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Abstract. Hyperglycemia impairs the retinal functions in 
patients with diabetic retinopathy (DR). Downregulation 
of long non‑coding RNA growth arrest‑specific transcript 5 
(lncRNA GAS5) expression in diabetes affects glucose intake 
and insulin signaling. Sarcoplasmic/endoplasmic reticulum 
Ca2+ ATPase 2 (SERCA2) mediates the regulation of endo-
plasmic reticulum (ER) stress and apoptosis in high glucose 
(HG)‑treated podocytes. Therefore, the present study aimed to 
investigate the roles of lncRNA GAS5 and SERCA2 in retinal 
pigment epithelium cells exposed to HG. GAS5 expression 
levels were detected using reverse transcription‑quantitative 
PCR. In addition, the expression levels of SERCA2b, ER 
stress‑related proteins, pro‑inflammatory factors and apoptotic 
proteins were determined by western blot analysis, ELISA 
or flow cytometry. The results showed that HG treatment 
induced ER stress in ARPE‑19 human adult retinal pigment 
epithelial cells by upregulating the expression levels of phos-
phorylated (p)‑protein kinase R‑like ER kinase, p‑eukaryotic 
initiation factor 2α, activating transcription factor 4 and 
CCAAT/enhancer‑binding protein homologous protein. In 
addition, HG treatment induced apoptosis by increasing Bax, 
Bad and caspase 12, and by decreasing Bcl‑2 levels expres-
sion levels. Moreover, HG treatment induced inflammation by 
upregulating tumor necrosis factor‑α, interleukin (IL)‑1β and 
IL‑6 expression. However, GAS5 and SERCA2b overexpres-
sion significantly decreased ER stress‑related apoptosis and 
inflammation, whereas SERCA2b knockdown significantly 
reversed the inhibitory effect of GAS5 on ER stress, apoptosis 
and inflammation. The results of the present study indicated 
that GAS5 may suppress ER stress‑induced apoptosis and 
inflammation by regulating SERCA2b in HG‑treated cells. 

These data suggested that GAS5 may serve a vital role in the 
pathogenesis of DR, and it may be considered a potential target 
for DR therapy.

Introduction

Diabetes is a serious and complex disease characterized by 
chronic hyperglycemia, which aggravates a series of metabolic 
reactions and increases the production of advanced glycosyl-
ation end products (AGEs). It has been reported that in diabetes 
the development of AGE‑induced retinal inflammation results 
in blood‑retinal barrier damage, which in turn leads to diabetic 
macular edema and retinal neovascularization (1,2). Although 
blood glucose control has been reported to significantly reduce 
the incidence of microvascular complications, some patients 
still suffer from proliferative diabetic retinopathy (DR) for 
>30 years (3). Therefore, it is of vital importance to reveal 
the underlying mechanisms of retinal impairment in DR. 
Several studies have shown that the endoplasmic reticulum 
(ER) stress promotes inflammation and apoptosis in DR (4,5). 
The pro‑inflammatory cytokines, including tumor necrosis 
factor‑α (TNF‑α), interleukin (IL)‑1β and IL‑6, contribute 
to endothelial cell impairment and disruption of blood‑brain 
barrier, resulting in the development of macular edema (6). 
Furthermore, ER stress and inflammatory processes synergis-
tically aggravate the progression of DR (7,8).

ER stress is induced by several pathological factors, 
and this is followed by aberrant accumulation of proteins. 
At the early stages of ER, the unfolded‑protein response 
pathway upregulates the expression levels of transcriptases 
and chaperone proteins, thereby increasing the volume and 
enhancing the ability of protein folding in the ER for restoring 
its homeostasis. Protein kinase R‑like ER kinase (PERK), a 
member of the eukaryotic initiation factor 2α (eIF2α) protein 
kinase family, is activated in response to several stress stimuli. 
In addition, phosphorylated (p)‑PERK induces the protective 
stress mechanism by phosphorylating eIF2α, which subse-
quently regulates the expression of activating transcription 
factor (ATF) proteins. When severe or sustaining ER stress 
causes irreversible cell damage, the apoptosis signaling 
pathway may be activated by CCAAT/enhancer‑binding 
protein homologous protein (CHOP) upregulation (9). CHOP 
upregulation may result in the activation of ATF4, promoting 
the expression of apoptosis‑related proteins, including Bax and 
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caspase 12 (10‑12). Therefore, these ER stress‑related proteins 
(p‑PERK, ATF4, CHOP, p‑Eif2α) may reflect ER stress more 
accurately.

It has been demonstrated that the long non‑coding RNA 
growth arrest‑specific 5 (lncRNA GAS5) regulates gene 
expression and affects protein function. For example, a 
previous study revealed that lncRNA GAS5 knockdown 
induced glucose uptake in normal adipocytes and down-
regulated the expression of insulin receptor genes by binding 
to the promoter region (13). Other studies have shown that 
GAS5 expression is abnormally altered and triggers specific 
pathological processes in several diseases. For example, the 
expression of lncRNA GAS5 was decreased in endometrial 
carcinoma tissue specimens from patients with type 2 diabetes 
and in human endometrial carcinoma cells exposed to high 
glucose (HG); however, lncRNA GAS5 overexpression inhib-
ited the proliferation of these cells (14). Furthermore, gene 
expression analysis based on the Gene Expression Omnibus 
database revealed that GAS5 was downregulated in diabetic 
lymphatic endothelial cells  (15). These findings indicated 
that GAS5 served a key role in diabetes. In addition, lncRNA 
GAS5 has been reported to be involved in other biological 
processes, such as inflammation and apoptosis  (16‑18). 
Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) 
is a type of ATPase that transports cations across the cell 
membrane with 10 transmembrane domains. SERCA2b is 
located at the sarcoplasmic reticulum or ER membrane of all 
types of cells and is responsible for maintaining intracellular 
Ca2+ homeostasis. It has been reported that SERCA2b regulates 
ER stress (19), which is attenuated in pancreatic β‑cells (20). 
A previous study has indicated that SERCA2 exerts protective 
effects by regulating HG‑treated ER stress and apoptosis in 
podocytes (19). Therefore, the present study aimed to investi-
gate the role and function of GAS5 and SERCA2b in DR. The 
human adult retinal pigment epithelium 19 (ARPE‑19) cell 
line was treated with a high concentration of glucose and was 
used to mimic DR in vitro (21).

Materials and methods

Cells. The ARPE‑19 cell line was purchased from the 
American Type Culture Collection and cultured in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin. Cells 
were incubated in a humidified atmosphere containing 5% 
CO2 at 37˚C. ARPE‑19 cells were detached following diges-
tion with trypsin (2.5 g/l; Gibco; Thermo Fisher Scientific, 
Inc.) until intercellular space enlarged, cytoplasm retracted 
and the cells exhibited a round morphology. These changes 
were observed by inverted microscopy (magnification, x20). 
Subsequently, the trypsin solution was centrifuged at 250 x g 
for 5 min to collect cells and then cells were resuspended in 
DMEM medium for further experiments. Cells were divided 
into three groups as follows: i) Normal glucose (NG) group, 
which were treated with 5.5 mM glucose; ii) osmotic control 
mannitol group (MG), which were treated with 5.5 mM glucose 
plus 27.5 mM mannitol, as previously described (21‑23); and 
iii) high glucose (HG) group, which were treated with 33.3 mM 
glucose. Cells were cultured for 48 h at 37˚C before further 

experiments. The transfection experiments, described below, 
were performed in the HG group only. Following transfection, 
cells were further incubated at 37˚C for 48 h. The transfection 
efficiency was evaluated by reverse transcription‑quantitative 
PCR (RT‑qPCR). After transfection, cells were treated with 
HG for 48 h at 37˚C.

RT‑qPCR. Total RNA was extracted from cells using TRIzol® 
(Beyotime Institute of Biotechnology) and reversely tran-
scribed into cDNA using the High Capacity cDNA Reverse 
Transcription kit (Thermo Fisher Scientific, Inc.). Subsequently, 
qPCR was performed using the Maxima SYBR Green qPCR 
Master Mix (Thermo Fisher Scientific, Inc.) and the Real‑Time 
PCR System (Applied Biosystems, Thermo Fisher Scientific, 
Inc.). The following thermocycling conditions were used for 
qPCR: Initial denaturation at 94˚C for 5 min; and 40 cycles 
of 95˚C for 5 sec, 65˚C for 34 sec and 72˚C for 30 sec. The 
following primers were used for qPCR: SERCA2b, forward 
5'‑CGA​ACC​CTT​GCC​ACT​CAT​CTTC3', reverse 5'‑TGC​CGA​
GAA​CGA​GCA​GGA​TTTG‑3'; GAS5, forward 5'‑CGA​CTC​
CTG​TGA​GGT​ATG​GTG‑3', reverse 5'‑ATC​CTT​CCT​TGG​
GGA​CAC​AAC‑3'; for GADPH control, forward 5'‑GGA​GCG​
AGA​TCC​CTC​CAA​AAT‑3', reverse 5'‑GGC​TGT​TGT​CAT​
ACT​TCT​CATGG‑3'. The relative expression of GAS5 and 
SERCA2b mRNA was quantified using 2‑ΔΔCq method (22) and 
normalized to the internal reference gene GAPDH.

Western blot. Following treatment, ARPE‑19 cells were lysed 
with RIPA buffer (Beyotime Institute of Biotechnology) 
supplemented with PMSF and total protein extracts were 
isolated. Protein concentration was quantified using a bicin-
choninic acid assay. Subsequently, proteins were separated 
by SDS‑PAGE (stacking gel 5%; separation gel 12%) and 
transferred to PVDF membranes. The membranes were 
blocked with 5% skim milk for 2 h at room temperature 
and incubated with primary antibodies against SERCA2B 
(1:1,000; cat.  no.  ab2861; Abcam), ATF4 (1:1,000; 
cat. no. ab184909; Abcam), Bcl‑2 (1:1,000; cat. no. ab32124; 
Abcam), Bax (1:1,000; cat.  no.  ab32503; Abcam), total 
PERK [1:1,000; cat. no. 3192; Cell Signaling Technology 
(CST)], phosphorylated (p)‑PERK (1:1,000; cat.  no. 3179; 
CST), eIF2α (1:1,000; cat. no. 2103; CST), p‑eIF2α (1:1,000; 
cat. no. 3398; CST), Bad (1:2,000; cat. no. ab32445; Abcam), 
caspase 12 (1:1,000; cat. no. 55238‑1‑AP; Proteintech), CHOP 
(1:1,000; cat. no. BS1136; Bioworld Technology), GADPH 
(1:10,000; cat. no. ab181603; Abcam) at 4˚C overnight. On 
the following day, membranes were washed with tris‑buff-
ered saline  +  Tween‑20 (1X TBST) and incubated with 
horseradish peroxidase (HRP)‑conjugated goat anti‑rabbit 
(1:1,000; cat. no. 31460; Thermo Fisher Scientific, Inc.) or 
HRP‑conjugated goat anti‑mouse (1:2,000; cat. no. ab47827; 
Abcam) secondary antibodies at room temperature for 1 h, 
followed by three washes with TBST. The immunoreactive 
proteins were visualized using the enhanced chemilumines-
cence method (Advansta, America), and images captured 
by a gel imaging system (Gene, America). ImageJ software 
(version 1.46r; National Intitutes of Health) was used to deter-
mine the mean gray value, and calculate the gray value ratio 
between the target protein and the internal reference protein 
(GADPH), to indicate the relative protein expression levels.
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Plasmid transfect ion. GAS5 recombinant overex-
pression plasmid pcDNA3.1 (OE‑GAS5), SERCA2b 
recombination plasmid (OE‑SERCA2b) and the empty control 
plasmid (OE‑NC) were purchased from Genomeditech. Short 
hairpin RNA (shRNA) SERCA2b plasmids (pGPU6/GFP/Neo, 
shRNA‑SERCA2B‑1 and shRNA‑SERCA2B‑2) and control 
plasmids with scrambled sequences (pGPU6/GFP/Neo; 
shRNA‑NC) were obtained from GenePharma. Cells were 
seeded into the 6‑well plate (1x105/well). For transfection, 
200 µl transfection buffer, 4 µl Lipofectamine (Thermo Fisher 
Scientific, Inc) and 2 µg plasmid were added into an eppendorf 
tube and mixed. Subsequently, cells were transfected with the 
transfection mixture for 48 h at 37˚C. Following the incuba-
tion, subsequent experiments were performed.

ELISA. ARPE‑19 cells were homogenized at 12,000 x g at 4˚C for 
15 min and the supernatants were collected using a pipette. The 
supernatant was analyzed using TNF‑α (cat. no. SBJ‑H0038), 
IL‑1β (cat. no. SBJ‑H0417) or IL‑6 (cat. no. SBJ‑H0456) ELISA 
kits (Nanjing SenBeiJia Biological Technology Co., Ltd.) 
according to the manufacturer's instructions.

Flow cytometry. Cells were seeded into 6‑well plates 
(1x105/well) and treated with MG, HG, OE‑GAS5 or 
shRNA‑SERCA2B‑1. The Annexin V‑FITC/PI Cell 
Apoptosis kit (Invitrogen; Thermo Fisher Scientific, Inc.) 
was used to detect apoptotic rates. Briefly, cells of each group 
were digested with trypsin and washed with PBS, followed 
by centrifugation at 1,000 x g to discard the supernatant. 
Then, cells were resuspended in binding buffer (500 µl) and 
subsequently, Annexin V‑FITC was added to the cells for 
15 min at 37˚C. Next, propidium iodide staining solution was 
added to the cells at room temperature for 15 min in the dark. 
Apoptotic rates were measured by flow cytometry. The scatter 
plot quadrants were divided as: Upper left (FITC‑/PI+), cell 
fragments that have lost their cell membranes, or dead cells 
from other causes; lower left (FITC‑/PI‑), normal (living) cells; 
upper right (FITC+/PI+), non‑viable apoptotic cells; lower right 
(FITC+/PI‑), viable apoptotic cells. The cell apoptotic rate was 
calculated by the formula: Cell apoptotic rate = non‑viable 
apoptotic cells + viable apoptotic cells.

Statistical analysis. The experimental data were analyzed 
using GraphPad Prism (version 6.0; GraphPad Software, Inc.) 
and presented as the mean ± SEM. The difference among 
groups was analyzed with one‑way ANOVA. The comparison 
of two groups was analyzed with post‑hoc Tukey's test. P<0.05 
was considered as statistically significant. All experiments 
were repeated three times.

Results

GAS5 and SERCA2b expression levels decrease in HG‑treated 
ARPE‑19 cells. RT‑qPCR and western blotting were used to 
detect lncRNA GAS5 and SERCA2b protein expression levels, 
respectively, after varying glucose treatments in ARPE‑19 
cells. There was no significant difference in GAS5 (Fig. 1A), 
SERCA2b protein and ER stress levels (Fig. 1B and C) between 
NG group and MG group, suggesting that the influence of HG 
on ARPE‑19 was not due to osmotic pressure. By contrast, HG 

treatment reduced the levels of GAS5 and SERCA2b compared 
with NG and MG, indicating that GAS5 and SERCA2b may 
serve vital roles in cells under HG exposure. In addition, 
HG‑induced ER stress markers were assessed by western 
blotting in ARPE‑19 cells. The results indicated that the ratios 
of p‑PERK/PERK and p‑Eif2α/Eif2α were significantly 
increased in HG‑induced cells compared with NG and MG 
cells. Furthermore, ATF4 and CHOP levels were increased by 
HG compared with NG and MG cells (Fig. 3C). The results 
suggested that HG significantly increased ER stress compared 
with NG or MG treatments (Fig. 1B and C).

Overexpression of GAS5 and SERCA2b inhibits HG‑induced 
ER stress. Next, the role of GAS5 overexpression in 
ARPE‑19 cells treated with HG was investigated. The results 
presented in Fig. 2A show the increased expression levels 
of GAS5 in OE‑GAS5‑transfected cells compared with the 
OE‑NC‑transfected control group, which indicated successful 
transfection of the overexpression vector (Fig. 2A). In addition, 
overexpressed GAS5 significantly increased SERCA2b protein 
expression levels, suggesting that GAS5 affected the expres-
sion of SERCA2b (Fig. 2B). Furthermore, compared with the 
control groups, upregulation of GAS5 significantly reduced 
the total protein expression levels of ATF4 and CHOP, as well 
as the relative protein phosphorylation ratio of p‑PERK/PERK 
and p‑eIF2α/eIF2α in ARPE‑19 cells exposed to HG (Fig. 2B).

To study the role of SERCA2b in HG‑treated ARPE‑19 
cells, a SERCA2b overexpression plasmid was used to trans-
fect cells (Fig. 2C). SERCA2b overexpression also significantly 
decreased the total protein expression levels of ATF4 and CHOP, 
as well as the ratios of p‑PERK/PERK and p‑eIF2α/eIF2α. 
Thus, these data suggested that GAS5 and SERCA2b could 
inhibit HG‑induced ER stress in vitro (Fig. 2C).

Overexpression of GAS5 reduces HG‑induced inflammatory 
factors through SERCA2b. Considering that GAS5 was found to 
significantly alter SERCA2b expression, two SERCA2b knock-
down plasmids (shRNA‑SERCA2B‑1 and shRNA‑SERCA2B‑2) 
were used to decrease expression of endogenous SERCA2b in 
ARPE‑19 cells (Fig. 3A and B). The results showed that the 
effects of shRNA‑SERCA2B‑1 plasmid in reducing SERCA2b 
expression was more efficient than shRNA‑SERCA2B‑2; thus, 
shRNA‑SERCA2B‑1 plasmid was used to perform subsequent 
experiments. To evaluate the effects of shRNA‑SERCA2B‑1 
plasmid on SERCA2b expression, ARPE‑19 cells were co‑trans-
fected with OE‑GAS5 and shRNA‑SERCA2b. Western blotting 
and RT‑qPCR results indicated that SERCA2b protein and 
mRNA expression levels, respectively, were significantly reduced 
by shRNA‑SERCA2b in the presence of GAS5 overexpression 
plasmid, compared with the control groups (Fig. 3C and D). 
TNF‑α, IL‑1β and IL‑6 concentrations were detected by ELISA 
and used to assess inflammation indexes in vitro (Fig. 3E). 
Overexpression of GAS5 significantly reduced proinflamma-
tion‑related factor levels compared with the OE‑NC group. 
However, SERCA2b gene knockdown significantly reversed the 
inhibitory effects of GAS5 upregulation on inflammation. Thus, 
GAS5 may affect inflammation by regulating SERCA2b.

Overexpression of GAS5 reduces HG‑induced apoptosis 
through SERCA2b. The apoptosis levels were assessed by the 
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measurement of apoptosis‑related proteins by western blotting 
and flow cytometry (Fig. 4). Bcl‑2, Bad, Bax and caspase 12 
were used as apoptosis markers. Apoptosis levels were partially 
reduced by GAS5 overexpression compared with the OE‑NC 
group, as indicated by the decreased ratio of Bax/Bcl2 and 
cleaved caspase‑12/pro‑caspase 12, as well as the increased levels 
of Bad expression (Fig. 4A). Moreover, flow cytometry results 
indicated that GAS5 overexpression reduced the percentage 
of cell apoptosis in HG conditions (Fig. 4B and C). However, 

SERCA2b gene knockdown was able to significantly reverse 
the inhibitory effects of GAS5 overexpression on cell apoptosis 
(Fig. 4A‑C).

Discussion

In the present study lncRNA GAS5 expression levels were 
decreased in ARPE‑19 cells treated with HG, which is consistent 
with previous studies that have demonstrated that HG treatment 

Figure 1. HG treatment decreases lncRNA GAS5 levels and increases ER stress in ARPE‑19 cells. (A) Reduced lncRNA GAS5 levels in HG‑treated ARPE‑19 
cells were determined by reverse transcription‑quantitative PCR. (B) ER stress‑related protein expression in HG‑treated ARPE‑19 cells was (B) determined 
by western blotting and (C) semi‑quantified. **P<0.01 and ***P<0.001 vs. NG; ##P<0.01 and ###P<0.001 vs. MG. ATF4, activating transcription factor 4; 
CHOP, CCAAT/enhancer‑binding protein homologous protein; ER, endoplasmic reticulum; HG, high glucose; lncRNA GAS5, long non‑coding RNA growth 
arrest‑specific transcript 5; MG, mannitol control group; NG, normal glucose; PERK, protein kinase R‑like ER kinase; SERCA2b, sarcoplasmic/endoplasmic 
reticulum Ca2+ ATPase 2; eIF2α, eukaryotic initiation factor 2α; p, phosphorylated.
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induces decreased GAS5 expression in several tissues or cells, 
such as endometrial carcinoma and adipocytes (13,14). GAS5 
overexpression significantly increased SERCA2b levels and 
reduced ER stress in ARPE‑19 cells treated with HG, indicating a 

possible association between them. Several studies have provided 
insights on GAS5 mechanism of action. For example, GAS5 can 
bind to the promoter region of the insulin receptor gene to modu-
late its expression in nondiabetic adipocytes (13), acting as a 

Figure 2. Overexpression of GAS5 or SERCA2b affects ER stress in HG‑treated ARPE‑19 cells. (A) lncRNA GAS5 expression levels were increased in cells 
transfected with pcDNA‑GAS5, as determined by reverse transcription‑quantitative PCR. (B) GAS5 overexpression upregulated SERCA2b protein expression 
levels and reduced ER stress. (C) SERCA2b expression and ER stress were assessed in cells transfected with pcDNA‑SERCA2b. *P<0.05, **P<0.01 and ***P<0.001 
vs. OE‑NC; #P<0.05, ##P<0.01 and ###P<0.001 vs. control. ATF4, activating transcription factor 4; CHOP, CCAAT/enhancer‑binding protein homologous protein; 
eIF2α, eukaryotic initiation factor 2α; ER, endoplasmic reticulum; GAS5, growth arrest‑specific transcript 5; HG, high glucose (33 mM); NC, negative control; 
OE, overexpression vector; p‑, phosphorylated; PERK, protein kinase R‑like ER kinase; SERCA2b, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2.
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competing endogenous RNA for microRNA (miRNA) involved 
in the regulation of the expression of numerous proteins involved 
in cancer (23,24). The findings of the present study suggest that 
GAS5 may serve a role as a regulatory RNA or a miRNA sponge 
to regulate miRNA levels and affect SERCA2b expressions in 
DR. It has been reported that SERCA is involved in maintaining 
Ca2+ homeostasis in the ER, by transferring Ca2+ from the cytosol 
into the ER (25). Therefore, changes in SERCA2b expression 
levels may affect the Ca2+ concentration, which in turn affects 

Ca2+‑mediated signaling pathways, resulting in abnormal 
metabolic processes, such as lipid metabolism (26). The elev-
enth transmembrane helix (TM11) of SERCA2b fine‑tunes the 
intramolecular interactions with other transmembrane regions to 
modulate SERCA2b activity (27). The modulation of TM11 plays 
a key role in maintaining Ca2+ homeostasis in the ER. Recent 
studies have suggested that ER‑resident proteins can regulate 
SERCA2b activity (28‑30). The exact mechanism by which these 
proteins affect the location of TM11 or its interaction with other 

Figure 3. SERCA2b knockdown reverses the effects of GAS5 on inflammation in HG‑treated ARPE‑19 cells. (A and B) Evaluation of the transfection 
efficacy of the SERCA2b knockdown plasmids shRNA‑SERCA2B‑1 and shRNA‑SERCA2B‑2 by (A) western blotting and (B) RT‑qPCR. **P<0.01 and 
***P<0.001 vs. shRNA-NC. #P<0.05 and ##P<0.01 vs. shRNA-SERCA2B-2 (C and D) SERCA2b was detected by (C) western blotting and (D) RT‑qPCR after 
the plasmids overexpressing GAS5 and SERCA2b were co‑transfected into HG‑treated ARPE‑19 cells. ##P<0.01 and ###P<0.001 vs. OE-GAS5; **P<0.01 
and ***P<0.001 vs. OE-GAS5 + shRNA-NC. (E) The effects of GAS5 overexpression and SERCA2b knockdown on inflammatory markers. ΔΔΔP<0.001 vs. 
OE‑GAS5 + shRNA‑NC; ###P<0.001 vs. OE‑NC; ***P<0.001 vs MG. GAS5, growth arrest‑specific transcript 5; HG, high glucose; IL, interleukin; MG, mannitol 
control group; NC, negative control; NG, normal glucose; OE, overexpression vector; RT‑qPCR, reverse transcription‑quantitative PCR; SERCA2b, sarco-
plasmic/endoplasmic reticulum Ca2+ ATPase 2; shRNA, short hairpin RNA; TNF‑α, tumor necrosis factor‑α.
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regions of SERCA2b have not yet been fully addressed (28‑30). 
These results indicate a possible mutual influence between ER 
stress and SERCA2b activity; however, additional studies are 

required to further confirm these findings. Calpain is activated 
in response to abnormal Ca2+ levels in the cytosol and subse-
quently promotes caspase 12 activation, inducing apoptosis (31). 

Figure 4. SERCA2b reverses the effects of GAS5 on apoptosis in HG‑treated ARPE‑19 cells. (A) apoptosis‑related protein expression levels were detected by 
western blotting. (B and C) Flow cytometry was used to determine apoptotic rates. ##P<0.01 and ###P<0.001 vs. OE‑NC; ***P<0.001 vs. MG; ΔP<0.05 ΔΔP<0.01 
and ΔΔΔP<0.001 vs. OE‑GAS5 + shRNA‑NC. GAS5, growth arrest‑specific transcript 5; HG, high glucose; MG, mannitol control group; NG, normal glucose; 
OE, overexpression vector; SERCA2b, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2; shRNA‑NC, negative control; shRNA, short hairpin RNA.
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Therefore, it is possible that SERCA2b overexpression inhibited 
ER stress‑induced apoptosis by altering Ca2+ levels in HG‑treated 
ARPE‑19 cells in the present study. However, this mechanism 
should be further investigated.

lncRNA GAS5 overexpression increased anti‑apoptotic 
Bcl‑2 and decreased pro‑apoptotic Bad and Bax protein expres-
sion levels. In addition, SERCA2b knockdown significantly 
reversed the inhibitory effects of GAS5 during inflammation 
and apoptosis, indicating that GAS5 affected the induction 
of these two processes by HG partially through SERCA2b. 
Caspase 12 is located in the ER and is a major protein involved 
in ER stress‑induced apoptosis (32,33). Caspase 12 is caused 
by specific stimuli, such as higher calcium, hypoxia and 
lower glucose levels  (32,33). Moreover, downregulation of 
caspase 12 expression attenuated methylglyoxal‑modified 
collagen‑induced apoptosis  (34). The results of the present 
study indicated that SERCA2b and GAS5 mediated a decrease 
in CHOP protein expression. Previous studies have indicated 
that the CHOP‑mediated apoptotic rate was reduced partially 
by increased Bcl‑2 and decreased Bad, Bax and caspase 12 
levels (11,35). These findings suggested that GAS5 attenuated 
ER stress‑induced apoptosis through SERCA2b. The imbalance 
of the expression of pro‑apoptotic and anti‑apoptotic proteins 
of the Bcl‑2 family may contribute to mitochondrial damage 
and subsequently activate caspases, inducing cell apoptosis via 
the intrinsic apoptosis pathway (36). Among the Bcl‑2 family 
members, Bcl‑2 is involved in preserving mitochondrial integ-
rity, which may be disrupted by Bax (37). Furthermore, flow 
cytometry results from the present study showed that apoptosis 
was significantly reduced by GAS5 overexpression, suggesting 
that changes on these apoptosis‑related proteins might lead 
to reduced apoptosis levels. There are certain mechanisms 
involved in cell apoptosis, one of which was ER stress‑mediated 
apoptosis. On the one hand, phosphorylation of eIF2α induced 
by PERK could decrease protein synthesis to reduce ER stress; 
on the other hand, it also could mediate CHOP expression to 
induce apoptosis (38). The current study indicated that GAS5 
affected inflammatory markers partly through SERCA2b.

Previous studies showed that ER stress induced cell apop-
tosis and inflammation (39,40). Inflammation in DR is facilitated 
through increasing ER stress (41), suggesting that HG‑induced 
ER stress may promote inflammatory response. Results from the 
present study may aid our further understanding of the mecha-
nism of retinal pigment epithelium cell impairment induced by 
HG. Moreover, shows obvious activation in retinal of mice with 
DR or in retinal cell lines exposed to HG. Retinal cell damage 
can be alleviated through inhibiting ER stress (42‑44). Thus, 
GAS5/SERCA2b could be potential targets for treating DR.

In conclusion, HG downregulated GAS5 expression, 
followed by a decrease in SERCA2b expression levels., 
Furthermore, HG enhanced ER stress‑related apoptosis and 
pro‑inflammatory factors, and induced cell apoptosis in 
ARPE‑19 cells. Therefore, the results indicated that GAS5 
regulated ER stress‑related apoptosis and inflammation in 
retinal epithelial cells via SERCA2b. LncGAS5 and SERCA2b 
may serve as potential therapeutic targets for DR.
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