodies at 4°C overnight. Following three cycles 
of membrane washing with TBST, 10 min each 
time, secondary antibodies were added and incu-
bated at room temperature for 1 h. Following three 
cycles of membrane washing with TBST, 10 min 
each time, ECL reaction solution was added, and 
Bio-Rad developer was used for development. The 
Image Lab software was employed for quantitative 
analysis of the bands [18]. The antibodies used in 
this study were presented as follows: p-RIPK1 
(1:500, Abclonal, China), RIPK1 (1:1000, Abclonal, 
China), p-RIPK3 (1:1000, Abclonal, China), RIPK3 
(1:1000, Abclonal, China), β-Actin (1:2000, 
Abclonal, China) and HRP Goat Anti-Rabbit IgG 
(1:1000, Abclonal, China).

2.5 Immunofluorescence detection

The slides were placed into 24-well plates and 
washed three times with PBS. When the cell den-
sity reached approximately 85%, the medium was 
removed, washed twice with 5 mL PBS, subse-
quently digested with 1 mL 0.25% trypsin for 
digestion until turned round, and then supplied 
with 2 mL DMEM-F12 complete medium for 
digestion termination. All adherent cells were 
blown down, gently dispersed, and transferred to 
a 15 mL centrifuge tube for centrifugation at 2 
000 rpm for 3 min. The cells were fixed with 
paraformaldehyde for 20 min and washed three 
times with PBS for subsequent immunofluores-
cence staining. The fixed cell slides were washed 
with distilled water and soaked in PBS for 5 min. 
The cells on the slides were added 0.5% TritonX- 
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100 by drips and drilled at room temperature for 
20 min. The sections were soaked with PBS for 3 
times, 3 min each time. The cells were added to 
10% normal goat serum and sealed at room tem-
perature for 60 min. The blocking solution was 
removed with absorbent paper free of washing. 
The cells on each slide were added enough diluted 
primary antibodies (ratio: 1:200) by drips, placed 
into a wet box, and incubated overnight at 4°C 
[21]. The wet box was taken out and rewarmed at 
room temperature for 30 min. The slides were 
soaked and washed with PBS three times, 3 min 
each time, dried the excess liquid with absorbent 
paper, added diluted fluorescent secondary anti-
bodies (ratio: 1:200), incubated in the wet box at 
37°C for 60 min, and then rinsed with PBS 3 times, 
3 min each time. DAPI was dripped and incubated 
for 5 min avoiding light. The samples were dyed 
and the excess DAPI was washed off with PBS for 
5 min × 4 times. The Guangzhou Mingmei posi-
tive fluorescence microscopy imaging system was 
used to photograph.

2.6 Nissl staining for ganglion cell observation

The cells were fixed with paraformaldehyde for 
20 min, washed with PBS three times, and changes 
in ganglion cell count were observed in the experi-
mental group and the control group [22]. The cell 
slides were rinsed with distilled water for 3 times, 
5 min each time, placed in a 60°C incubator, and 
stained with 1% toluidine blue for 40 min. The dye 
was rinsed with distilled water, and the slides were 
dehydrated in ethanol at 70%, 80%, 95%, and 100%, 
respectively, followed by xylene transparency, and 
finally sealed with neutral gum. The paraffin sec-
tions of gastric tissue were photographed using 
a Mshot MF53 microscope from Guangzhou 
Mingmei Optoelectronic Technology Co., Ltd.

2.7 Statistical analysis

Statistical analysis was performed using GraphPad 
Prism 8 (GraphPad Software, USA). T-tests were 
used for pairwise comparison and one-way analy-
sis of variance (ANOVA) was employed for com-
parisons among multiple groups. The value of 
P less than 0.05 was considered the difference 
was significant [23].

3. Results

3.1 Successful isolation and identification of 
RGCs in mice

RGCs are the first cells affected in the early stages 
of DR and have the highest apoptosis rate. We 
hypothesized that high glucose could damage 
RGCs by regulating the expression of RIPK1/ 
RIPK3. In this study, we added high glucose to 
RGCs and examined its regulation of RIPK1/ 
RIPK3 expression and phosphorylation levels, 
and assayed Nissl bodies in RGCs.

Thy1.2 positive cells were detected by flow cyto-
metry. The results indicated that unstained cells 
were used as a blank internal reference to elimi-
nate systematic errors. The percentage of Thy1.2 
positive cells isolated in this study was 99.18% 
(Figure 1), indicating that high purity RGCs in 
mice were isolated and could be used for subse-
quent studies.

3.2 Detection of RIPK1 and RIPK3 after 
D-glucose treatment

To determine the optimal concentration and time 
of D-glucose on RGCs, which was applied at 7.5, 
19.5, and 35 mM in treatment for 12, 24, and 48 h, 
respectively, and the protein expressions of RIPK1, 
P-RIPK1, RIPK3, and P-RIPK3 were detected. The 
results indicated that the expression and phos-
phorylation levels of RIPK1 and RIPK3 were the 
highest after treating 19.5 mM D-glucose for 12 h 
(Figure 2).

Further verification by immunofluorescence 
indicated that the expression of RIPK1 and 
RIPK3 in the cells increased markedly following 
19.5 mM D-glucose treatment at 12 h. RIPK1 and 
RIPK3 were distributed in both cytoplasm and 
nucleus (Figure 3).

3.3 Necrostatin-1 inhibits the expression of 
RIPK1 and RIPK3

We subsequently added necrostatin-1 to RGCs trea-
ted with D-glucose to observe the changes in the 
expression of RIPK1 and RIPK3. WB assay results 
indicated that following the addition of 100 μM 
necrostatin-1 in 19.5 mM D-glucose medium, 
RGCs were treated for 12 h, and the protein 
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expression of RIPK1 and RIPK3 decreased markedly 
(Figure 4a). Nissl staining results indicated that the 
addition of necrostatin-1 markedly increased the 
number of Nissl bodies in cells (Figure 4b), indicat-
ing that necrostatin-1 could effectively protect RGCs 
from D-glucose-induced cell necrosis.

4 Discussion

To clarify the induction effect of high glucose on 
RGCs and the regulation of RIPK1 and RIPK3 
expression, D-glucose at 7.5, 19.5, and 35 mM 
was added to the isolated RGCs and cultured 
in vitro for 12, 24, and 48 h. By detecting the 
protein expressions of RIPK1, p-RIPK1, RIPK3, 
and p-RIPK3, the expression levels of RIPK1, 
RIPK3, and the phosphorylation levels were the 

highest after 19.5 mM D-glucose treatment at 
12 h, presenting the most favorable induction 
effect. Further addition of necrostatin-1 to RGCs 
treated with D-glucose revealed that the protein 
expression levels of RIPK1 and RIPK3 were mark-
edly decreased. Besides, necrostatin-1 could mark-
edly increase the number of Nissl bodies in cells, 
effectively protecting RGCs from cell necrosis 
induced by D-glucose.

DR often results in retinal ischemia, which can 
lead to visual field defects or blindness. The nature 
of ischemia is actually due to insufficient blood 
supply of tissues and organs, resulting in hypoxia 
and ischemia of the corresponding tissues or 
organs. As a consequence, a series of changes 
occur in the intracellular environment inducing 
cell death. As a high metabolic organ, the retina 

Figure 1. Isolation and identification of RGCs in mice. A, RGCs in mice under white light. B, Unstained cells were used as a blank 
internal reference to eliminate systematic errors. C, Positive rate of Thy1.2 cells by flow cytometry, the Thy1.2 antibody labeled 
treatment group. D, Statistical chart of the results by flow cytometry. The scale bar is 100 microns. ##, p < 0.01.
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consumes a large amount of oxygen in the human 
body, so the retina is very sensitive to ischemia 
and hypoxia [24,25]. In a recent study, Du et al. 
used high-glucose DMEM to establish a retinal 
ischemia/reperfusion (I/R) injury model in retinal 
ganglion cells. They focused on the regulatory 
mechanism of ligustrazine in this model. The 
results showed that low concentrations of ligustra-
zine significantly increased cell viability and inhib-
ited autophagy and apoptosis of RGC-5 cells after 
I/R injury, indicating that low concentrations of 
ligustrazine had a protective effect on retinal I/R 
injury. In addition, the alleviating effect of ligus-
trazine on retinal I/R injury was mechanistically 
related to the activation of the PI3K/Akt/mTOR 
pathway. Low concentrations of ligustrazine had 
a significant protective effect on retinal I/R injury 
in RGC-5 cells through activation of the PI3K/ 
Akt/mTOR pathway [18]. In our study, however, 

we focused on the construction of an in vitro 
model of DR using high sugar medium to investi-
gate the mechanism of the damaging effect of high 
glucose on RGCs. We found that high glucose 
regulates the expression of RIPK1/RIPK3, leading 
to a decrease in Nissl bodies. In addition, we found 
that Necrostatin-1 was able to inhibit the high 
expression of RIPK1/RIPK3 induced by high glu-
cose. We resolved the possible molecular regula-
tory mechanisms of DR from a novel perspective 
and provided new research ideas for the treatment 
of DR.

Once hypoxia or ischemia occurs in the retina, 
it will cause damage to nerve cells. Necroptosis is 
a way of cell necrosis by phosphorylating mixed 
lineage kinase domain as mediated by receptor 
interacting kinase, resulting in cell membrane 
damage and loss. Some researchers have found 
that necroptosis can occur in acute retinal 

Figure 2. Expression of RIPK1 and RIPK3 proteins in RGCs was promoted following D-glucose treatment. A, Protein expressions of 
RIPK1, p-RIPK1, RIPK3, and p-RIPK3 were detected by WB after treatment of 7.5 mM, 19.5 mM, and 35 mM D-glucose for 12, 24, and 
48 h. B-E, Grayscale statistics.
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ischemia-reperfusion injury and lead to a series of 
inflammatory reactions [26,27]. More studies have 
pointed out that RGC apoptosis can be detected as 
early as 7 days after retinal ischemia-reperfusion 
injury caused by acute intraocular hypertension 
[28,29]. Early in 2005, researchers found that 
necrostatin-1, the first inhibitor of necroptosis, 
became a tool protein for an actual study of 
necroptosis by acting on RIPK1. The amyloid- 
like structure of the RIPK1-RIPK3 heterodimer 
acts as a scaffold to recruit signaling proteins for 
proximity and activation. RIPK1-RIPK3 interac-
tion alone cannot cause programmed death 
because it cannot transmit death information and 
activate downstream signals alone. Programmed 
necrosis is dependent on the interaction of 
RIPK1 and RIPK3 kinase activities, resulting in 
phosphorylation of the RIPK1 Ser161 site and 
RIPK3 Ser199 site, and only the phosphorylated 

RIPK3 can further perform programmed necrosis 
[30]. Necrostatin-1 is a potent, selective, and cell- 
permeable inhibitor of necroptosis. It acts by inhi-
biting the RIP1 in the necroptosis pathway. 
Necrostatin-1 inhibits overexpression and endo-
genous autophosphorylation of RIP1. RIP1 is the 
primary cellular target responsible for the anti- 
necrotic activity of Necrostatin-1. Necrostatin-1 
effectively inhibits many types of cell-triggered 
Necrotropic cell death. Necrostatin-1 acts as 
a small molecule inhibitor of cell necrosis and 
inhibits the induction of cell necrosis by RIPK. 
Studies on the relationship of necrostatin-1 with 
RIPK1 and RIPK3 are well established [31]. For 
example, necrostatin-1 together with RIPK1 and 
RIPK3 plays a role in glutamate-induced toxicity 
in mouse embryonic fibroblasts and hippocampal 
neurons. After induction with glutamate, the sur-
vival of wild-type and RIP3-deficient mouse 

Figure 3. RIPK1 and RIPK3 were detected by immunofluorescence assay. Expression and distribution of RIPK1 and RIPK3 in cells were 
detected by immunofluorescence following treatment with 19.5 mM D-glucose at 12 h.
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embryonic fibroblasts as well as HT22 cells was 
examined to probe their sensitivity to glutamate 
[32,33]. The present study found that the expres-
sion and phosphorylation levels of RIPK1 and 
RIPK3 were greatly affected in the model of 
RGCs induced by high glucose, and the necrotic 
state of RGCs could be markedly improved after 
RIPK1 inhibitor necrostatin-1 treatment.

RGC-5 cell line is usually used to study the 
neuroprotection of RGCs in vitro. Some 
researchers have found that calpain can upregu-
late apoptosis inducing factors, and lead to 
necroptosis of RGC-5 cell line in both models of 
hypoxia and glucose deprivation injury and 
increased hydrostatic pressure. Meanwhile, addi-
tional researchers have proved that necroptosis of 
the RGC-5 cell line is achieved by upregulating 
RIPK3 [34,35]. The researchers have discovered 
some specific drugs Timosaponin B and sulfur 
antioxidant P5. Timosaponin B is a monomer 
extract of the Chinese medicine Artemisia arte-
misiae. It can prevent the RGC-5 cell line from 
necroptosis by inhibiting the accumulation of 

tumor necrosis factor α and reactive oxygen spe-
cies [36]. However, sulfur antioxidants prevent 
necroptosis of RGC-5 cell lines by eliminating 
reactive oxygen species [37]. These drugs protect 
cells by blocking the signaling pathway that 
causes necroptosis from the beginning [38]. 
However, few experiments have been conducted 
on either of the drugs in vivo [39]. Furthermore, 
the RGC-5 cell line is more like poorly differen-
tiated neural progenitor cells instead of RGCs. 
Therefore, the in vivo experiments are more con-
vincing than the in vitro experiments. In this 
study, we established a method for isolation, cul-
ture, and identification of primary RGCs. The 
isolated and cultured primary RGCs were 
adopted for more realistic in vitro experiments. 
It can be served as a cell material for further 
investigations.

Increasing studies on the discovery of necrop-
tosis have been conducted during neuroprotec-
tion. Certainly, the pathogenesis of multiple 
diseases related to the central nervous system is 
linked to necroptosis. Compared with the central 

Figure 4. Necrostatin-1 inhibited the expression of RIPK1 and RIPK3. A, Protein expression levels of RIPK1 and RIPK3 by WB. B, 
Number of Nissl bodies by Nissl staining. #, p < 0.05.
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nervous system, the neurons of the retina present 
several similarities, mainly because the optic 
nerve is regarded as an extension of the central 
nervous system. However, as more information 
about the ophthalmic nerves is recognized, the 
role of necroptosis in ophthalmic diseases has 
been constantly revealed. Meanwhile, the rela-
tionship between necroptosis and apoptosis in 
nervous system cell death remains unclear. 
Luckily, our future research on these problems 
will assist further understanding of this approach 
and provide a valuable way to explore the role of 
necrosis in human diseases. The intervention of 
RIPK1 and necroptosis may be a novel method 
for the treatment of diseases related to neurode-
generation and cell death.

5. Conclusions

After the cells were treated with 19.5 mM 
D-glucose for 12 h, the expression of RIPK1 and 
RIPK3 increased substantially. High glucose can 
induce the expression of RIPK1/RIPK3, while 
necrostatin-1 can effectively protect RGCs from 
D-glucose-induced cell necrosis.

Highlights

This study established a model of apoptosis using high- 
glucose induced RGCs.

The expression of RIPK1/RIPK3 in RGCs increased after 
D-glucose treatment.

Necrostatin-1 suppressed RIPK1/RIPK3 overexpression in 
RGCs under high glucose induction.
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