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Abstract

Background: Progressive death of retinal ganglion cells (RGCs) is the main pathological basis of glaucoma. It is 
found that mitochondrial DNA damage in RGCs may be closely related to lesion of glaucoma. 

Methods: RGCs were cultured with different concentration of glucose and divided into 3 groups, namely NC group, 
Low-Glu group, High-Glu group. Cell counting kit-8 was used to detect the cell viability. Flow cytometry was used 
to detect the cell apoptosis. The DNA damage was measured with comet assay, and the morphological changes of 
damaged mitochondria in RGCs were observed by transmission electron microscopy (TEM). Western blot analyzed the 
expression of MRE11, RAD50, and NBS1 protein. 

Results: Cell viability of RGCs in Low-Glu and High-Glu groups were lower than that in NC group in 48 and 96 
h, *P<0.05, **P<0.01. The cell apoptosis in NC group was 4.9%, the Low-Glu group was 12.2% and High-Glu group 
was 24.4%. The comet imaging showed that NC cells did not have tailings, but the low-Glu and high-Glu group cells 
had tailings, indicating that the DNA of RGCs had been damaged. TEM showed that RGCs cultured with high glucose 
occurred mitochondrial morphology changes and dysfunction. Expression of MRE11, RAD50, NBS1 proteins associated 
with DNA damage repair pathway in High-Glu group were declined compared with Low-Glu group, #P<0.05.

Conclusion: High glucose induces mitochondrial DNA damage and results in apoptosis of retinal ganglion cells in 
glaucoma.
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Introduction
Glaucoma is one of the most common ocular diseases in the world. 

Its pathological manifestations are progressive retinal ganglion cells 
(RGCs) apoptosis and irreversible degeneration of the optic nerve. 
The onset of glaucoma is urgent, and the condition is serious. The 
patient will be easily blind if not be treated in time [1,2]. At present, 
the pathogenesis of glaucoma is not fully understood [3,4]. It has been 
reported than many patients with glaucoma will also have diabetes. 
The increased blood viscosity due to the elevation of blood glucose 
in diabetic patients affects the ocular vascular microcirculation and 
aqueous humor circulation, leading to increased intraocular pressure 
to induce glaucoma [5].

Diabetes can increase the apoptosis rate of retinal neurons. A 
large number of studies have confirmed that retinal neurons begin to 
undergo apoptosis before microvascular lesions occur. RGCs are the 
earliest retinal cells to be affected, and the apoptosis rate is significantly 
increased [6,7]. Functional tests in people with early diabetes can also 
detect the loss of retinal nerve cells. RGCs are nerve cells in the final 
segment of the retina and their dendrites are the first to be affected 
during the development of diabetes [8]. With the development of the 
disease, RGCs begin to undergo apoptosis, similar to central nerve cells, 
with a small amount of apoptosis in the early stage. The surrounding 
cells can fill the space by expanding their cell body and dendrites to 
compensate for their functions. However, with the increase of the 
number of cell apoptosis, a large number of blank areas will appear 
and the function will be decompensated [9]. RGCs are the only cells in 
the retina that can transmit visual signals to the visual center through 
axons [10]. With the progression of diabetes, increased apoptosis cells 
can accelerate the loss of RGCs, which will lead to the decline of visual 
acuity or even permanent loss [11,12].

Progressive death of RGCs is the main pathological basis of 

glaucoma [13]. Studies have found that mitochondrial dynamics 
damage may be closely related to RGCs damage of glaucoma 
[14,15]. Mitochondrial dynamics refers to the continuous division, 
fusion, movement, transportation and autophagy of mitochondria 
in cells, which have important effects on the survival, metabolism 
and maintenance of physiological functions of cells [16]. Although 
we currently have a preliminary understanding of the process of 
regulating mitochondrial dynamical damage in RGCs, the molecular 
mechanism of mitochondrial DNA damage in RGCs is still limited. 
In order to further understand the related molecular mechanisms of 
mitochondrial DNA damage in RGCs leading to glaucoma, the present 
study used hyperglycemic RGCs model induced by high glucose to 
investigate the related cellular molecular mechanisms.

Materials and Methods
Materials

Mouse retinal ganglion cells (RGCs) were purchased from 
Chinese  Academy  of  Sciences; fetal calf serum (GIBCO); penicillin 
and streptomycin (100×) (Solarbio); 0.25% trypsin (Solarbio); Rat 
anti Human primary antibody MRE11, RAD50, NBS1 (1:500), HRP 
labeled Sheep anti Rat secondary antibody (1:5, 000) (Beyotime 
Biotechnology); CCK-8 (SAB); cell culture dish: 6/12/48 plate (Thermo 
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fisher); sterile pipette: 5 mL/10 mL (Costar, USA); liquid transfer 
gun: 10 μL/20 μL/200 μL/1000 μL (Eppendorf); centrifuge tube: 10 
mL/50 mL (Thermo fisher); centrifuge with low temperature and high 
speed (Eppendorf, USA); confocal microscope (Olyplus, Japan); leica 
optical microscope (Leica, German); enzyme label analyzer (Beijing 
Pulang New Technology Co., Ltd, China); western blot instruments 
(Eppendorf); flow cytometry (Thermo fisher).

Methods

Cell viability: RGCs were cultured with DMEM with 10% FBS and 
1% penicillin and streptomycin (100×) in 5% CO2 incubator at 37°C. 
The cells in the logarithmic growth phase were digested by trypsin 
and counted under the microscope to prepare 1-5 ×104 cell/mL of 
cell suspension. Cell suspension (100 µL) were cultured in 96-well 
plates and divided into 3 group, namely normal control group (NC), 
low glucose group (Low-Glu) and high glucose group (High-Glu). 
Cell counting kit-8 (CCK-8) and serum-free essential basic medium 
were mixed according to 1:10 volume ratio, and 100 µL of mixture 
was added into the RGCs after culturing 0, 24, 48 and 96 h. The RGCs 
were continuously incubated in an incubator for 1 h at 37°C, and the 
absorbance at 450 nm was determined by enzyme plate analyzer. The 
optical density (OD) value of each test hole is subtracted from the OD 
value of the zeroing hole or the control hole. The OD value of each 
repeating hole is averaged.

Cell apoptosis: RGCs were cultured with DMEM contained 10% 
FBS, 1% penicillin and streptomycin (100×) in 5% CO2 incubator at 
37°C. The cells in the logarithmic growth phase were digested by trypsin 
and divided into 3 group, namely NC group, Low-Glu group and High-
Glu group. The cell culture medium of NC group was supplemented 
with the same volume of normal saline. The cell culture medium of 
Low-Glu group was supplemented with 15 mmol/L glucose solution. 
The cell culture medium of High-Glu group was supplemented with 
35 mmol/L glucose solution. Each group of cells was cultured for 96 h. 
All cells were digested and collected, then supernatant was discarded 
after centrifuging at 1000 g for 5 min. 195 µL Annexin V-FITC solution 
was added to gently resuspend the cells. After gently mixing, 10 µL 
propidium iodide staining solution was added for culturing 10-20 min. 
Flow cytometry was used to detect cell apoptosis in different groups. 
Annexin V-FITC is green fluorescence and its corresponding detection 
channel is flow cytometer FL1. Propidium iodide (PI) is red fluorescence 
and its corresponding detection channel is flow cytometer FL2.

Comet assay: RGCs (2×105 cell/mL) were put in EP tube at 37°C 
water bath. The dissolved 1% normal melting point agarose (NMPA) was 
spread on the slide and condensed at 4°C for 10 min. The low melting 
point agarose (LMPA) was heated to dissolve the agarose completely and 
1.0% concentration was prepared. 100 µL cell suspension was dissolved 
in 100 µL 1%LMPA, then dropped on the first layer of glue, and placed 
at 4°C to condense for 15 min to solidify the agarose. After the agarose 
cell gel solidified, the slides were slowly placed into the 4°C dyeing tank 
to crack for 20 h [17]. The slides were placed in an electrophoresis tank 
at room temperature for 20 min. Electrophoresis was performed at 4°C 
for 20 min with 25 V voltage and 300 mA. The slides were removed, 
and each slide was stained with 10 µg/mL propidium bromide (PI) for 
20 min in a dark condition, and then decolorized with distilled water 
for 10 min. Green light (wavelength: 515-560 nm) was excited and 
photographed under a fluorescence microscope. The main detection 
indexes are tail DNA (%) and olive tail moment (OTM). Tail DNA% 
represents the percentage of tail DNA in total DNA content. OTM is 
the ratio of the difference between the tail optical density center and the 
head optical density center to tail DNA content.                                     

Morphological changes of mitochondria: RGCs (2×105 cell/mL) 
were culture in 96-well plate with DMEM contained 10% FBS and 1% 
penicillin and streptomycin (100×), and divided into 3 groups. The 
cell culture medium of NC group was supplemented with the same 
volume of normal saline. The cell culture medium of Low-Glu group 
was supplemented with 15 mmol/L glucose solution. The cell culture 
medium of High-Glu group was supplemented with 35 mmol/L glucose 
solution. Each group of cells was cultured for 96 h. The ultrastructural 
and morphological changes of mitochondria in RGCs were observed by 
transmission electron microscopy.

Western blot analysis of MRE11, RAD50, NBS1 expression: 
RGCs were collected and added RIPA lysate (containing protease 
inhibitor) to fully crack on ice for 3-5 min. The lysate was 
transferred into a 1.5 mL centrifuge tube and centrifuged with 
10000 r/min for 5 min at 4°C. Supernatant was absorbed and put 
into 1.5 mL centrifuge tubes, and the protein concentration was 
determined by BCA kit. Prepare 8% SDS-PAGE electrophoresis 
and the concentrated glue run for 60 min under 80 V. Separation 
glue run for 120 min under 120 V, then transferred membrane 
150 min under 120 V, and sealed for 60 min. Primary antibodies 
rat anti human primary antibody MRE11, RAD50, NBS1 (1:500) 
were incubated with the RGCs at 4°C overnight. Second antibody 
HRP labeled sheep anti rat secondary antibody (1:5, 000) were 
incubated at room temperature for 1 h. Image J software analyzed 
the gray values of the strips.

Statistical analysis

SPSS19.0 statistical software was adopted for data statistical 
analysis. One-way analysis of variance (ANOVA) was used to express as 
the mean ± standard deviation (SD). Statistical significance was defined 
as P< 0.05.

Results
Cell viability

The activities of cells were showed by measuring the OD value of 
each group. CCK-8 contains WST-8, which is reduced by dehydrogenase 
in mitochondria to form yellow formazan with high water solubility. 
The number of formazan generated is proportional to the number of 
living cells, and the number of OD value of living cells is determined at 
450 nm. The larger the OD value is, the stronger cell activity is. From 0 
to 24 h, there was no statistically significant difference of cell viability of 
RGCs in NC, Low-Glu, and High-Glu group, P>0.05. However, in 48 h 
and 96 h, there was a significant difference among the three groups. Cell 
viability of RGCs in Low-Glu and High-Glu groups were lower than 
that in NC group, *P<0.05, **P<0.01. Cell viability of RGCs in High-
Glu groups were lower than that in Low-Glu group, #P<0.05 (Figure 1).

Cell apoptosis

There were 4 areas, and area in top right corner (UR) showed the 
late apoptotic cells, and area in lower right corner (LR) showed the early 
apoptotic cells. The sum of the percentages of apoptotic cells (UR+LR) 
indicated the total cell apoptotic ratio. The sum percentage of the late 
apoptotic cells and the early apoptotic cells in NC group was 4.9%, the 
Low-Glu was 12.2% and High-Glu was 24.4%. There was a significant 
difference between Low-Glu and High-Glu group, as shown in Figures 
2A and 2B.  

Comet assay detects DNA damage

Comet assay, also known as single cell gel electrophoresis (SCGE), 
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is a simple and effective method to evaluate cell DNA damage (Figure 
3). Typical comet imaging of each group is shown in Figure 4A. No tail 
was found in RGCs of NC group, but tail was found in Low-Glu and 
High-Glu group. It indicated that RGCs had different degrees of DNA 
damage, and the High-Glu group was the most serious. The comet 
experimental imaging was analyzed by CASP software. Tail DNA% and 
OTM were used as the index data of DNA damage, as shown in Table 1. 

Morphological changes of mitochondria

Mitochondria in normal control group had uniform size, complete 
structure, orderly in arrangement, and good integrity of intercellular 
connections. However, after high glucose treatment, the mitochondria 
in RGCs were different in size and disordered in arrangement, and the 
cell structure had degenerative changes. The number of mitochondria 
was relatively reduced, and most of them had become vacuolated. The 
integrity of intercellular connections in High-Glu group was worse 
than that of NC and Low-Glu group, as shown in Figure 4. These results 
indicated that high glucose caused mitochondrial dysfunction and 
induced cell apoptosis.

Expression of MRE11, RAD50, NBS1 protein

MRN is a complex discovered during the study of DNA double-

stranded damage repair pathway. It consists of three proteins, namely 
MRE11, RAD50 and NBS1. MRN complex plays an important role in 
the process of double-stranded DNA damage repair, participating in 
each link of DNA damage repair response such as initiation of repair, 
initiation of signal transduction and assistance in repair process. 
Western blot detected the protein expression of MRE11, RAD50 
and NBS1 in each group, as shown in Figure 5. The protein content 
of MRE11, RAD50 and NBS1 decreased after RGCs incubating with 
glucose for 96 h, especially the High-Glu group. Compared with NC 
group, there was a significant difference in Low-Glu group and High-
Glu group, ***P<0.001, **P<0.01, *P<0.05. The protein content of 
MRE11, RAD50, and NBS1 in High-Glu group was lower than that of 
Low-Glu group, #P<0.05.

Discussion
In the process of RGCs apoptosis, mitochondria, caspase protease 

family, signal transduction system, apoptosis-related genes, oxygen free 
radicals all participate in the occurrence of apoptosis. Mitochondria are 
also the source and object of oxidative stress and energy, so they play a 
decisive role in cell apoptosis. Mitochondria are the integrated elements 
of apoptosis pathway and the executors of cell death [18].

In this study, it was found that the structure of mitochondria 

 
Figure 1: Cell viability of RGCs in different groups after culturing different 
times. *P＜0.05, **P＜0.01, compared with NC group; #P＜0.05 compared 
with Low-Glu group.

Figure 2: Cell apoptosis properties of RGCs. (A) Cell apoptosis of different 
groups in RGCs. (B) Statistical analysis of apoptosis. **P＜0.01, compared 
with NC group; ##P＜0.01 compared with Low-Glu group. 

Figure 3: Comet assay of RGCs. A: Comet imaging in different groups; B: 
Tail DNA (%) in different groups. **P＜0.01, ***P＜0.001, compared with NC 
group; ###P＜0.001, compared with Low-Glu group. C: Olive tail moment 
(%), ***P＜0.001, compared with NC group; ###P＜0.001, compared with 
Low-Glu group. 

Figure 4: The morphological changes of mitochondria in RGCs were 
observed by transmission electron microscopy. Arrows indicated 
mitochondria.

Table 1: Tail DNA and olive tail moment in comet assay of each group (Mean ± SD).

Group Tail DNA (%) OTM (%)
NC 4.27 ± 0.36 2.31 ± 0.13

Low-Glu 14.36 ± 1.85** 27.49 ± 3.14**

High-Glu 30.24 ± 2.74***## 62.34 ± 4.47***##
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radicals, and is difficult to be repaired after damage, leading to retinal 
ganglion cell apoptosis.
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