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INTRODUCTION 
 

Retinopathy of prematurity (ROP) is the leading cause 

of childhood blindness because of abnormal vascular 

development in the retina of preterm infants [1]. The 

hypoxic environment in the uterus is essential for the 

natural development of vasculature, nervous system, 

and other organs [2, 3]. Premature birth exposes the 

preterm newborns to an oxygen-rich environment and 

tissues may experience oxidative stress because of 

excessive production of reactive oxygen species (ROS) 

or reactive nitrogen oxide species (RNOS).  The murine  

 

and rat models of oxygen-induced retinopathy (OIR) 

demonstrate that oxidative stress causes ROP via dys-

regulation of several signaling pathways [4–6]. Therefore, 

alleviation of oxidative stress is critical for preventing 

ROP in preterm infants [7]. Premature birth also 

terminates the supply of the maternal hormone, estrogen 

[8], which drives proliferation and differentiation of 

mammalian organs [9]. Several studies demonstrate that 

exogenous administration of estrogen or estrogen agonists 

promote retinal vascular development, thereby suggesting 

potential therapeutic avenue to prevent or alleviate ROP 

[10–13]. In our previous study, we showed that treatment 
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ABSTRACT 
 

In this study, we investigated the effects of G-protein coupled estrogen receptor (GPER) activation in the 
early phase of retinopathy of prematurity (ROP) and its association with endoplasmic reticulum (ER) stress 
using primary murine retinal microglia as an experimental model. Fluorescence microscopy results show that 
the CD11c-positive primary retinal microglia in vitro cultured for 14 days were GPER-positive. GPER activation 
using GPER-agonist G-1 reduced autophagy and increased the viability of the hyperoxia-treated primary 
murine retinal microglia. Furthermore, GPER activation reduced the expression of ER stress-related proteins, 
IRE1α, PERK and ATF6 in the hyperoxia-treated primary murine retinal microglia compared to the 
corresponding controls. GPER activation significantly reduced a time-dependent increase in IP3R-dependent 
calcium release from the ER, thereby maintaining higher calcium levels in the ER of hyperoxia-treated 
primary retinal microglia. However, the protective effects of G-1 on the hyperoxia-treated primary retinal 
microglia were eliminated by inactivation of GPER using the GPER-antagonist, G-15. In conclusion, our study 
demonstrates that GPER activation enhances the survival of hyperoxia-treated primary retinal microglia by 
reducing ER stress. Our study demonstrates the therapeutic potential of GPER agonists such as G-1 in the 
early phase of ROP. 
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with the estrogen receptor agonist 17β-estradiol 

significantly reduces oxidative stress in the hyperoxic 

phase of OIR [11].  

 

G-protein coupled estrogen receptor (GPER) or GPR30 

is a transmembrane estrogen receptor that binds with 

high affinity to 17β-estradiol [14]. GPER is localized to 

the endoplasmic reticulum (ER), where it specifically 

binds estrogen and regulates ER functions during 

normal physiological conditions and estrogen-related 

human diseases [15, 16]. Oxidative stress induces 

protein unfolding because of oxidative protein damage 

and triggers the unfolding protein response (UPR) in the 

ER [17]. GPER in combination with estrogen rapidly 

reduces ER stress by decreasing ROS levels [15, 16]. 

The expression of GPER in the retina has been reported 

[14], but, its activation by estrogen or estrogen agonists 

to alleviate ROP has not been reported. Moreover, the 

functional relevance of GPER in ER stress mechanisms 

during hyperoxia-induced ROP is not clear.   

 

Microglia is one of the primary immune cell types that 

reside in the retina and are constantly engaged in the 

immune surveillance [18]. Activation of microglia 

involves a complex interplay between different retinal cell 

types and diverse signaling pathways. Microglia populate 

the retina at an early embryonic age, well before the 

astrocytes and the development of the retinal vasculature 

[19]. Recent evidence suggests that microglia play a 

significant role in retinal development, function, and 

diseases [18, 20]. The retinal microglia influence vascular 

branching density and endothelial cell proliferation [21, 

22]. They are also implicated in the pathology of diabetic 

retinopathy and OIR [23, 24]. In this study, we 

investigated the protective effects of GPER activation on 

hyperoxia-treated primary murine retinal microglia. We 

also explored the effects of GPER activation on 

hyperoxia-induced ER stress in the retinal microglia in 

order to elucidate potential therapeutic mechanisms of 

estrogen agonists during the early phase of ROP. 

 

RESULTS 
 

Morphology and GPER expression in murine 

primary retinal microglia  
 

The purified primary murine retinal microglia showed 

highly refractive short rod-shaped morphology with few 

branches or processes protruding from their ends, when 

observed under a light/phase-contrast microscope after 

14 days of in vitro culture (Figure 1A). Fluorescence 

microscopy results showed that the primary murine 

retinal microglia were CD11c-positive (Figure 1B) and 

GPER-positive (Figure 1C). The average fluorescent 

intensity was 23.37±3.79 for CD11c and 11.72±1.69 for 

GPER (Figure 1B, 1C). 

 

 
 

Figure 1. Basic characterization of primary murine retinal microglia. (A) The representative images (100×, Bar=10μm) show in vitro 

cultured primary retinal microglia cells on days 5 (D5), 10 (D10) and 14 (D14). (B) Representative confocal fluorescence microscopic images 
(400×; Bar=25μm) show Alexa Fluor 488-tagged anti-CD11c antibody (green) staining of primary murine retinal microglia. The negative 
control cells are treated with PBS instead of the primary anti-CD11c antibody. (C) Representative confocal fluorescence microscopic images 
(400×; Bar=25μm) show Alexa Fluor 488-tagged anti-GPER antibody (green) staining of primary murine retinal microglia. The negative control 
cells are treated with PBS instead of the primary anti-GPER antibody.  
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Activation of GPER increases the viability of 

primary retinal microglia under hyperoxia 

 

CCK-8 assay showed that the viability of hyperoxia-

treated primary retinal microglia in the H, DMSO, G-1 

and G1+G-15 groups was significantly reduced at 48 h 

compared to the control group (all P<0.05; Figure 2). 

Furthermore, under hyperoxia conditions, the viability 

of the G-1 group was significantly higher than those in 

the H and DMSO groups (both P<0.05; Figure 2). 

Moreover, viability of the G-1+G-15 group was 

significantly lower compared to the G-1 group (P<0.05; 

Figure 2). These results demonstrate that GPER 

activation increases viability of the hyperoxia-treated 

primary retinal microglia. 

 

GPER activation reduces cellular apoptosis in 

hyperoxia-treated primary retinal microglia  

 

Flow cytometry analysis shows that the apoptotic rate 

was significantly higher in the hyperoxia-treated 

primary retinal microglia in the H, DMSO, G-1 and 

G1+G-15 groups compared to the control group at both 

24 h and 48 h (all P<0.05; Figure 3). Furthermore, the 

apoptotic rate in the G-1 group was significantly lower 

at both 24 and 48 h compared to the H and DMSO 

groups (all P<0.05; Figure 3). Moreover, the apoptotic 

rate was significantly higher in the G-1+G-15 group at 

24 and 48 h compared to the G-1 group (all P<0.05; 

Figure 3A). We also observed that apoptotic rate was 

higher in all groups at 48 h than at 24 h (Figure 3B). 

These results demonstrate that GPER activation reduces 

apoptosis in hyperoxia-treated microglia. 

 

 
 

Figure 2. GPER activation increases the viability of 
hyperoxia-treated primary retinal microglia. CCK-8 assay 

results show the viability of primary retinal microglial cells in the 
(A) control (C), (B) hyperoxia (H), (C) hyperoxia+DMSO (DMSO), 
(D) hyperoxia+G-1 (G-1), and (E) hyperoxia+G-1+G-15 (G-1+G-15) 
groups. Note: P<0.05 indicates statistical significance. The 
experiment was repeated thrice.  

GPER activation reduces autophagy in hyperoxia-

treated primary retinal microglia 

 

Next, we analyzed the status of autophagy in the 

hyperoxia-treated primary retinal microglia. We 

observed increased autophagy in hyperoxia-treated 

primary retinal microglia from the H, DMSO, G-1 and 

G1+G-15 groups compared to the control group at 24 

and 48 h (all P<0.05; Figure 4A, 4B). Furthermore, the 

G-1 group showed significantly lower autophagy at 24 

and 48 h compared to the H and DMSO groups (all 

P<0.05; Figure 4A, 4B). Moreover, autophagy was 

significantly increased in the G-1+G-15 group at 24 and 

48 h compared to the G-1group (all P<0.05; Figure 4A, 

4B). We also observed that autophagy in hyperoxia-

treated primary retinal microglia from all groups was 

higher at 48 h compared to 24 h (Figure 4B). These 

results demonstrate that GPER activation reduces 

autophagy in hyperoxia-treated microglia. 

 

GPER activation reduces ER stress in hyperoxia-

treated primary retinal microglia  

 

Western blot analysis showed that the levels of ER 

stress proteins, IRE1α, PERK and ATF6 were 

significantly higher in the primary retinal microglia 

belonging to H, DMSO, G-1 and G1+G-15 groups 

compared to the control group at 12, 24, 48 and 72 h (all 

P<0.05; Figure 5). Furthermore, the levels of IRE1α, 

PERK and ATF6 proteins were significantly lower in 

the G-1 group compared to the H and DMSO groups 

(all P<0.05; Figure 5). Moreover, the levels of IRE1α, 

PERK and ATF6 proteins were significantly lower in 

the G-1 group compared to the G-1+G-15 group (all 

P<0.05; Figure 5A, 5B). We also observed that the 

levels of IRE1α, PERK and ATF6 changed dynamically 

over time in all hyperoxia-treatment groups. In the H, 

DMSO, and G-1+G-15 groups, IRE1α, PERK and 

ATF6 levels increased at 24 h, then reduced at 48 h, and 

again increased at 72 h (Figure 5B). In the G-1 group, 

the expression of IRE1α and PERK incrementally 

increased from 24-72 h, whereas, the expression of 

ATF6 increased gradually at 24 and 48 h, but slightly 

decreased at 72 h (all P<0.05; Figure 5B). These results 

demonstrate that GPER activation reduces ER stress in 

hyperoxia-treated primary retinal microglia.  

 

GPER activation decreases IP3R activity and 

increases ER calcium levels in hyperoxia-treated 

primary retinal microglia  

 

Next, we analyzed the effects of GPER activation on the 

IP3R-dependent calcium release in the ER of 

hyperoxia-treated primary retinal microglia. IP3R-

dependent calcium release was significantly higher in 

the hyperoxia-treated H, DMSO, G-1 and G-1+G-15 
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groups compared to the control group at 12, 24, 48, and 

72 h (all P<0.05; Figure 6). Furthermore, IP3R-

dependent calcium release was significantly lower in 

the G-1 group compared to the H and DMSO groups 

(all P<0.05; Figure 6). Moreover, IP3R-dependent 

calcium release was significantly higher in the G-1+G-

15 group compared to the G-1 group (all P<0.05; Figure 

6A). We also observed that within each of the five 

groups, the induced calcium release rate gradually 

increased between 30 s and 120 s (Figure 6B) and 

between 12 to 72 h (Figure 6C). Therefore, the calcium 

concentration in the microglial ER of all hyperoxia-

treatment groups decreased gradually at 12, 24, 48, and 

72 h. The total calcium concentration in the ER was 

significantly lower in the H, DMSO, G-1 and G-1+G-15 

groups compared to the control group (all P<0.05; 

Figure 7). The calcium concentration in the ER of the 

G-1 group was significantly higher than in the H and 

DMSO groups at all time points (all P<0.05; Figure 7). 

The calcium concentration in the ER of G-1+G-15 

group microglia was lower than the ER of G-1 group 

microglia at all time points (all P<0.05; Figure 7A). We 

also observed that the ER calcium concentration within 

the five groups was relatively stable at all time points 

except for the G-1+G-15 group, which showed a slight 

decrease at 24h and then remained relatively stable 

(Figure 7B). These results demonstrate that GPER 

activation reduces the IP3R activity in the hyperoxia-

treated primary retinal microglia to maintain a relatively 

stable calcium concentration in the ER. 

 

DISCUSSION 
 

The survival rates of infants with extremely low birth 

weight has improved significantly in the recent decades 

because of improvements and advances in the neonatal 

intensive care [25]. However, concurrently, the 

incidence rates of ROP have also increased. The two 

phases in the pathophysiology of ROP include 

hyperoxia-related vaso-obliteration of the immature 

 

 
 

Figure 3. GPER activation reduces apoptosis of hyperoxia-treated primary retinal microglia. (A) Representative FACS plots and (B) 

Histograms show the percent apoptotic cells of primary retinal microglial cells in the (a) control (C), (b) hyperoxia (H), (c) hyperoxia+DMSO 
(DMSO), (d) hyperoxia+G-1 (G-1), and (e) hyperoxia+G-1+G-15 (G-1+G-15) groups at 24 and 48 h. The cells were stained with Annexin V-PE 
and 7-AAD. The percentage of apoptotic cells included Annexin-V+ AAD+ plus Annexin-V+ AAD- cell. P<0.05 denotes statistical significance. The 
experiment was repeated thrice.  
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retina in phase 1 and abnormal vasoproliferation due to 

retinal hypoxia in phase 2 [26]. The current treatment 

modalities such as laser therapy, intravitreal injection of 

anti-VEGF antibodies, scleral buckling or vitrectomy 

are associated with a high incidence of side effects, 

treatment failure or disease recurrence [27, 28]. 

Moreover, the current treatment strategy focuses more 

on the retinal neovascularization in phase 2 [29] and 

does not address substantially the primary cause of 

ROP, which involves hyperoxia-related arrest of retinal 

development in phase 1. Therefore, understanding the 

effects of hyperoxia on the normal retinal development 

is essential for devising effective treatment modalities 

for ROP. In this study, we aimed to investigate the 

effects of hyperoxia on the survival of primary murine 

retinal microglia as well as its effects on ER stress. We 

also addressed the protective effects of GPER activation 

on hyperoxia-related ER stress and related mechanisms 

in the primary retinal microglia. We exposed primary 

retinal microglia to 75% O2 to simulate conditions of 

hyperoxia in phase 1 of ROP.  

 

Estrogen is an important endocrine hormone that plays 

an important role in human development and disease 

[30]. The vasodilatory function of estrogen improves 

the retinal blood flow and can protect against several 

retinal pathologies [31]. Several studies demonstrate 

that estrogen is a potential treatment for ROP, but, the 

mechanisms through which estrogen protects against 

ROP is not well established [10–12]. GPER is an ER-

resident receptor for 17β-estradiol (predominant and 

most potent endogenous estrogen), and is expressed in 

several human tissues [32]. GPER is considered as a 

novel therapeutic target and prognostic indicator for 

many human diseases related to the reproductive, 

nervous, endocrine, immune, and cardiovascular 

systems [15]. In view of the important role of microglia 

in retinal development, function, and diseases [18, 20], 

 

 
 

Figure 4. GPER activation reduces autophagy in hyperoxia-treated primary retinal microglia. (A) Representative confocal 

fluorescence images (400×, Bar=25μm) show Cyto-ID labeled autophagic vesicles (green) in the (a) control (C), (b) hyperoxia (H), (c) 
hyperoxia+DMSO (DMSO), (d) hyperoxia+G-1 (G-1), and (e) hyperoxia+G-1+G-15 (G-1+G-15) groups of primary retinal microglia at 24 and 48 
h. The negative control cells were treated with PBS instead of Cyto-ID. (B) Histogram plots show average fluorescence staining intensity (Cyto-
ID; green) at 24 and 48 h in the (a) control (C), (b) hyperoxia (H), (c) hyperoxia+DMSO (DMSO), (d) hyperoxia+G-1 (G-1), and (e) hyperoxia+G-
1+G-15 (G-1+G-15) groups at 24 and 48 h. P<0.05 denotes statistical significance. The experiments were repeated thrice and means±S.D are 
shown.  
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we investigated the effects of GPER activation on their 

survival under hyperoxic conditions. Our study 

demonstrates that exposure to hyperoxia significantly 

reduces the viability of the primary retinal microglia 

compared to normoxia-treated controls. This suggests 

that retinal microglia undergo apoptosis during the early 

stages of ROP. Furthermore, hyperoxia treatment 

induces autophagy, a stress-related alternate pathway of 

cell-death [33], was consistent with the trend of 

apoptosis of microglia under hyperoxia. Impaired 

 

 
 

Figure 5. GPER activation reduces induction of ER-stress related proteins in hyperoxia-treated primary retinal microglia. (A) 

Representative western blot images and (B) Histogram plots show the levels of IRE1α, PERK and ATF6 proteins in the (a) control (C), (b) 
hyperoxia (H), (c) hyperoxia+DMSO (DMSO), (d) hyperoxia+G-1 (G-1), and (e) hyperoxia+G-1+G-15 (G-1+G-15) groups of primary retinal 
microglia at 12h, 24h, 48h and 72h. β-actin was used as internal control. P<0.05 denotes statistical significance. The experiments were 
repeated thrice and means±S.D are shown. 
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autophagy has been reported in the oxygen-induced 

retinopathy (OIR) model mice [34]. However, it is not 

known whether microglial autophagy contributes to OIR 

or ROP. In several human diseases, autophagy may act as 

a ‘double-edged sword’; in some cases, autophagy may 

help cells to survive by acting as a mechanism that is 

necessary to overcome stress conditions, whereas, in other 

instances, autophagy may serve as an alternate 

mechanism of cell death [35, 36]. Our study demonstrates 

that hyperactivation of autophagy in the hyperoxia-treated

 

 
 

Figure 6. GPER activation reduces hyperoxia-induced IPER-dependent calcium release from the ER in primary retinal 
microglia. (A) The bar graphs show the rates of calcium release from the ER at 12, 24, 48 and 72 h in the (a) control (C), (b) hyperoxia (H), (c) 

hyperoxia+DMSO (DMSO), (d) hyperoxia+G-1 (G-1), and (e) hyperoxia+G-1+G-15 (G-1+G-15) groups of primary retinal microglia. (B) The 
curves show the IPER-dependent calcium release rates between 30 s to 120 s from the ER for each of the five treatment groups of primary 
retinal microglia at 12, 24, 48 and 72 h. (C) The curves show the calcium release rates from the ER in all 5 groups of primary retinal microglia 
between 12-72 h. P<0.05 denotes statistical significance. The experiments were repeated thrice and means±S.D are shown.    

 

 
 

Figure 7. GPER activation maintains ER calcium concentration in the hyperoxia-treated primary retinal microglia. (A) The bar 

graphs show the ER calcium concentrations at 12, 24, 48 and 72 h in the (a) control (C), (b) hyperoxia (H), (c) hyperoxia+DMSO (DMSO), (d) 
hyperoxia+G-1 (G-1), and (e) hyperoxia+G-1+G-15 (G-1+G-15) groups of primary retinal microglia. (B) The curves show the change in ER 
calcium concentration in each of the five groups of primary retinal microglia between 12-72h. P<0.05 denotes statistical significance. The 
experiments were repeated thrice and means±S.D are shown. 
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primary retinal microglia promotes cellular apoptosis. 

We also demonstrate that the GPER agonist, G-1, 

increases viability of the microglia, whereas, pre-

treatment with GPER antagonist, G15, reduces the 

beneficial effects of G1 on hyperoxia-treated primary 

retinal microglia. Furthermore, as previously reported 

for cardiocytes and neurons [37, 38], our study 

demonstrates that GPER activation protects retinal 

microglia against hyperoxia-induced cell death. This 

suggests that GPER activation may promote retinal 

vascular development during the early stages of ROP.  

 

The neuroprotective action of estrogen is partly 

associated with its antioxidant activity [39, 40]. 

Endoplasmic reticulum (ER) is an important organelle 

that mediates new protein synthesis, new and 

unfolded protein folding, and post-translational 

modifications that are necessary for the production of 

functional cellular proteins. The unfolded protein 

response (UPR) is activated in the ER upon oxidative 

stress and is necessary to restore cellular homeostasis 

by increasing the ability of ER to fold the unfolded or 

misfolded proteins [17]. Activation of the three ER 

transmembrane proteins, IRE1α, PERK and ATF6, is 

essential in initiating UPR upon ER stress. Persistent 

ER stress and uncontrolled UPR initiates apoptosis 

and contributes to the pathogenesis of several human 

diseases [41, 42]. In the present study, we 

demonstrate that hyperoxia induces ER stress in the 

retinal microglia as shown by elevated levels of 

IRE1α, PERK and ATF6 proteins compared to the 

normoxic control. Moreover, the activation of GPER 

by G-1 reduces the ER stress in the retinal microglia 

and is consistent with findings reported in cerebral 

ischemia/reperfusion injury and glucotoxicity 

induced-pancreatic beta-cell death [38, 43]. IP3R is 

located on the ER surface and is responsible for the 

regulation of calcium release from the ER [44]. There 

is close interaction for calcium exchange between the 

ER and the mitochondria [45]. Accumulation of 

calcium in the mitochondria causes excessive 

production of reactive oxygen species (ROS), which 

upregulates UPR in the ER and contributes to calcium 

leakage from the ER [46]. In this study, we 

demonstrate that hyperoxia increases the calcium 

transfer activity of the IP3R, thereby reducing the 

calcium concentration in the ER, which is consistent 

with previous studies regarding the role of the IP3R-

Ca2+ axis during the oxidative stress [47]. We also 

demonstrate that the activation of GPER reduces the 

IP3R activity and the subsequent leaking of calcium  to 

the mitochondria. It helps maintain a stable 

concentration of calcium in the ER. These results 

suggest that activation of GPER helps maintain 

calcium homeostasis in the ER under the stress of 

hyperoxia. 

In conclusion, our study demonstrates that activation of 

GPER protects the survival of retinal microglia during 

hyperoxia, which mimics early stages of ROP. Our 

results suggest that reducing ER stress through GPER 

activation is a potential therapeutic strategy for ROP. 

However, the effects of GPER activation on retinal 

vascular development need to be further verified in 

studies using OIR models and in ROP patients. 

 

MATERIALS AND METHODS 
 

Isolation, purification and culturing of primary 

murine retinal microglia 
 

The animal-based experiments were all approved by the 

Institutional Animal Care and Use Committee and the 

Ethical Committee of Xi’an Medical University, and 

conducted according to the Statement for the Use of 

Animals in Ophthalmic and Vision Research. We 

sacrificed 3-day-old C57BL/6J mice obtained from the 

Experimental Animal Center of Xi’an Medical 

University by cervical dislocation. We isolated the eyes 

and then carefully cut open from the limbus circularly. 

The fragile retinas, which are about 1 mm × 1 mm in 

size, were separated out from the corneas, sclera and 

lens in a sterile state. The retinas were washed with 

DMEM-F12 medium (Gibco, Carlsbad, CA, USA) 

without serum thrice, and then digested with trypsin 

(Beyotime, Shanghai, China) for 15 min with constant 

shaking. Then, complete culture medium (DMEM-F12 

medium with 10% serum) was added to the retinal cell 

suspension and centrifuged at 1000 rpm/min for 5min in 

a new sterile 15mL centrifuge tube (Axygen, Union 

City, CA, USA). After discarding the supernatant, the 

retinal cells were resuspended in DMEM-F12 medium 

with 10% serum and cultured in a 25cm2 culture bottle 

(Costar, Cambridge, MA, USA) at 37°C and 5% CO2 in 

a humidified incubator. The culture medium was 

replaced for the first time after 16 h and again at 3 day 

intervals. The cell growth was monitored using a 

inverted phase contrast microscope (Nikon, Tokyo, 

Japan). 
 

After 14 days of culture, we observed the cell 

stratification under an inverted phase contrast 

microscope. At the bottom of the flask, we observed 

astrocytes as flat, star shaped cells with multiple long 

projections, whereas, the microglia are attached to the 

surface of astrocytes and are smaller, circular cells with 

strong refractivity. We removed the medium and then 

incubated the cells with 3mL of 0.05% trypsin with 

gentle shaking to detach the microglia from the 

astrocytes. Then, we transferred the detached microglia 

into a 10mL centrifuge tube and added complete 

medium immediately. Then, we centrifuged the 

microglial cell suspension. The microglial cell pellet 
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was then resuspended in complete medium and cultured 

in 24-well plates (Costar, Cambridge, MA, USA) with 

cover glass at 37°C and 5% CO2 for 24 h. Then, after 

confirming the purity of the microglia, we further 

cultured them as previously described [48, 49]. 

 

Immunofluorescence 

 

We verified the purity of primary murine retinal 

microglia cultures and the localization of GPER in the 

microglia using immunofluorescence. Briefly, the 

retinal microglial cells were fixed with 4% para-

formaldehyde, and then permeabilized with 0.5% 

Triton X-100 at room temperature for 15 min. Then, 

the cells were incubated with 6% normal goat serum 

(Hyclone, Logan, Utah, USA) at room temperature for 

30 min for blocking. The slides were then incubated 

overnight with either mouse anti-CD11c antibody 

(1:200, Abcam, Cambridge, UK), a microglia specific 

marker located on their cell membrane [50],  rabbit 

anti-GPER antibody (1:200, Abcam, Cambridge, UK), 

or PBS (negative control) at 4°C. The cells were then 

incubated with the Alexa Fluor 488-tagged secondary 

antibody (1:800, Abcam, Cambridge, UK) for 30 min 

at 37°C in the dark. Then, after staining the nuclei 

with DAPI (Beyotime, Shanghai, China), the slides 

were washed thrice with PBS to remove the excess 

DAPI. The slides were sealed with anti-fluorescence 

quencher (Beyotime, Shanghai, China) and imaged 

using a laser confocal fluorescence microscope 

(Leica, Solms, Germany). The average fluorescent 

intensity was measured using the Image J software 

(version 1.46, National Institutes of Health, Bethesda, 

MA, USA). 

 

Cell treatments and grouping 

 

We incubated 4×105 primary retinal microglia in 6-well 

plates (Costar, Cambridge, MA, USA) at 37°C and 

5%CO2. When they were fully attached, we divided 

them into 5 treatment groups, namely, control (C), 

hyperoxia (H), hyperoxia+DMSO (DMSO), 

hyperoxia+G-1 (G-1), and hyperoxia+G-1+G-15 (G-

1+G-15). The control group was cultured under 

normoxia conditions. The DMSO group was grown in 

complete medium with 0.01% DMSO (Amresco, Solon, 

OH, USA). The G-1 group was treated with 0.1μM G-1 

[51], a GPER agonist (MCE, NJ, USA) for half an hour. 

The G-1+G-15 group was first treated the cells with 

1μM G-15 [51], a GPER antagonist (Cayman, Ann 

Arbor, Michigan, USA) followed by 0.1μM G-1 for 

another half an hour. Finally, the plates in groups H, 

DMSO, G-1 and G-1+G-15 were incubated at 37°C and 

75% O2 to induce hyperoxia for 12 h, 24 h, 48 h or 72 h. 

The 75% O2 concentration for hyperoxia was similar to 

that chosen for the in vivo mouse OIR model [52].  

CCK-8 assay  

 

The viability of retinal microglia was analyzed using the 

CCK-8 kit (Sigma, St. Louis, MO, USA) as described 

previously [53]. The blank, control and experimental 

groups of primary retinal microglia were cultured in 

DMEM-F12 medium containing 10% FBS, 10mg/L 

bFGF and 1% penicillin-streptomycin (Gibco, Carlsbad, 

CA, USA) for 48 h. Then, 10 µl of CCK-8 reagent was 

added to all wells and the cells were further incubated 

for another 2 h. Then, the absorbance (A) of each well 

was estimated at 450 nm in a plate reader. The cell 

viability of each experimental group (%) was calculated 

as  [Aexperiment group – Ablank group] / [Acontrol group -Ablank 

group] × 100, where, Aexperiment group refers to the 

absorbance value of treated cells, Ablank group refers to the 

absorbance value of medium without cells, and Acontrol 

group refers to the absorbance value of untreated cells. 

 

Apoptosis assay 

 

We measure the apoptotic rate of hyperoxia-induced 

primary retinal microglia by flow cytometry. Briefly, 

the control and experimental groups of microglia were 

cultured in 6-well plates for 24 or 48 h. Then, the cells 

were stained using the Annexin V-PE/ 7-AAD cell 

apoptosis detection kit (BD, Franklin Lakes, NJ, USA) 

according to a protocol described previously [54]. The 

percentage apoptosis in each group was measured by 

flow cytometry using a CytoFlex flow cytometer 

(Beckman, USA). 

 

Autophagy assay 

 

Microglial autophagy was estimated using the Cyto-ID® 

autophagy detection kit (Enzo, Farmingdale, NY, USA) 

as previously described [55]. Briefly, the control and 

experimental groups of primary retinal microglia were 

washed twice with the assay buffer and incubated with the 

Cyto-ID stain or PBS (unstained control) and Hoechst 

33342 (DNA staining dye) at 37°C for 30 min. The cells 

were then fixed with 4% paraformaldehyde at room 

temperature for 15 min, washed again with the assay 

buffer and immediately imaged using a laser confocal 

fluorescence microscope. The average fluorescent 

intensity (integrated density/ area) in each group was 

measured using the Image J software version 1.46 

(National Institutes of Health, Bethesda, MA, USA). 

 

Western blotting 

 

The microglia from the control and experimental groups 

(1×107 cells/mL) were homogenized in the RIPA buffer 

(Beyotime, Shanghai, China). The protein concentrations 

were quantified using the BCA assay (Pierce, Rockford, 

IL) according to the manufacturer’s instructions. Then, 40 
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µg of whole cell protein lysates were boiled in 5µl sample 

buffer for 5 min followed by separation of the proteins by 

sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE). The separated proteins were 

transferred onto nitrocellulose membranes. The 

membranes were blocked with 5% non-fat dry milk in 

TRIS-buffered saline (TBS) for 1h and incubated 

overnight at 4oC with primary antibodies, namely, rabbit 

anti-IRE1α (1:500, Abcam, Camb, UK), rabbit anti-PERK 

(1:500, Abcam, Camb, UK), and rabbit anti-ATF6 (1:500, 

Abcam, Camb, UK), and mouse β-actin (1:1000, Abcam, 

Camb, UK). Then, after washing thoroughly, we 

incubated the blots with HRP-conjugated secondary 

antibodies (1:1000, Sigma, St. Louis, MO, USA) at room 

temperature for 2 h. The blots were developed using the 

Enhanced Chemiluminescence (ECL) kit (Cell Signaling 

Technology, Boston, USA). The levels of IRE1α, PERK 

and ATF6 proteins relative to β-actin expression were 

quantified using the Image J software (NIH, Bethesda, 

USA). 

 

IP3R activity and calcium concentration in the ER of 

primary retinal microglia  

 

The activity of inositol-1,4,5-triphosphate receptor 

(IP3R), which is one of the calcium (Ca2+) release 

channels in the ER membrane [44] was determined 

using the IP3R functional fluorescence detection kit 

(Shanghai Yu Duo Biotech Ltd, China). This kit 

contains a low calcium affinity fluorescent probe, Mag-

Fluo-AM, which specifically accumulates in the ER 

based on the changes in the calcium concentration in the 

ER. Therefore, Mag-Fluo-AM is used to evaluate the 

activity of IP3R [34]. The relative fluorescence unit 

(RFU) was obtained dynamically at 30s, 60s, 90s, and 

120s using a fluorescence microplate reader (Bio-Tek 

ELX800, Winooski, USA). IP3R activity was calculated 

as the induced calcium release rate at different time 

points within two minutes. The induced calcium release 

rate (%) was calculated as [RFU (ER calcium)-RFU 

(induced calcium release)] / [RFU (ER calcium)-RFU 

(complete calcium release)] ×100. The total calcium 

concentration in the ER was estimated using the 

GENMED ER calcium concentration assay kit 

(Shanghai Yu Duo Biotech Ltd, China), which 

measures the fluorescence intensity of Mag-Fluo-AM 

relative to calcium levels in the ER. The total calcium 

concentration in the ER (μM/100 μg) was calculated as 

[RFU (sample) – RFU (blank control)] / RFU 

(maximum control well) – RFU (sample)] ×22. 

 

Statistical analysis 

 

The statistical data was analyzed using the SPSS 25.0 

software (IBM, USA). All values in this study are 

presented as means ± standard deviation (SD) of at least 

three independent experiments. Statistical differences 

between different experimental and control groups was 

estimated by multiple-factor repetitive measurement 

and analysis of variance, pairwise T-test, and one-way 

ANOVA followed by LSD post hoc test. We calculated 

two-sided p-values to determine statistical significance. 

P<0.05 was considered statistically significant. 
 

AUTHOR CONTRIBUTIONS 
 

L. R. designed the study, performed the 

immunofluorescence assay and drafted the manuscript; 

W. Y. performed the CCK-8, cell apoptosis and cell 

autophagy detection assays; C. P. performed Western 

blotting and statistical analysis; M. J. M. performed the 

IP3R functional fluorescence detection and calcium 

concentration assay; Z. H. B. designed the study with 

L.R. and revised the manuscript. All authors read and 

approved the final manuscript.  
 

CONFLICTS OF INTEREST 
 

The authors declare that there are no conflicts of interest. 
 

FUNDING 
 

This study was financially supported by National Natural 

Science Foundation of China (Grant Nos. 81570873, 

81500726), Foundation of Shaanxi Provincial Science 

and Technology Department (Grant No. 2015JM8481), 

Medical Research Project of Xi’an Science Technology 

Bureau [Grant No. 201805097YX5SF31 (4)], and the 

Health Research Foundation of Shaanxi Province (Grant 

No. 2018D074). 
 

REFERENCES 
 

1. Taner A, Tekle S, Hothorn T, Adams M, Bassler D, 
Gerth-Kahlert C. Higher incidence of retinopathy of 
prematurity in extremely preterm infants associated 
with improved survival rates. Acta Paediatr. 2020. 
[Epub ahead of print]. 

 https://doi.org/10.1111/apa.15197 PMID:31991001 

2. Simon MC, Keith B. The role of oxygen availability in 
embryonic development and stem cell function. Nat 
Rev Mol Cell Biol. 2008; 9:285–96. 

 https://doi.org/10.1038/nrm2354 
 PMID:18285802 

3. Torres-Cuevas I, Parra-Llorca A, Sánchez-Illana A, 
Nuñez-Ramiro A, Kuligowski J, Cháfer-Pericás C, 
Cernada M, Escobar J, Vento M. Oxygen and oxidative 
stress in the perinatal period. Redox Biol. 2017; 
12:674–81. 

 https://doi.org/10.1016/j.redox.2017.03.011 
 PMID:28395175 

https://doi.org/10.1111/apa.15197
https://pubmed.ncbi.nlm.nih.gov/31991001
https://doi.org/10.1038/nrm2354
https://pubmed.ncbi.nlm.nih.gov/18285802
https://doi.org/10.1016/j.redox.2017.03.011
https://pubmed.ncbi.nlm.nih.gov/28395175


 

www.aging-us.com 17377 AGING 

4. Stone WL, Shah D, Hollinger SM. Retinopathy of 
prematurity: an oxidative stress neonatal disease. 
Front Biosci (Landmark Ed). 2016; 21:165–77. 

 https://doi.org/10.2741/4382 
 PMID:26709767 

5. Hartnett ME. Pathophysiology and mechanisms of 
severe retinopathy of prematurity. Ophthalmology. 
2015; 122:200–10. 

 https://doi.org/10.1016/j.ophtha.2014.07.050 
 PMID:25444347 

6. Beharry KD, Cai CL, Valencia GB, Valencia AM, Lazzaro 
DR, Bany-Mohammed F, Aranda JV. Neonatal 
Intermittent Hypoxia, Reactive Oxygen Species, and 
Oxygen-Induced Retinopathy. React Oxyg Species 
(Apex). 2017; 3:12–25. 

 https://doi.org/10.20455/ros.2017.805 
 PMID:29951586 

7. Banjac L, Banjac G, Kotur-Stevuljević J, Spasojević-
Kalimanovska V, Gojković T, Bogavac-Stanojević N, 
Jelić-Ivanović Z, Banjac G. Pro-oxidants and 
antioxidants in retinopathy of prematurity. Acta Clin 
Croat. 2018; 57:458–63. 

 https://doi.org/10.20471/acc.2018.57.03.08 
 PMID:31168178 

8. Tibrewal M, Cheng B, Dohare P, Hu F, Mehdizadeh R, 
Wang P, Zheng D, Ungvari Z, Ballabh P. Disruption of 
interneuron neurogenesis in premature newborns and 
reversal with estrogen treatment. J Neurosci. 2018; 
38:1100–13. 

 https://doi.org/10.1523/JNEUROSCI.1875-17.2017 
 PMID:29246927 

9. Della Torre S, Rando G, Meda C, Ciana P, Ottobrini L, 
Maggi A. Transcriptional activity of oestrogen 
receptors in the course of embryo development. J 
Endocrinol. 2018; 238:165–76. 

 https://doi.org/10.1530/JOE-18-0003 
 PMID:30012715 

10. Shi W, Zhu LI, Wang Y, Hu B, Xiao H, Zhou G, Chen C. 
Estrogen therapy to treat retinopathy in newborn 
mice. Exp Ther Med. 2015; 10:611–17. 

 https://doi.org/10.3892/etm.2015.2554 
 PMID:26622363 

11. Zhang H, Wang X, Xu K, Wang Y, Wang Y, Liu X, Zhang 
X, Wang L, Li X. 17β-estradiol ameliorates oxygen-
induced retinopathy in the early hyperoxic phase. 
Biochem Biophys Res Commun. 2015; 457:700–05. 

 https://doi.org/10.1016/j.bbrc.2015.01.052 
 PMID:25619134 

12. Zhang HB, Sun NX, Liang HC, Xiao XH, Liu XN, Wang YN. 
17-alpha-estradiol ameliorating oxygen-induced 
retinopathy in a murine model. Jpn J Ophthalmol. 
2012; 56:407–15. 

 https://doi.org/10.1007/s10384-012-0136-5 
 PMID:22581453 

13. Giddabasappa A, Eswaraka JR, Barrett CM, Bauler MN, 
Wu Z, Yepuru M, Miller DD, Dalton JT. β-LGND2, an 
ERβ selective agonist, inhibits pathologic retinal 
neovascularization. Invest Ophthalmol Vis Sci. 2012; 
53:5066–75. 

 https://doi.org/10.1167/iovs.12-9627 
 PMID:22714897 

14. Molina L, Figueroa CD, Bhoola KD, Ehrenfeld P. GPER-
1/GPR30 a novel estrogen receptor sited in the cell 
membrane: therapeutic coupling to breast cancer. 
Expert Opin Ther Targets. 2017; 21:755–66. 

 https://doi.org/10.1080/14728222.2017.1350264 
 PMID:28671018 

15. Prossnitz ER, Barton M. The g-protein-coupled 
estrogen receptor GPER in health and disease. Nat Rev 
Endocrinol. 2011; 7:715–26. 

 https://doi.org/10.1038/nrendo.2011.122 
 PMID:21844907 

16. Revankar CM, Cimino DF, Sklar LA, Arterburn JB, 
Prossnitz ER. A transmembrane intracellular estrogen 
receptor mediates rapid cell signaling. Science. 2005; 
307:1625–30. 

 https://doi.org/10.1126/science.1106943 
 PMID:15705806 

17. Malhotra JD, Kaufman RJ. Endoplasmic reticulum stress 
and oxidative stress: a vicious cycle or a double-edged 
sword? Antioxid Redox Signal. 2007; 9:2277–93. 

 https://doi.org/10.1089/ars.2007.1782 
 PMID:17979528 

18. Rathnasamy G, Foulds WS, Ling EA, Kaur C. Retinal 
microglia - a key player in healthy and diseased retina. 
Prog Neurobiol. 2019; 173:18–40. 

 https://doi.org/10.1016/j.pneurobio.2018.05.006 
 PMID:29864456 

19. Santos AM, Calvente R, Tassi M, Carrasco MC, Martín-
Oliva D, Marín-Teva JL, Navascués J, Cuadros MA. 
Embryonic and postnatal development of microglial 
cells in the mouse retina. J Comp Neurol. 2008; 
506:224–39. 

 https://doi.org/10.1002/cne.21538 
 PMID:18022954 

20. Silverman SM, Wong WT. Microglia in the retina: roles 
in development, maturity, and disease. Annu Rev Vis 
Sci. 2018; 4:45–77. 

 https://doi.org/10.1146/annurev-vision-091517-
034425 PMID:29852094 

21. Biswas S, Bachay G, Chu J, Hunter DD, Brunken WJ. 
Laminin-dependent interaction between astrocytes 
and microglia: a role in retinal angiogenesis. Am J 
Pathol. 2017; 187:2112–27. 

https://doi.org/10.2741/4382
https://pubmed.ncbi.nlm.nih.gov/26709767
https://doi.org/10.1016/j.ophtha.2014.07.050
https://pubmed.ncbi.nlm.nih.gov/25444347
https://doi.org/10.20455/ros.2017.805
https://pubmed.ncbi.nlm.nih.gov/29951586
https://doi.org/10.20471/acc.2018.57.03.08
https://pubmed.ncbi.nlm.nih.gov/31168178
https://doi.org/10.1523/JNEUROSCI.1875-17.2017
https://pubmed.ncbi.nlm.nih.gov/29246927
https://doi.org/10.1530/JOE-18-0003
https://pubmed.ncbi.nlm.nih.gov/30012715
https://doi.org/10.3892/etm.2015.2554
https://pubmed.ncbi.nlm.nih.gov/26622363
https://doi.org/10.1016/j.bbrc.2015.01.052
https://pubmed.ncbi.nlm.nih.gov/25619134
https://doi.org/10.1007/s10384-012-0136-5
https://pubmed.ncbi.nlm.nih.gov/22581453
https://doi.org/10.1167/iovs.12-9627
https://pubmed.ncbi.nlm.nih.gov/22714897
https://doi.org/10.1080/14728222.2017.1350264
https://pubmed.ncbi.nlm.nih.gov/28671018
https://doi.org/10.1038/nrendo.2011.122
https://pubmed.ncbi.nlm.nih.gov/21844907
https://doi.org/10.1126/science.1106943
https://pubmed.ncbi.nlm.nih.gov/15705806
https://doi.org/10.1089/ars.2007.1782
https://pubmed.ncbi.nlm.nih.gov/17979528
https://doi.org/10.1016/j.pneurobio.2018.05.006
https://pubmed.ncbi.nlm.nih.gov/29864456
https://doi.org/10.1002/cne.21538
https://pubmed.ncbi.nlm.nih.gov/18022954
https://doi.org/10.1146/annurev-vision-091517-034425
https://doi.org/10.1146/annurev-vision-091517-034425
https://pubmed.ncbi.nlm.nih.gov/29852094


 

www.aging-us.com 17378 AGING 

 https://doi.org/10.1016/j.ajpath.2017.05.016 
 PMID:28697326 

22. Foulquier S, Caolo V, Swennen G, Milanova I, Reinhold 
S, Recarti C, Alenina N, Bader M, Steckelings UM, 
Vanmierlo T, Post MJ, Jones EA, van Oostenbrugge RJ, 
Unger T. The role of receptor MAS in microglia-driven 
retinal vascular development. Angiogenesis. 2019; 
22:481–89. 

 https://doi.org/10.1007/s10456-019-09671-3 
 PMID:31240418 

23. Zhang W, Zhang DG, Liang X, Zhang WL, Ma JX. Effects 
of apelin on retinal microglial cells in a rat model of 
oxygen-induced retinopathy of prematurity. J Cell 
Biochem. 2018; 119:2900–10. 

 https://doi.org/10.1002/jcb.26473 PMID:29091306 

24. Altmann C, Schmidt MH. The role of microglia in 
diabetic retinopathy: inflammation, microvasculature 
defects and neurodegeneration. Int J Mol Sci. 2018; 
19:110. 

 https://doi.org/10.3390/ijms19010110 
 PMID:29301251 

25. Solebo AL, Teoh L, Rahi J. Epidemiology of blindness in 
children. Arch Dis Child. 2017; 102:853–57. 

 https://doi.org/10.1136/archdischild-2016-310532 
 PMID:28465303 

26. Cayabyab R, Ramanathan R. Retinopathy of 
prematurity: therapeutic strategies based on 
pathophysiology. Neonatology. 2016; 109:369–76. 

 https://doi.org/10.1159/000444901 
 PMID:27251645 

27. Hellström A, Hård AL. Screening and novel therapies 
for retinopathy of prematurity - a review. Early Hum 
Dev. 2019; 138:104846. 

 https://doi.org/10.1016/j.earlhumdev.2019.104846 
 PMID:31474316 

28. Martínez-Castellanos MA, González-H León A, Romo-
Aguas JC, Gonzalez-Gonzalez LA. A proposal of an 
algorithm for the diagnosis and treatment of 
recurrence or treatment failure of retinopathy of 
prematurity after anti-VEGF therapy based on a large 
case series. Graefes Arch Clin Exp Ophthalmol. 2020; 
258:767–72. 

 https://doi.org/10.1007/s00417-020-04605-y 
 PMID:31953595 

29. Hansen ED, Hartnett ME. A review of treatment for 
retinopathy of prematurity. Expert Rev Ophthalmol. 
2019; 14:73–87. 

 https://doi.org/10.1080/17469899.2019.1596026 
 PMID:31762784 

30. Patel S, Homaei A, Raju AB, Meher BR. Estrogen: the 
necessary evil for human health, and ways to tame it. 
Biomed Pharmacother. 2018; 102:403–11. 

 https://doi.org/10.1016/j.biopha.2018.03.078 
 PMID:29573619 

31. Deschênes MC, Descovich D, Moreau M, Granger L, 
Kuchel GA, Mikkola TS, Fick GH, Chemtob S, Vaucher E, 
Lesk MR. Postmenopausal hormone therapy increases 
retinal blood flow and protects the retinal nerve fiber 
layer. Invest Ophthalmol Vis Sci. 2010; 51:2587–600. 

 https://doi.org/10.1167/iovs.09-3710 
 PMID:20019375 

32. Olde B, Leeb-Lundberg LM. GPR30/GPER1: searching 
for a role in estrogen physiology. Trends Endocrinol 
Metab. 2009; 20:409–16. 

 https://doi.org/10.1016/j.tem.2009.04.006 
 PMID:19734054 

33. D’Arcy MS. Cell death: a review of the major forms of 
apoptosis, necrosis and autophagy. Cell Biol Int. 2019; 
43:582–92. 

 https://doi.org/10.1002/cbin.11137 
 PMID:30958602 

34. Wang S, Ji LY, Li L, Li JM. Oxidative stress, autophagy 
and pyroptosis in the neovascularization of oxygen-
induced retinopathy in mice. Mol Med Rep. 2019; 
19:927–34. 

 https://doi.org/10.3892/mmr.2018.9759 
 PMID:30569132 

35. Martinet W, Agostinis P, Vanhoecke B, Dewaele M, De 
Meyer GR. Autophagy in disease: a double-edged 
sword with therapeutic potential. Clin Sci (Lond). 2009; 
116:697–712. 

 https://doi.org/10.1042/CS20080508 
 PMID:19323652 

36. Zarzynska JM. The importance of autophagy regulation 
in breast cancer development and treatment. Biomed 
Res Int. 2014; 2014:710345. 

 https://doi.org/10.1155/2014/710345 
 PMID:25317422 

37. Li WL, Xiang W, Ping Y. Activation of novel estrogen 
receptor GPER results in inhibition of cardiocyte 
apoptosis and cardioprotection. Mol Med Rep. 2015; 
12:2425–30. 

 https://doi.org/10.3892/mmr.2015.3674 
 PMID:25936661 

38. Han ZW, Chang YC, Zhou Y, Zhang H, Chen L, Zhang Y, 
Si JQ, Li L. GPER agonist G1 suppresses neuronal 
apoptosis mediated by endoplasmic reticulum stress 
after cerebral ischemia/reperfusion injury. Neural 
Regen Res. 2019; 14:1221–29. 

 https://doi.org/10.4103/1673-5374.251571 
 PMID:30804253 

39. D’Amato AR, Puhl DL, Ellman SA, Balouch B, Gilbert RJ, 
Palermo EF. Vastly extended drug release from 
poly(pro-17β-estradiol) materials facilitates in vitro 

https://doi.org/10.1016/j.ajpath.2017.05.016
https://pubmed.ncbi.nlm.nih.gov/28697326
https://doi.org/10.1007/s10456-019-09671-3
https://pubmed.ncbi.nlm.nih.gov/31240418
https://doi.org/10.1002/jcb.26473
https://pubmed.ncbi.nlm.nih.gov/29091306
https://doi.org/10.3390/ijms19010110
https://pubmed.ncbi.nlm.nih.gov/29301251
https://doi.org/10.1136/archdischild-2016-310532
https://pubmed.ncbi.nlm.nih.gov/28465303
https://doi.org/10.1159/000444901
https://pubmed.ncbi.nlm.nih.gov/27251645
https://doi.org/10.1016/j.earlhumdev.2019.104846
https://pubmed.ncbi.nlm.nih.gov/31474316
https://doi.org/10.1007/s00417-020-04605-y
https://pubmed.ncbi.nlm.nih.gov/31953595
https://doi.org/10.1080/17469899.2019.1596026
https://pubmed.ncbi.nlm.nih.gov/31762784
https://doi.org/10.1016/j.biopha.2018.03.078
https://pubmed.ncbi.nlm.nih.gov/29573619
https://doi.org/10.1167/iovs.09-3710
https://pubmed.ncbi.nlm.nih.gov/20019375
https://doi.org/10.1016/j.tem.2009.04.006
https://pubmed.ncbi.nlm.nih.gov/19734054
https://doi.org/10.1002/cbin.11137
https://pubmed.ncbi.nlm.nih.gov/30958602
https://doi.org/10.3892/mmr.2018.9759
https://pubmed.ncbi.nlm.nih.gov/30569132
https://doi.org/10.1042/CS20080508
https://pubmed.ncbi.nlm.nih.gov/19323652
https://doi.org/10.1155/2014/710345
https://pubmed.ncbi.nlm.nih.gov/25317422
https://doi.org/10.3892/mmr.2015.3674
https://pubmed.ncbi.nlm.nih.gov/25936661
https://doi.org/10.4103/1673-5374.251571
https://pubmed.ncbi.nlm.nih.gov/30804253


 

www.aging-us.com 17379 AGING 

neurotrophism and neuroprotection. Nat Commun. 
2019; 10:4830. 

 https://doi.org/10.1038/s41467-019-12835-w 
 PMID:31645570 

40. Moosmann B, Behl C. The antioxidant neuroprotective 
effects of estrogens and phenolic compounds are 
independent from their estrogenic properties. Proc 
Natl Acad Sci USA. 1999; 96:8867–72. 

 https://doi.org/10.1073/pnas.96.16.8867 
 PMID:10430862 

41. Oakes SA, Papa FR. The role of endoplasmic reticulum 
stress in human pathology. Annu Rev Pathol. 2015; 
10:173–94. 

 https://doi.org/10.1146/annurev-pathol-012513-
104649 PMID:25387057 

42. Dufey E, Sepúlveda D, Rojas-Rivera D, Hetz C. Cellular 
mechanisms of endoplasmic reticulum stress signaling 
in health and disease. 1. An overview. Am J Physiol Cell 
Physiol. 2014; 307:C582–94. 

 https://doi.org/10.1152/ajpcell.00258.2014 
 PMID:25143348 

43. Kooptiwut S, Mahawong P, Hanchang W, Semprasert 
N, Kaewin S, Limjindaporn T, Yenchitsomanus PT. 
Estrogen reduces endoplasmic reticulum stress to 
protect against glucotoxicity induced-pancreatic β-cell 
death. J Steroid Biochem Mol Biol. 2014; 139:25–32. 

 https://doi.org/10.1016/j.jsbmb.2013.09.018 
 PMID:24120916 

44. Yue L, Wang L, Du Y, Zhang W, Hamada K, Matsumoto 
Y, Jin X, Zhou Y, Mikoshiba K, Gill DL, Han S, Wang Y. 
Type 3 inositol 1,4,5-trisphosphate receptor is a crucial 
regulator of calcium dynamics mediated by 
endoplasmic reticulum in HEK cells. Cells. 2020; 9:275. 

 https://doi.org/10.3390/cells9020275 
 PMID:31979185 

45. Vannuvel K, Renard P, Raes M, Arnould T. Functional 
and morphological impact of ER stress on 
mitochondria. J Cell Physiol. 2013; 228:1802–18. 

 https://doi.org/10.1002/jcp.24360 
 PMID:23629871 

46. Chaudhari N, Talwar P, Parimisetty A, Lefebvre 
d’Hellencourt C, Ravanan P. A molecular web: 
endoplasmic reticulum stress, inflammation, and 
oxidative stress. Front Cell Neurosci. 2014; 8:213. 

 https://doi.org/10.3389/fncel.2014.00213 
 PMID:25120434 

47. Zhu H, Jin Q, Li Y, Ma Q, Wang J, Li D, Zhou H, Chen Y. 
Melatonin protected cardiac microvascular endothelial 
cells against oxidative stress injury via suppression of 

IP3R-[Ca2+]c/VDAC-[Ca2+]m axis by activation of 
MAPK/ERK signaling pathway. Cell Stress Chaperones. 
2018; 23:101–13. 

 https://doi.org/10.1007/s12192-017-0827-4 
 PMID:28669047 

48. Devarajan G, Chen M, Muckersie E, Xu H. Culture and 
characterization of microglia from the adult murine 
retina. ScientificWorldJournal. 2014; 2014:894368. 

 https://doi.org/10.1155/2014/894368 
 PMID:24987746 

49. Wu N, Wang Y, Liu D, Wang Y. Culture and 
identification of neonate rat retinal microglia cells in 
vitro. Int J Ophthalmol. 2006; 6:1039–41 

50. Wlodarczyk A, Benmamar-Badel A, Cédile O, Jensen 
KN, Kramer I, Elsborg NB, Owens T. CSF1R stimulation 
promotes increased neuroprotection by CD11c+ 
microglia in EAE. Front Cell Neurosci. 2019; 12:523. 

 https://doi.org/10.3389/fncel.2018.00523 
 PMID:30687013 

51. Dennis MK, Burai R, Ramesh C, Petrie WK, Alcon SN, 
Nayak TK, Bologa CG, Leitao A, Brailoiu E, Deliu E, Dun 
NJ, Sklar LA, Hathaway HJ, et al. In vivo effects of a 
GPR30 antagonist. Nat Chem Biol. 2009; 5:421–27. 

 https://doi.org/10.1038/nchembio.168 
 PMID:19430488 

52. Smith LE, Wesolowski E, McLellan A, Kostyk SK, 
D’Amato R, Sullivan R, D’Amore PA. Oxygen-induced 
retinopathy in the mouse. Invest Ophthalmol Vis Sci. 
1994; 35:101–11. 

 PMID:7507904 

53. Li R, Du J, Yao Y, Yao G, Wang X. Adiponectin inhibits 
high glucose-induced angiogenesis via inhibiting 
autophagy in RF/6A cells. J Cell Physiol. 2019; 
234:20566–76. 

 https://doi.org/10.1002/jcp.28659 
 PMID:30982980 

54. Deng H, Ma J, Liu Y, He P, Dong W. Combining α-
hederin with cisplatin increases the apoptosis of gastric 
cancer in vivo and in vitro via mitochondrial related 
apoptosis pathway. Biomed Pharmacother. 2019; 
120:109477. 

 https://doi.org/10.1016/j.biopha.2019.109477 
 PMID:31562979 

55. Park JT, Lee YS, Park SC. Quantification of autophagy 
during senescence. Methods Mol Biol. 2019; 
1896:149–57. 

 https://doi.org/10.1007/978-1-4939-8931-7_14 
 PMID:30474847 

https://doi.org/10.1038/s41467-019-12835-w
https://pubmed.ncbi.nlm.nih.gov/31645570
https://doi.org/10.1073/pnas.96.16.8867
https://pubmed.ncbi.nlm.nih.gov/10430862
https://doi.org/10.1146/annurev-pathol-012513-104649
https://doi.org/10.1146/annurev-pathol-012513-104649
https://pubmed.ncbi.nlm.nih.gov/25387057
https://doi.org/10.1152/ajpcell.00258.2014
https://pubmed.ncbi.nlm.nih.gov/25143348
https://doi.org/10.1016/j.jsbmb.2013.09.018
https://pubmed.ncbi.nlm.nih.gov/24120916
https://doi.org/10.3390/cells9020275
https://pubmed.ncbi.nlm.nih.gov/31979185
https://doi.org/10.1002/jcp.24360
https://pubmed.ncbi.nlm.nih.gov/23629871
https://doi.org/10.3389/fncel.2014.00213
https://pubmed.ncbi.nlm.nih.gov/25120434
https://doi.org/10.1007/s12192-017-0827-4
https://pubmed.ncbi.nlm.nih.gov/28669047
https://doi.org/10.1155/2014/894368
https://pubmed.ncbi.nlm.nih.gov/24987746
https://doi.org/10.3389/fncel.2018.00523
https://pubmed.ncbi.nlm.nih.gov/30687013
https://doi.org/10.1038/nchembio.168
https://pubmed.ncbi.nlm.nih.gov/19430488
https://pubmed.ncbi.nlm.nih.gov/7507904
https://doi.org/10.1002/jcp.28659
https://pubmed.ncbi.nlm.nih.gov/30982980
https://doi.org/10.1016/j.biopha.2019.109477
https://pubmed.ncbi.nlm.nih.gov/31562979
https://doi.org/10.1007/978-1-4939-8931-7_14
https://pubmed.ncbi.nlm.nih.gov/30474847

