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Glycogen synthase kinase-3β inhibitor SB216763 
promotes DNA repair in ischemic retinal neurons

Jing Zhang#, Zhi-Peng Lai#, Pei Chen, Yang Ying, Jing Zhuang*, Ke-Ming Yu*

Abstract  
Glycogen synthase kinase-3β (GSK-3β) has been shown to attenuate DNA damage in nerve cells, thereby enhancing neuronal survival under 
pathological conditions; however, the underlying mechanism remains unclear. An in vitro serum-starvation retinal neuron model and in 
vivo ischemia/reperfusion retina injury rat model were established and treated with SB216763, a GSK-3β inhibitor. SB21673 decreased the 
formation of γ-H2A histone family member X foci and enhanced the viability of ischemic retinal neurons. In addition, SB216763 upregulated 
expression of phosphorylated-CREB1, a ligase IV transcription factor, and significantly increased the transcriptional activity of ligase IV in 
ischemic retinal neurons. These results were confirmed in rat retinas following ischemia/reperfusion injury. Furthermore, we found that 
unlike lithium chlorine (a well-known direct inhibitor of GSK-3β), SB216763 inhibited GSK-3β activity by suppressing its phosphorylation. 
Taken together, our results suggest that GSK-3β inhibition enhances repair of DNA double-strand breaks by upregulating ligase IV expression 
in ischemic retinal neurons. This study was approved by the Institutional Animal Care and Use Committee of Zhongshan Ophthalmic Center 
on February 18, 2018.
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Introduction 
As part of the central nervous system, retinal neurons 
are  postmi tot i c  ce l l s  that  cannot  be  regenerated 
under pathological  condit ions.  Accordingly,  ret inal 
neurodegenerative blindness, such as glaucoma and optic 
nerve damage, is a major and refractory ophthalmological 
blindness (Zhuang et al., 2009; Chen et al., 2018; Smith 
et al., 2018). An increasing number of studies concerning 
neuroprotective strategies are currently ongoing, including 
investigation of DNA repair, antiapoptotic molecular 
applications, neurotrophic factor delivery, and anti-
inflammatory treatments. Among these studies, DNA damage 
repair is considered to be a promising treatment strategy 
for therapeutic intervention (Merlo et al., 2005; Martin and 
Wong, 2017; Ru et al., 2019).

Glycogen synthase kinase-3β (GSK-3β), a multifaceted serine-

threonine kinase widely expressed throughout the central 
nervous system, exhibits its highest expression level during 
development (Seira and Del Río, 2014). GSK-3β is involved 
in morphogenesis, axonal polarity, and synaptogenesis 
of neurons (Guo et al., 2007; Morgan-Smith et al., 2014). 
Dysregulation of GSK-3β is reportedly associated with diverse 
neurodegenerative diseases, including Parkinson’s disease 
and progressive supranuclear palsy (Domínguez et al., 2012; 
Huang et al., 2018). Numerous studies have shown that GSK-
3β activation is closely related to the pathological processes 
of retinal degenerative diseases, such as glaucoma, retinitis, 
and diabetic retinopathy (Sun et al., 2014; Wang et al., 2017; 
Zhu et al., 2018). Several lines of evidence have indicated 
that under pathological conditions, such as genotoxic or 
oxidative stress, GSK-3β accelerates cell death by upregulating 
proapoptotic proteins and inhibiting DNA damage repair 
(Yang et al., 2011; Biswas et al., 2013; Ahmed et al., 2019; 
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Ding et al., 2019). Both in vivo and in vitro evidence have 
confirmed that GSK-3 modulation provides cellular and 
functional neuroprotection in retinitis pigmentosa and retinal 
neovascularization disease (Sánchez-Cruz et al., 2018; Yu et 
al., 2020). Moreover, pharmacological inhibition of GSK-3β has 
been implicated in clinical treatment for diabetes, neurological 
diseases, and retinal diseases such as glaucoma (Carta et al., 
2012; Li et al., 2017). However, mechanisms underlying the 
neuroprotective effect mediated by GSK-3β inhibition are not 
well defined.

As a highly conserved kinase, GSK-3β responds to a variety of 
protein activation and cell signal transductions (Duda et al., 
2018; Wang and Wang, 2018; Zakharova et al., 2019). Control 
of GSK-3β activity is differentially regulated by varied and 
complex mechanisms, including phosphorylation, protein-
protein interactions, priming/substrate specificity, subcellular 
localization, and proteolytic cleavage (Beurel et al., 2015). 
Notably, the phospho-serine or -threonine directly bind to 
the GSK-3 active catalytic site. GSK-3β activity can be directly 
inhibited by phosphorylation of serine at position 389 (Ser389) 
or Ser9, or competitively inhibited by phosphorylated peptides 
patterned after the unique recognition motif of GSK-3 (Plotkin 
et al., 2003; Thornton et al., 2008; Medina and Wandosell, 
2011; Cormier and Woodgett, 2017). 

Lithium chloride (LiCl) is a well-known GSK-3β inhibitor 
that is commonly used for clinical treatment of bipolar 
disorders (Kurgan et al., 2019; Li et al., 2020; Ng et al., 2020). 
Investigations of the precise mechanism by which LiCl exerts 
its neuroprotective effects have revealed the involvement 
of several cellular signaling pathways and various proteins. 
Mounting evidence suggests that LiCl protects neurons by 
directly inhibiting GSK-3β activity using a mechanism that does 
not alter its phosphorylation level (Seira and Del Río, 2014; Bai 
et al., 2018; Kurgan et al., 2019). The caspase family, Bax, p53, 
and other proteins have also been implicated in LiCl-mediated 
anti-inflammatory and neuroprotective actions (Jacobs et 
al., 2012). Moreover, our previous study indicated that LiCl 
promoted DNA damage repair and improved the survival of 
ischemic retinal neurons by upregulating DNA ligase IV (Zhuang 
et al., 2009; Yang et al., 2016).

DNA ligase IV is essential for nonhomologous end-joining 
DNA repair, the main DNA repair pathway for postmitotic 
neurons (Gatz et al., 2011; Gerodimos et al., 2017; Kaminski 
et al., 2018), which makes it a promising therapeutic target 
for neuroprotection. A previous study demonstrated that 
phosphorylation of the transcription factor CREB1 (p-CREB1) 
is essential for transcription of ligase IV (Guo et al., 2007). 
GSK-3β activity has consistently been implicated in p-CREB1 
expression in various cells, such as 3T3-L1 cells and lung 
fibroblasts (Tullai et al., 2011; Park et al., 2016). Another well-
known GSK-3β inhibitor, SB216763, also increases CREB1 
phosphorylation (Baarsma et al., 2013). Thus, whether GSK-3β 
inhibition exerts a neuroprotective effect by regulating DNA 
ligase IV is not well understood.

To address this, an in vitro serum starvation retinal neuron 
model and in vivo ischemia/reperfusion (I/R) retinal injury rat 
model were established. SB216763, a specific inhibitor of GSK-
3β (Coghlan et al., 2000), was used to evaluate the potential 
relationship between GSK-3β and DNA ligase IV in ischemic 
retinal neurons both in vitro and in vivo.
 
Materials and Methods 
Ethics statement
All animal experimental procedures were approved and 
monitored by the Institutional Animal Care and Use 
Committee of Zhongshan Ophthalmic Center, China on 
February 18, 2018, and strictly abided by the Association 
for Research in Vision and Ophthalmology Standards for the 

Use of Animals in Ophthalmic and Vision Research. All efforts 
were made to minimize suffering of rats used in this study. All 
postnatal 1-day-old Sprague-Dawley rats (n = 30; for in vitro 
study) and adult female Sprague-Dawley rats (n = 30; aged 6 
weeks, weighing 180–220 g; for in vivo study) were provided 
by the Laboratory Animal Center of Southern Medical 
University [Guangzhou, China; License No. SCXK (Yue) 2019-
075A].

Primary rat retinal neural cells cultures and drug treatment
In rats, retinal ganglion cells are the only differentiated 
neurons at birth (Okabe et al., 1989; Huang et al., 2016). 
Briefly, postnatal 1-day-old rats were sacrificed by an 
intraperitoneal injection of pentobarbital (60 mg/kg; Sigma-
Aldrich, St. Louis, MO, USA). Retinas were isolated and 
dissociated into a single-cell suspension by 0.125% trypsin 
solution, and then cultured in Dulbecco’s Modified Eagle 
Medium (Gibco, Carlsbad, CA, USA) with 10% fetal bovine 
serum (Gibco) in accordance with previously described 
methods (Yang et al., 2016). After 12 hours of cell attachment, 
10 μM Ara-C (Sigma-Aldrich) was used to suppress the 
growth of non-neurons. After 12 hours, the medium was 
substituted with complete medium (10% fetal bovine serum) 
containing SB216763 (5 μM) or vehicle control [dimethyl 
sulfoxide (DMSO); 99.9%, 5 μM; Sigma-Aldrich] for 24 hours. 
To simulate an ischemic environment in vitro, neurons were 
nutrient-deprived by serum-free culture media with SB216763 
(5 μM) or DMSO for 48 hours. After incubation, cells were 
harvested for further analysis.

I/R in vivo experiment
Thirty adult rats were randomly divided into control and 
SB216763 groups (n = 15 rats/group). The SB216763 group 
received intraperitoneal injections of SB216763 (0.6 mg/kg) 
for 3 days, while the control group received intraperitoneal 
injections of 200–400 μL DMSO, the solvent of SB216763. 

After 3 days of pretreatment, an I/R experiment was carried on 
the right eye of each rat, with the left eye serving as a as self-
control. Briefly, rats were anesthetized with intraperitoneal 
injection of pentobarbital (50 mg/kg) and their pupils were 
dilated with 0.5% tropicamide. Afterwards, a 30-G needle 
(Kindly Medical Devices Co., Wenzhou, China) connected to 
a reservoir filled with sterile salt solution was inserted into 
the anterior chamber of the right eye of rats in both groups. 
Increasing the intraocular pressure to induce retinal ischemia 
was achieved by raising the reservoir, yielding a maximum 
intraocular pressure of 120 mmHg within 2 minutes, which 
was maintained for 1 hour (Yang et al., 2016). Tono-Pen 
XL (Mentor, Santa Barbara, CA, USA) was used to monitor 
intraocular pressure every 10 minutes during experiments. 
Direct ophthalmoscopy (66 Vision Tech, Suzhou, China) was 
used to confirm systolic collapse of the central artery in rat 
eyes. Rats were normothermic with heated jackets throughout 
the experiments. Eyes were harvested at 1 and 3 days after I/R 
for subsequent analysis.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay
Primary cultured retinal neural cells were seeded in 48-well 
plates. After nutrient deprivation for 48 hours, retinal neural 
cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) agent (5 mg/mL) at 37°C 
for 4 hours, and then 250 μL of DMSO was added into each 
well. A fluorescence plate reader (Power Wave XS; Bio-Tek, 
Winooski, VT, USA) was employed to measure the absorbance 
of each well at 490 nm. Cell viability was assessed by the 
optical density ratio of treated cultures to untreated controls.

Immunofluorescence analysis
Retinal neural cells were seeded onto slides. After 48 hours of 
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serum deprivation, cells were fixed with 4% paraformaldehyde 
for 15 minutes, immersed in 0.1% Triton X-100 for 10 
minutes, and then blocked with 10% normal goat serum 
(Boster, Wuhan, China) for 30 minutes. Afterwards, cells were 
incubated with primary antibodies against rabbit [1:1000; Cell 
Signaling Technology (CST), Danvers, MA, USA] and mouse 
anti-microtubule-associated protein-2 (MAP2, 1:100; Boster) 
overnight at 4°C. Alexa Fluor 488-conjugated goat anti-mouse 
IgG (1:1000; CST) and Alexa Fluor 555-conjugated goat anti-
rabbit IgG (1:1000; CST) were added at room temperature 
for 1 hour. Next, nuclei were stained with 4′,6-diamidino-
2-phenylindole for 5 minutes. Images were captured by 
fluorescence microscopy (Leica, Bensheim, Germany). The 
amount of γ-H2AX foci was scored in images obtained using 
a constant exposure time. At least 100 cells from each group 
were counted.

Real-time reverse transcription-polymerase chain reaction 
After 48 hours of serum deprivation, the total RNA of primary 
retina neural cells was isolated by using TRIzol Reagent 
(Sigma-Aldrich). Reverse transcription-polymerase chain 
reaction (RT-PCR) assays were performed with a SYBR Prime 
ScriptTM RT-PCR Kit in accordance with the manufacturer’s 
protocol (Takara, Shiga, Japan). Real-time PCR was employed 
to measure ligase IV expression using a Roche 480 system 
(Roche, Indianapolis, IN, USA). Relative target gene expression 
was quantitated according to the comparative ΔCt method, 
and normalized to the endogenous control gene β-actin. The 
results are presented as relative fold change compared with 
an unstimulated control. The following primer pairs were 
used: ligase IV (172-bp product size), 5′-GGC ACT TCA AGG 
AGT TTC TGG A-3′ and 5′-ATG TAA AGC TTA GCC AGC ATG G-3′; 
and β-actin (166-bp product size), 5′-TCA CCC ACA CTG TGC 
CCA T-3′ and 5′-TCT TTA ATG TCA CGC ACG ATT-3′.

Western blot assay 
Cells were lysed with radioimmunoprecipitation assay buffer 
containing protease inhibitor cocktail. Next, western blotting 
was performed using a standard protocol. The following 
primary antibodies were used overnight at 4°C: ligase IV 
(1:300; Santa Cruz Biotechnology, Dallas, TX, USA), GSK-3β 
(1:1000; CST), p-GSK-3β (1:1000; CST), β-catenin (1:2000; 
BD Biosciences, Franklin Lakes, NJ, USA), CREB1 (1:1000; 
CST), and p-CREB1 (1:1000; Proteintech, Chicago, IL, USA). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 
1:10,000; CST) served as a loading control. Proteins were 
visualized following incubation with a horseradish peroxidase-
conjugated anti-rabbit or -mouse IgG secondary antibody 
(1:10,000; CST) for 1 hour at room temperature, and 
exposured by the enhanced ECL chemiluminescence system 
(Bio-Rad, Hercules, CA, USA). Relative intensities of bands 
were quantified by densitometry using ImageJ software 
(version 1.51k; National Institutes of Health, Bethesda, MD, 
USA) and normalized to GAPDH levels.

DNA ligase IV promoter-reporter luciferase assay
To investigate whether SB216763 regulates DNA ligase IV 
through p-CREB1, we constructed a luciferase reporter driven 
by the ligase IV proximal promoter (–601 to +164), which 
contains a p-CREB1 binding site in regions –121 and –301. 
The mutant (GTG ACG TT to GTA TTG TT) was introduced 
for ligase IV (–601/+164)-luc by digestion and the addition 
of an inserter. The ligase IV (–601/+164)-luc construct was 
digested by PvuII and AvrII, and then ligated with the inserter 
containing the mutation, 5′-CTG GCG GAA ACG CGG GTT 
TGG CCT CGA CGG TAT TGT TTT CCG GTC GGA ATG AAA GTG 
GGC GAC TTC TCG GGA GGC TGC-3′. The subclone used in 
experiments was verified using the specific primers (forward, 
5′-GGT TTG GCC TCC GAC GGT ATT G-3′; reverse, 5′-AAC CTG 
TAA ATC CCA GTC CAG-3′). 

Primary rat  ret inal  neurons were transfected using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as 
described previously (Yang et al., 2016). Plasmid transfections 
contained 2 μg of various reporter plasmids, 2 μg of 
expression plasmids, or pcDNA3-based vectors, and 100 ng 
of the Renilla luciferase reporter plasmid pCMV-RL (Promega, 
Madison, WI, USA). The pCMV-RL plasmid encoding Renilla 
luciferase was included in all samples to monitor transfection 
efficiencies. At 24 hours post-transfection, levels of firefly and 
Renilla luciferase activity were sequentially measured in each 
sample using the Dual-Glo Luciferase Assay System (Promega). 
The resulting fluorescence intensity reflects the effect of 
p-CREB1 on the ligase IV promoter. Levels of firefly luciferase 
activity were normalized to Renilla luciferase activity. 

Small interfering RNA interference
Small interfering RNA (siRNA) sequences used for targeted 
silencing assay were as follows: ligase IV: 5′-TTG CTC AAT TTA 
CCA AGA G dTdT-3′; for CREB1: 5′-GCA CTT AAG GAC CTT 
TAC TDT DT-3′; control, 5′-GGU UUG GCU GGG GUG UUA U 
dTdT-3′. The siRNA interference assay for primary rat retinal 
neural cells was performed using Lipofectamine RNAiMAX 
(Invitrogen).

Statistical analysis
All statistical analyses were performed using GraphPad Prism 
(version 4.02; GraphPad Software, San Diego, CA, USA) and 
data are presented as mean ± standard error of mean (SEM). 
Student’s t-test and analysis of variance were used to evaluate 
statistical differences between two groups and multiple 
groups, respectively. A P value less than 0.05 was considered 
statistically significant for all analyses. All experiments were 
repeated at least three times.

Results
GSK-3β inhibitor SB216763 decreases DNA double-strand 
breaks (DSBs) and enhances cell viability in retinal neurons
Many studies have indicated that GSK-3β inhibition protects 
neurons from apoptosis induced by genotoxic and other 
stresses (Marchena et al., 2017). To explore the underlying 
mechanism, primary rat retinal neurons were cultured and 
subjected to serum starvation. Figure 1A shows that 92% 
of primary cultured retinal cells were positive for MAP2, 
a well-known neuronal marker (Johnson and Jope, 1992), 
demonstrating their neuronal characteristics. Pretreatment of 
primary rat retinal neurons for 24 hours with SB216763, a GSK-
3β inhibitor, prior to serum starvation resulted in upregulation 
of β-catenin, a downstream target negatively regulated by 
GSK-3β (P < 0.01; Figure 1B and C). These results confirmed 
that SB216763 mediated GSK-3β inhibition in ischemic retinal 
neurons. Relative intensities of bands were quantified by 
densitometry and normalized to GAPDH levels. As shown in 
Figure 1D, double staining of MAP2 (a neuronal marker) and 
γ-H2AX [a well-characterized DNA DSB marker (Ivashkevich 
et al., 2012)] demonstrated that serum deprivation induced 
pronounced γ-H2AX foci formation in retinal neurons; 
however, inhibiting GSK-3β with SB216763 pretreatment 
significantly decreased γ-H2AX expression compared with the 
control group (P < 0.05; Figure 1E). Accordingly, SB216763 
pretreatment significantly improved the cell viability of retinal 
neurons upon serum deprivation compared with the control 
treatment (DMSO) (P < 0.001; Figure 1F). These results 
indicate that GSK-3β inhibition suppressed DNA damage 
and promoted cell viability in retinal neurons suffering from 
ischemic injury. However, the mechanism by which GSK-3β 
inhibition mediates DNA repair is still unknown.

DNA ligase IV is involved in SB216763-mediated 
neuroprotection
LiCl has been used as a GSK-3 inhibitor in clinical treatment 
and scientific research for many years. Our previous study 
indicated that LiCl increased DNA stability by upregulating DNA 
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Figure 1 ｜ SB216763 suppresses DNA damage and increases cell viability 
in serum-deprived retinal neurons.
(A) Retinal neurons were cultured and stained for MAP2 (Alexa Fluor 488, 
green), and nuclei were stained with DAPI (blue). (B) SB216763 upregulated 
expression of β-catenin, the substrate of GSK-3β. (C) Relative protein 
expression of β-catenin is presented as a histogram. (D) Double staining 
for MAP2 (green staining by Alexa Fluor 488) and γ-H2AX (red staining by 
Alexa Fluor 555) in serum-deprived retinal neurons. SB216763 significantly 
inhibited γ-H2AX foci formation in serum-deprived retinal neurons. (E) 
Relative quantification of γ-H2AX expression was determined by counting foci 
in 50 randomly selected MAP2-positive cells. Scale bars: 20 μm. (F) SB216763 
treatment improved cell viability in serum-deprived retinal neurons, as 
evidenced by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
assay. Data are expressed as the mean ± SEM. n = 3 for each group. *P < 0.05, 
**P < 0.01, vs. control (Con) group (Student’s t-test). DAPI: 4′,6-Diamidino-
2-phenylindole; Gapdh: glyceraldehyde 3-phosphate dehydrogenase; GSK-
3β: glycogen synthase kinase-3β; MAP2: microtubule-associated protein-2; 
SB216763: a GSK-3β inhibitor; γ-H2AX: γ-H2A histone family member X.

1.5

1.0

0.5

0

C
el

l v
ia

bi
lit

y 
(v

s.
 C

on
)

1.5

1.0

0.5

0

R
el

at
iv

e 
lig

as
e 

IV
 

pr
ot

ei
n 

le
ve

l (
vs

. C
on

)

2.0

1.5

1.0

0.5

0

R
el

at
iv

e 
lig

as
e 

IV
 

m
R

N
A 

le
ve

l (
vs

. C
on

) 4.0

3.0

2.0

1.0

0

R
el

at
iv

e 
lig

as
e 

IV
 

pr
ot

ei
n 

le
ve

l (
vs

. C
on

)

  Con    SB216763   Con    SB216763  Con    SB216763

SB216763
siRNA

+
+

+
–

–
–

SB216763
siRNA

+
+

+
–

–
–

SB216763
siRNA

+
+

+
–

–
–

Ligase IV

GAPDH

96 kDa

37 kDa

Ligase IV

GAPDH

96 kDa

37 kDa

 Western blot

 Western blot **

*

*

*

*

B C

E F

A

D

**

Figure 2 ｜ Ligase IV is involved in the neuroprotective mechanisms of 
SB216763.
(A) Ligase IV mRNA expression was significantly upregulated in serum-starved 
retinal neurons pretreated with SB216763 compared with control cells. (B, C) 
SB216763 pretreatment significantly upregulated ligase IV protein expression 
in serum-starved retinal neurons, as evidenced by western blot analysis. (D, E) 
siRNA interference assays were employed to downregulate ligase IV protein 
expression in serum-starved retinal neurons pretreated with SB216763 or 
DMSO. (F) SB216763 pretreatment significantly improved cell viability in 
serum-starved retinal neurons compared with control treatment; however, 
downregulation of ligase IV by siRNA assay markedly suppressed this effect. 
Data are expressed as mean ± SEM compared with the control group. n = 
3 for each group. *P < 0.05, **P < 0.01, vs. control (Con) group (Student’s 
t-test). DMSO: Dimethyl sulfoxide; Gapdh: glyceraldehyde 3-phosphate 
dehydrogenase; GSK-3β: glycogen synthase kinase-3β; SB216763: a GSK-3β 
inhibitor; siRNA: small interfering RNA.

ligase IV, thereby facilitating neuroprotective effects (Zhuang 
et al., 2009; Yang et al., 2011). Therefore, we hypothesized 
that the GSK-3β inhibitor SB216763 might regulate DNA ligase 
IV. Accordingly, we measured mRNA and protein levels of DNA 
ligase IV in primary retinal neurons treated with SB216763 
or vehicle control. Consistent with our expectations, 24-
hour treatment with SB216763 (5 μM) significantly increased 
mRNA expression of ligase IV in retinal neurons suffering from 
ischemic injury compared with control cells pretreated with 
DMSO vehicle (P < 0.001; Figure 2A). The same effect was 
observed for protein expression of ligase IV in ischemic retinal 
neurons (P < 0.01; Figure 2B and C).

To further confirm whether ligase IV was involved in 
SB216763-mediated neuroprotection in retinal neurons 
suffering from ischemic injury, ligase IV expression was 
silenced using siRNA interference. As shown in Figure 2D, 
siRNA interference suppressed the upregulation of ligase 
IV induced by SB216763 in retinal neurons under serum 
deprivation conditions (P < 0.05; Figure 2E). Accordingly, 
SB216763 significantly improved the cell viability of retinal 
neurons upon serum deprivation, while this increase was 
abrogated by ligase IV siRNA interference (P < 0.05; Figure 2F). 
These results support the potential involvement of ligase IV 
expression in the neuroprotective effect of SB216763.

Inhibition of GSK-3β activity by SB216763 transcriptionally 
upregulates DNA ligase IV by increasing p-CREB1
Our previous study reported that p-CREB1 may participate 

in the transcriptional regulation of ligase IV (Yang et al., 
2016). Here, we found that SB216763 did not affect 
CREB1 expression, but instead markedly upregulated 
p-CREB1 expression in retinal neurons following serum 
deprivation (Figure 3A). Indeed, SB216763 increased CREB1 
phosphorylation by 1.38-fold over the control treatment (P < 
0.05; Figure 3B).

The transcriptional mechanism of ligase IV was further 
investigated by a luciferase reporter assay using a construct 
driven by the ligase IV proximal promoter (–601 to +164), 
which contains an activating transcription factor binding site 
between –121 and –301 (Yang et al., 2016). The transcription 
factor binding motif of the p-CREB1 DNA-binding sequence 
(5′-GTG ACG TT-3′) is located at –126. As shown in Figure 
3C, the p-CREB1 site was mutated (5′-GTG CCG TT-3′ to 5′-
GTA TTG TT-3′) and the entire promoter region from –601 to 
+164 was assayed in ischemic retinal neurons pretreated with 
5 μM SB216763. Twenty-four hours after pretreatment with 
SB216763, serum-starved retinal neurons were transfected 
with luciferase reporter constructs containing the ligase IV 
promoter. At 24 hours post-transfection, levels of firefly and 
Renilla luciferase activity were measured using the Dual-Glo 
Luciferase Assay System. The results indicated that SB216763 
pretreatment significantly increased luciferase activity 
compared with control cells. However, p-CREB1 mutations 
dramatically reduced luciferase activity relative to that of 
the wild-type promoter sequence (P < 0.05; Figure 3D). 
These results further suggest that inhibiting GSK-3β elicits 
neuroprotection by regulating ligase IV expression in ischemic 
retinal neurons.

Mechanism by which SB216763 inhibits GSK-3β is different 
from LiCl in retinal neurons
GSK-3β activity is regulated by phosphorylation of Tyr216 or 
Ser9 (Park et al., 2013). However, SB216763 and LiCl, both 
well-known GSK-3β inhibitors, have different effects on Ser9 
phosphorylation of GSK-3β in various cell lines (Zhang et al., 
2003; Noble et al., 2005; Koo et al., 2014; D’Angelo et al., 
2016). To explore what occurs in retinal neurons, we further 
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investigated GSK-3β expression and phosphorylation levels in 
retinal neurons treated with LiCl and SB216763. The relative 
intensities of bands were quantified by densitometry and 
normalized to GAPDH levels. As shown in Figure 4A, LiCl did 
not affect GSK-3β expression in ischemic retinal neurons 
compared with the control treatment (P > 0.05; Figure 4A 
and B). However, LiCl pretreatment significantly upregulated 
p-GSK-3β expression in ischemic retinal neurons (P < 0.05; 
Figure 4A and B), indicating that LiCl indirectly inhibited GSK-
3β activity by stimulating GSK-3β phosphorylation in retinal 
neurons. In contrast, SB216763 not only directly decreased 
GSK-3β expression (P < 0.05), but also dramatically inhibited 
its phosphorylation (P < 0.001; Figure 4C and D). 

GSK-3β inhibition upregulates DNA ligase IV expression and 
enhances DNA repair in retinal neurons following ischemic 
injury in vivo
To further confirm the neuroprotective mechanism of 
SB216763, a rat I/R model was established to mimic retinal 
ischemic injury in vivo. As shown in Figure 5A, SB216763 
pretreatment significantly upregulated the expression of 
both ligase IV (P < 0.05) and p-CREB1 (P < 0.01; Figure 5B) in 
ischemic rat retinas. These observations were consistent with 
those of our in vitro studies. Moreover, we analyzed γ-H2AX 
foci formation at the indicated time points (1 and 3 days). 
Our results showed that γ-H2AX-positive cells were primarily 
located in the retinal ganglion cell layer after I/R treatment 
(1 day; Figure 5C). After counting the number of γ-H2AX foci 
in at least 10 slides, we found that SB216763 pretreatment 
significantly suppressed γ-H2AX foci formation in the ganglion 
cell layer at 1 day (P < 0.05) and 3 days (P < 0.001) following I/
R surgery (Figure 5D). Thus, these data further indicate that 
the GSK-3β inhibitor SB216763 enhanced repair of DNA DSBs 
by upregulating ligase IV expression in serum-deprived retinal 
neurons. 

Discussion
Pharmacological inhibition of GSK-3β has been implicated 

as a promising therapeutic strategy for neurological 
disease. Here, we demonstrated that the GSK-3β inhibitor 
SB216763 suppressed DNA damage and promoted cell 
survival in ischemic retinal neurons by decreasing GSK-3β 
phosphorylation and upregulating DNA ligase IV expression 
in vitro. Moreover, DNA ligase IV in retinal neurons was 
transcriptionally regulated by p-CREB1 after inhibition of 
GSK-3β. Using a rat I/R injury model, these results were 
confirmed in vivo. Furthermore, we found that although LiCl 
and SB216763 are both inhibitors of GSK-3β, LiCl inhibited 
GSK-3β activity by suppressing its phosphorylation, whereas 
SB216763 inhibited GSK-3β activity by decreasing its 
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Figure 3 ｜ SB216763 is involved in transcriptional regulation of ligase IV in 
retinal neurons. 
(A) SB216763 pretreatment significantly upregulated p-CREB1 expression 
in serum-starved retinal neurons, as evidenced by western blot analysis. 
Additionally, SB216763 did not affect CREB1 expression. (B) Relative protein 
expression of p-CREB1 is presented as a histogram. (C) One mutation was 
introduced into ATF sites in the –601/+164 constructs. (D) Levels of luciferase 
activity were normalized to that of Renilla luciferase. SB216763 pretreatment 
significantly increased luciferase activity of the ligase IV promotor compared 
with control cells. p-CREB1 mutations dramatically reduced luciferase activity 
relative to the WT promoter sequence. Data are expressed as mean ± SEM 
compared with the control group. n = 3 for each group. *P < 0.05, **P < 0.01, 
vs. control (Con) group (Student’s t-test). ATF: Activating transcription factor; 
GAPDH: glyceraldehyde 3-phosphate dehydrogenase; Mt: mutant; p-CREB1: 
phosphorylated CREB1; SB216763: a glycogen synthase kinase-3β inhibitor; 
WT: wild type.
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Figure 4 ｜ GSK-3β activity is inhibited by different mechanisms in retinal 
neurons.
(A) LiCl significantly upregulated p-GSK-3β (Ser9) expression in serum-
deprived retinal neurons, but did not affect GSK-3β expression. (B) Relative 
protein expression of p-GSK-3β and GSK-3β are presented as histograms. 
(C) SB216763 not only directly decreased expression of GSK-3β but also 
dramatically inhibited its phosphorylation. (D) Relative protein expression of 
p-GSK-3β and GSK-3β is presented as histograms. Data are expressed as mean 
± SEM compared with the control group. n = 3 for each group. *P < 0.05, **P 
< 0.01, vs. control (Con) group (Student’s t-test). GAPDH: Glyceraldehyde 
3-phosphate dehydrogenase; GSK-3β: glycogen synthase kinase-3β; LiCl: 
lithium chloride; p-GSK-3β: phosphorylated glycogen synthase kinase-3β; 
SB216763: a GSK-3β inhibitor.

Figure 5 ｜ SB216763 protects retinal neurons from ischemic injury in vivo. 
(A) SB216763 pretreatment upregulated expression of p-CREB1 and ligase IV 
in the retinas of rats subjected to I/R injury. (B) Relative expression of p-CREB1 
and ligase IV in rat retinas quantified by densitometry is presented as a 
histogram. (C) γ-H2AX foci labeled double-strand DNA breaks in rat retinas 
subjected to I/R injury. γ-H2AX-positive cells (red staining by Alexa Fluor 555) 
were primarily located in the ganglion cell layer of ischemic rat retinas. Scale 
bars: 40 μm. (D) SB216763 pretreatment significantly suppressed γ-H2AX 
foci formation at 1 day and 3 days following I/R surgery. Data are expressed 
mean ± SEM. n = 3 for each group. *P < 0.05, **P < 0.01, vs. control (Con) 
group (Student’s t-test). DAPI: 4′,6-Diamidino-2-phenylindole; I/R: ischemia/
reperfusion; p-CREB1: phosphorylated CREB1; SB216763: a glycogen synthase 
kinase-3β inhibitor; γ-H2AX: γ-H2A histone family member X.
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expression. Thus, our findings identify a novel mechanism by 
which the GSK-3β inhibitor SB216763 exhibits neuroprotective 
effects, which might shed light on use of GSK-3β inhibition for 
clinical treatment of ischemia retinal diseases.

GSK-3β is ubiquitously expressed and active in non-stimulated 
cells, and is involved in various cell functions such as cell 
division, differentiation, cell migration, and apoptosis (Doble 
and Woodgett, 2003). Within the nervous system in particular, 
GSK-3β integrates different signaling pathways from diverse 
cellular stimuli and has, thus, attracted significant attention 
as a therapeutic target (Medina et al., 2011). Our results 
demonstrated that the GSK-3β inhibitor SB216763 improved 
cell viability in ischemic retinal neurons both in vivo and in 
vitro, consistent with previous studies. For example, a study 
by D’Angelo et al. (2016) reported that pharmacological 
interventions built upon GSK-3β silencing strategies could 
represent a novel therapy for neonatal brain injury. In 
addition, some small molecules that target GSK-3 have been 
shown to protect retinal ganglion cells and photoreceptor 
cells from various injuries (Marchena et al., 2017). Moreover, 
SB216763 was shown to block glutamate-induced caspase 3 
activation and excitotoxicity in primary rat cortical neurons 
in vitro (Chuang et al., 2011). Therefore, GSK-3β is an ideal 
therapeutic target for neuroprotection. 

With regard to the mechanism by which GSK-3β mediates 
neuroprotection, substantial evidence has been reported. 
For example, GSK-3β inhibition elicited neuroprotection in 
a neonatal hypoxic-ischemic brain injury, likely by reducing 
proinflammatory responses through blockade of STAT3 
signaling (D’Angelo et al., 2016). As a central module for 
promoting sensory axon regeneration, PI3K-GSK3-Smad1 
signaling plays a critical role in the mammalian nervous system 
(Saijilafu et al., 2013). Treatment with the GSK-3β inhibitor 
LiCl could have a dual impact by reducing the accumulation 
of both amyloid β and pathogenic, insoluble tau proteins 
(Noble et al., 2005). In the present study, we found that 
SB216763 significantly decreased DNA DSBs in primary retinal 
neurons. Moreover, SB216763 not only inhibited GSK-3β 
activity, but also upregulated mRNA and protein expression of 
DNA ligase IV in ischemic rat retinal neurons. DNA ligase IV is 
involved in nonhomologous end-joining repair in postmitotic 
cells (Zhuang et al., 2009). Upregulation of p-CREB1, a 
transcriptional regulator of ligase IV, was observed in ischemic 
retinal neurons treated with SB216763 both in vitro and in 
vivo. Promoter inducibility assay results further indicated that 
ligase IV is transcriptionally upregulated in retinal neurons 
by p-CREB1. Thus, our results suggest that SB216763 offers 
neuroprotection from ischemia-induced damage by enhancing 
DNA repair.

Our previous studies demonstrated that LiCl, another well-
known GSK-3β inhibitor, promotes DSB repair, thereby 
improving cell viability in ischemic retinal neurons (Yang et 
al., 2016). However, we found that SB216763 and LiCl have 
different effects on GSK-3β phosphorylation, which clearly 
correlates with GSK-3β kinase activity. Phosphorylation of 
Ser9 of GSK-3β appears to block its kinase activity, while 
phosphorylation of Tyr216 has the opposite effect (Hur and 
Zhou, 2010). However, not all pharmacological inhibitors of 
GSK-3β suppress its phosphorylation. Indeed, Simón et al. 
(2008) demonstrated that GSK-3β activation/inactivation is 
not strictly aligned with its phosphorylation level. Similarly, in 
our study, the GSK-3β antagonist LiCl inhibited GSK-3β activity 
in ischemic retinal neurons by promoting its phosphorylation 
at Ser9, rather than affecting GSK-3β expression. However, 
another GSK-3β antagonist, SB216763, significantly inhibited 
GSK-3β expression and phosphorylation in ischemic retinal 
neurons. It should be noted that other explanations might 
account for this discrepancy. First, unlike SB216763, LiCl is 
a nonspecific GSK-3β inhibitor, meaning it may negatively 
regulate GSK-3β activity by multiple mechanisms. LiCl stabilizes 

the inactive form of GSK-3β by increasing phosphorylation 
at Ser9. This modification involves several different kinases, 
including protein kinase A, protein kinase B (Akt), and protein 
kinase C (Jope, 2003; Chuang et al., 2011). In addition, the 
ATP-dependent magnesium-sensitive catalytic activity of GSK-
3β is directly suppressed by LiCl. Moreover, as a nonselective 
inhibitor of GSK-3β, LiCl can exert diverse additional activities 
and regulate several cell signaling pathways. LiCl reportedly 
alters expression of CREB, a transcription factor known to 
regulate GSK-3β expression (Evenson et al., 2005). However, 
SB216763, a highly selective inhibitor, does not inhibit GSK-
3β secondary to the phosphorylation enhancement of GSK-
3β. Instead, SB216763 competitively binds to the ATP binding 
site to inhibit the activity of GSK-3β (Cao et al., 2006). The 
observed loss of Ser9-phosphorylated GSK-3β induced by 
SB216763 is consistent with a previous study (Braeuning and 
Buchmann, 2009) and may be explained by a cellular feedback 
mechanism involving recruitment of Ser9-phosphorylated 
GSK-3β when signal transduction is suppressed by SB216763.

There are some limitations of this study. Although we 
confirmed the neuroprotective effect of SB216763 and its 
underlying mechanism, the optimal drug administration route 
and most effective drug concentration were not conclusively 
explored. Moreover, despite the recent development of novel 
GSK-3β inhibitors capable of acting by various mechanisms, 
differences in their neuroprotective actions have not been 
defined. In our future studies, these questions will be 
investigated in detail.

In conclusion, neuroprotective strategies are still a worldwide 
challenge for scientists. The present study provides substantial 
evidence indicating that GSK-3β inhibition is required for 
activation of DNA ligase IV, thereby facilitating DNA repair 
and genetic stability in retinal neurons. This study not only 
provides new insights into the mechanism by which negatively 
mediating GSK-3β elicits neuroprotection, but also extends the 
use of GSK-3β inhibitors in ophthalmic clinical applications.
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