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Abstract
● AIM: To explore the apoptosis of ARPE-19 cells after the 
treatment with different doses of all-trans-retinoic acid (ATRA).
● METHODS: ARPE-19 cells were used in the in-vitro 
experiment. Flow cytometry assay was employed to evaluate 
the level of reactive oxygen species (ROS) and apoptosis. 
The effects of ATRA (concentrations from 2.5 to 20 μmol/L) 
on the expression of endoplasmic reticulum stress (ERS) 
markers in vitro were evaluated by Western blot and real-
time quantitative polymerase chain reaction (qRT-PCR) 
assays. The contribution of ROS and ERS-induced apoptosis 
in vitro was determined by using N-acetyl-L-cysteine (NAC) 
and Salubrinal, an antagonist of NAC and ERS, respectively.
● RESULTS: Flow cytometry showed that ATRA significantly 
increased ARPE-19 cell apoptosis and ROS levels in each 
group (F=86.39, P<0.001; F=116.839, P<0.001). Western 
blot and qRT-PCR revealed that levels of CHOP and BIP 
were elevated in a concentration-dependent pattern after 
the cells were incubated with ATRA (2.5-20 μmol/L). The 
upregulation of VEGF-A and CHOP induced by ATRA could be 
inhibited by NAC (antioxidant) and Salubrinal (ERS inhibitor) 
in vitro.
● CONCLUSION: ATRA induces the apoptosis of ARPE-19 
cells via activated ROS and ERS signaling pathways.
● KEYWORDS: all-trans-retinoic acid; retinal pigment 
epithelium; apoptosis; reactive oxygen species; endoplasmic 
reticulum stress

DOI:10.18240/ijo.2020.09.01

Citation: Wu J, Gao ZY, Cui DM, Li HH, Zeng JW. All-trans retinoic 

acid increases ARPE-19 cell apoptosis via activation of reactive 

oxygen species and endoplasmic reticulum stress pathways. Int J 

Ophthalmol  2020;13(9):1345-1350

INTRODUCTION

I n age-related macular degeneration (AMD), certain kinds 
of neurons undergo cellular apoptosis in macula, resulting 

in blindness and irreversible sight loss. Early events in AMD 
mainly include the progressive degeneration and apoptosis of 
the retinal pigment epithelium (RPE), which is a single layer 
of retinal pigment cells nourishing retina[1-3]. The phagocytosis 
function, anatomic location and high metabolic activity make 
RPE easy to be damaged during multiple injuries[4]. It is widely 
known that RPE cell apoptosis contributed to the development 
of AMD. Among all the factors promoting apoptosis, oxidative 
stress plays a pivotal role.
Retinoid cycle, commonly known as visual cycle, is essential 
in the retina of the vertebrates[5]. As all-trans-retinoic acid  
(ATRA), a strong photosensitizer bearing aldehyde, can result 
in cell death[6-8]. When the retina is exposed to light, ATRA 
can be synthesized from 11-cis-retinal. ATRA in RPE and 
photoreceptor cells plays a vital role in the visual cycle.
Excessive ATRA in RPE cells can contribute to cell 
apoptosis[9-10] which leads to degeneration diseases in retina.  
Reactive oxygen species (ROS) levels, as a key factor in RPE 
degeneration, could be elevated by ATRA via mediating the 
NAPDH oxidase[11]. In RPE cells, oxidative injuries can result 
in unfolded protein response (UPR) and endoplasmic reticulum 
stress (ERS)[12-13]. However, the underlying mechanisms of 
RPE degeneration induced by ATRA still remain unknown.
In this research, ROS production in ARPE-19 cells treated 
by ATRA was investigated. ERS was also evaluated. The 
associations between ATRA-induced ROS generation and ERS 
were elucidated. Our results revealed the toxicity of ATRA in 
ARPE-19 cells, and provided new understandings on AMD 
pathogenesis.
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MATERIALS AND METHODS
Cell Culture and Treatment  ARPE-19 cells were cultured 
by using Dulbecco’s modified Eagle medium/Ham’s Nutrient 
Mixture F12 (1:1; DMEM/F12, Gibco, Grand Island, NY, 
USA) added with penicillin (100 IU/mL), streptomycin 
(Invitrogen, Carlsbad, CA, USA), and fetal bovine serum 
(10%; FBS, Gibco, Australia) in a 37℃ humidified incubator 
with CO2 (5%). To prepare for Western blot, real-time 
polymerase chain reaction (PCR) and immunofluorescence 
assay, 100-mm2 dishes (Corning), 60-mm2 dishes (Corning) 
and 6-well plates (Corning) were used to culture cells, 
respectively. 
Dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA) was used 
to dissolve ATRA (Sigma-Aldrich, USA) and the concentration 
for stock was 10 μmol/L. DMEM/F12 was used to dilute 
ATRA before use. ATRA was stored in the -20℃ refrigerator 
without light. 
Cell Counting Kit-8 Assay  Cells were cultured in 96-well 
plates with 5000 cells in each well. Various concentrations of 
ATRA (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 μmol/L; 10 μL) 
were used to treat the cells after the cells were preincubated 
with DMEM/F12 +0.1% FBS for 24h. The wells only added 
with culture medium were set as the blank control group. After 
culture for 24 or 48h, 10 μL cell counting kit-8 (CCK-8; Dojindo, 
Kumamoto, Japan) was diluted with 100 μL DMEM/F12 and 
the mixture was added into the cells. After incubation for 1-4h, 
the absorbance was detected at 450 nm by using a microplate 
reader (PowerWave XS Microplate Spectrophotometer, Bio-
Tek, USA). Independent experiments were repeated for five 
times at least.
Apoptosis Assay by Using Flow Cytometry  Annexin 
V-fluorescein isothiocyanate apoptosis detection kit (Becton-
Dickinson, CA, USA) was applied to apoptosis assay. After 
treated by ATRA, the mixture of propidium iodide (PI), 
annexin V-fluorescein isothiocyanate annexin and 1×binding 
buffer was used to suspend the cells. FACS scan flow 
cytometer machine (Becton-Dickinson San Jose, CA, USA) 
was employed to measure the fluorescence.
Flow Cytometric Analysis of Reactive Oxygen Species  

Total ROS was determined by dichloro-dihydro-fluorescein 
diacetate (DCFH-DA) staining assay (Merck Millipore, 
DE, USA). ARPE-19 cells were treated with a series of 
concentrations (20, 15, 10, 5, and 0 μmol/L) of ATRA. 
Then, 1 μmol/L ROS and DCFH-DA, a fluorescent probe, 
were added into cells. After culture for 30min, FACS scan flow 
cytometry machine (Becton-Dickinson San Jose, CA, USA) 
was used to measure the fluorescence.
RNA Extraction, Complementary DNA Synthesis, and 
Quantitative Real-time Polymerase Chain Reaction  TRIzol 
(Invitrogen Inc., Carlsbad, CA, USA) was applied to purify 
RNA, and ReverTra Ace quantitative real-time polymerase 
chain reaction (qRT-PCR) kit (TOYOBO, Japan) was used 
in the synthesis of complementary DNA (cDNA). Brilliant 
SYBR Green qRT-PCR Master Mix (TaKaRa, Japan) and 
CFX96 qRT-PCR detection system (Bio-Rad, USA) were used 
to perform qRT-PCR. The synthesized cDNA was amplified 
for 40 cycles and the annealing was performed at 60℃. The 
primer sequences (Sangon Biotech, Shanghai, China) used 
in qRT-PCR are shown in Table 1. The efficiencies of primer 
pairs’ amplification had been validated. The CT value of the 
negative control (without cDNA) was greater than 33. At 
least 3 different samples were used in every qRT-PCR assay. 
To determine the levels of the target genes, 2-ΔΔct method was 
applied. GAPDH was set as the internal reference.
Western Blot Analysis  After treated with ATRA (20, 10, 15, 
5, 2.5, and 0 μmol/L) for 24h and 48h, the cells were collected. 
Electrophoresis was conducted after cell lysis by using RIPA 
lysis buffer (Beyotime, Haimen, China). The polyvinylidene 
fluoride (PVDF) membranes (Millipore, Bedford, MA, USA) 
were used in protein transfer. The membranes then were 
incubated with 5% nonfat milk in room temperature for one 
hour. Afterwards, the membranes were incubated with the 
primary antibodies, including binding immunoglobulin protein 
(BIP; 1:1000, #3177, Cell Signaling Technology, USA), C/EBP 
homologous protein (CHOP; 1:1000, #2895, Cell Signaling 
Technology, USA), anti-VEGF-A (1:1000, #ab46154, abcam, 
USA). The protein bands were visualized using horseradish 
peroxidase (HRP)-conjugated secondary antibodies and 

Table 1 The sequences of primers used in the real-time PCR

Gene GenBank number Sequence
CHOP NM_001195057.1 Forward: 5’-CTCCCTTGGTCTTCCTCCTC-3’

Reverse: 5’-CTTCTCTGGCTTGGCTGACT-3’
BIP NM_005347.4 Forward: 5’-CACCTTGAACGGCAAGAACT-3’

Reverse: 5’-AAGAACCAGCTCACCTCCAA-3’
GAPDH NM_001256799.2 Forward: 5’-GGAGCGAGATCCCTCCAAAAT-3’

Reverse: 5’-GGCTGTTGTCATACTTCTCATGG-3

CHOP: C/EBP homologous protein; BIP: Binding immunoglobulin protein; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; PCR: 
Polymerose chain reaction.

ATRA induces apoptosis of ARPE-19 cells
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Enhanced Chemiluminescence (ECL) Western blotting 
detection system (Millipore, USA). Bio-Rad Quantity One 
Imaging software (Bio-Rad, USA) was used in the analysis.
Confocal Laser Microscopy  ARPE-19 cells were induced 
by ATRA and seeded on coverslips. After the cells were rinsed 
with PBS three times, 4% paraformaldehyde was applied 
to fix the cells for 15min. Afterwards, the mixture of 1% 
bovine serum albumin (BSA), 0.1% Triton X-100 and PBS 
was incubated with the coverslips for 30min. Subsequently, 
primary antibodies were used for incubation with the cells at 
room temperature for 2h. The antibodies included BIP (1:400, 
#3177, Cell Signaling Technology), and CHOP (1:200, #2895, 
Cell Signaling Technology). After the cells were washed by 
PBS, secondary antibodies (1:400, Cell Signaling Technology) 
were used for incubation. Afterwards, 2-(4-amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI; 5 mg/mL) was 
added to stain the nuclei. Anti-fade mounting medium was 
used for mounting. Zeiss Confocal Spectral Microscope (Carl 
Zeiss, Jena, Germany) was applied to obtain images.
Statistical Analysis  SPSS 22.0 was applied in statistical 
analysis. Graphpad prism 7 was used for mapping. The results 
were presented as average value ±SD. Bonferroni’s multiple 
comparison test and one-way analysis of variance (ANOVA) 
were applied to evaluate whether the inter-group differences 
were statistically significant. If P value were less than 0.05, the 
difference was considered to be statistically significant.
RESULTS
Influence of ATRA on Cell Viability  Various concentrations 
of ATRA (2.5-20 μmol/L) were used treat ARPE-19 cells to 
assess whether ATRA could influence the cell viability. When 
ATRA concentrations were between 2.5 and 10 μmol/L, the 
apoptosis level was low (<10%) and the morphology of the 
cell was normal. When the concentrations were between 10 
and 20 μmol/L (Figure 1A), the cells began to shrink. The 
results of CCK-8 assay showed that ATRA promoted cell 
growth when the concentrations were between 2 and 6 μmol/L, 

but significantly inhibited cell growth when concentrations 
were between 10 and 20 μmol/L. Cell viability dropped below 
30% after treatment with 20 μmol/L ATRA (Figure 1B). After 
treatment for 24h and 48h, ATRA exhibited dose-dependent 
effects on cell survival, with low doses increasing survival and 
high doses inhibiting survival. The half maximal inhibitory 
concentrations (IC50) of ATRA following treatment for 24h and 
48h were 13.88 μmol/L and 11.99 μmol/L, respectively. 
Flow Cytometry Analysis of Apoptosis and ROS Levels  
After treatment with 2.5 and 5 μmol/L ATRA for 24h, cell 
apoptosis decreased compared with the control group (P<0.05). 
However, following treatment with 10, 15 and 20 μmol/L ATRA for 
24h, the cell apoptosis rate increased when the concentration 
increased (P<0.001; Figure 2A, 2C). The generation of ROS 
was dramatically increased in comparison with the cells 
without treatment (P<0.001; Figure 2B, 2D). In the present 
study, when the concentration of ATRA was higher than 10 μmol/L, 
cell apoptosis was significantly increased. Thus, 10 μmol/L of 
ATRA was used as the test concentration in the confocal laser 
microscopy.
Endoplasmic Reticulum Stress in the Cells Treated by All-
trans-retinoic Acid  In this study, CHOP and BIP antibodies 
were used in Western blot. ARPE-19 cells were exposed to 
various concentrations of ATRA for 24h (Figure 3A). The 
images from confocal laser microscopy suggested that ATRA 
induced the generation of CHOP (Figure 3B) and BIP (Figure 
3C). The Western blot analysis showed that expressions of 
CHOP (Figure 3D) and BIP (Figure 3F) were upregulated in 
response to increased concentrations of ATRA. The mRNA 
expression of CHOP (Figure 3E) and BIP (Figure 3G) was 
also elevated after incubation with increasing concentrations of 
ATRA.
Protective Effects of NAC and Salubrinal In the ARPE-19 
cells treated by ATRA, previous research proved that there 
might be interactions among VEGF-A, CHOP, ROS and ERS. 
We further explored if the levels of VEGF-A and CHOP could 

Figure 1 The influence of ATRA on cell viability  A: The cell morphology at different concentrations of ATRA. B: Following treatment for 
24h and 48h, CCK-8 assay assesses the survival of cell treated with ATRA at different concentration from 0-20 μmol/L. The results from 3 
independent experiments are presented as average value±SEM. 
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be inhibited by the antioxidant NAC and Salubrinal, an ERS 
inhibitor. As an antioxidant, NAC can clear free radicals and 
the working concentration is 5 mmol/L without cytotoxicity 
in this experiment. Salubrinal is an agent inhibiting ERS and 
can save cells from apoptosis induced by tunicamycin via 
suppressing the dephosphorylation of eIF2α, and the working 
concentration is 40 μmol/l without cytotoxicity. Thus, five 
groups were set, namely, control group, ATRA-treated group, 
ATRA-NAC group, ATRA-Salubrinal group and ATRA-NAC-
Salubrinal group. After treatment for 24h, Western blot was 
conducted (Figure 4A). In comparison with the control group, 
ATRA could significantly increase the expression of CHOP 
and VEGF-A, while the upregulation of CHOP and VEGF-A 
induced by ATRA was inhibited in ATRA-NAC, ATRA-
Salubrinal and ATRA-NAC-Salubrinal groups (Figure 4B, 4C).
DISCUSSION
ATRA and 11-cis-retinal have a pivotal role in vision. Free 
ATRA serves as an intermediate in the normal visual cycle[14]. 
Excessive ATRA can contribute to critical retinal disorders and 
the accumulation of products derived from retina in RPE[6], 
which may induce vision loss. 
In our research, it was proved that excessive ATRA could cause 
injuries to RPE cells (Figure 1A). After ATRA (over 10 μmol/L) 
exposure, ROS production was dramatically raised compared 
with the control group (Figure 2B) and severe loss of RPE cells 

was observed (Figure 1B). ATRA is an endogenous substance 
in retina, which could be eliminated under normal conditions, 
and the lysosomes in RPE cells could trap the products 
derived from retina[8,15]. Free ATRA can be cleared by RPE and 
photoreceptor cells, but RPE cells may be injured when the 
concentrations of ATRA reached the threshold that RPE cells 
can tolerate (Figure 2A). In our experiments, RPE cells were 
treated with ATRA to establish an in-vitro model mimicking 
the conditions in which RPE cells were exposed to intensive 
and acute light or excessive accumulation of ATRA[16].
Previous research demonstrated that ATRA directly exerted 
poisonous effects on mitochondria via inhibiting the 
oxidation process in mitochondria or uncoupling oxidative 
phosphorylation when ATRA concentration was beyond a 
certain value[10]. Moreover, ATRA was able to increase the 
permeability of mitochondrial membrane, leading to the loss 
of essential enzymes and thus contributing to mitochondria 
damage. Additionally, excessive production of ROS in the 
cytoplasm induced by ATRA directly injured organelles and 
resulted in critical cellular injuries. ROS could also directly 
cause damage to the endoplasmic reticulum (ER). 
ERS is considered to be a main factor contributing to AMD[17]. 
In retinal degeneration, risk factors of AMD including 
metabolic, oxidative and proteotoxic stress could induce ERS 
and UPR[18]. The main functions of UPR are ensuring regular 

Figure 2 Flow cytometry analysis apoptosis and ROS levels  A: After 24h treatment with ATRA (0-20 μmol/L), apoptosis was detected. The 
ration of apoptotic cells was calculated according to the results of flow cytometry. B: After ATRA treatment (0-20 μmol/L) for 24h, the ROS 
level was determined by using flow cytometry assay. C, D: Results were shown as the fold increase of fluorescence in the treatment group in 
comparison with the cells without treatment. The results from 3 independent experiments were shown as average value ±SEM. aControl group; 
bP<0.05; cP<0.001.

ATRA induces apoptosis of ARPE-19 cells
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function of ER and reducing the environmental damages to 
cells[19], and BIP played an important role in regulating ERS-
related pathways[20-21]. Unfolded and misfolded proteins can 
trigger the expression of BIP[22] and finally be cleared by this 
ER chaperone[23]. In this research, the BIP expression level 
was raised after ATRA treatment. With regard to the signaling 
pathways of the UPR, three pathways (PERK, IRE1α, and 
ATF6) initiated by sensors of ERS have attracted the most 
attention in terms of the cellular ERS response[24]. CHOP 
promotes apoptosis in ERS and is the main target of ATF4 

transcription factor[25]. It was previously demonstrated that 
CHOP participated in regulating the expression of Ero1α in 
ERS, which could increase ROS production in ER[26]. In this 
present research, ATRA could increase the expression of CHOP 
in vitro, which could be ameliorated by NAC pretreatment. 
Our results implied that NAC could ameliorate the apoptosis 
induced by ERS via downregulating CHOP levels (Figure 4C). 
Furthermore, the VEGF-A (a marker for neovascularization) 
expression level was elevated after ATRA treatment. VEGF-A 
can affect the cells in choriocapillaris and is related to 

Figure 3 Activation of ERS in ATRA-treated ARPE-19 cells  ARPE-19 cells were treated with various concentrations of ATRA for 24h. CHOP 
and BIP antibodies were used in Western blot (A). The levels of CHOP and BIP were raised after ATRA treatment (D, F), immunofluorescence 
confirmed the expression of CHOP and BIP (B, C). The mRNA expressions of CHOP (E) and BIP(G) were increased after cells were treated 
with increasing concentrations of ATRA. The results from 3 independent experiments were shown as average value ±SEM. aControl group; 
bP<0.05; cP<0.001. Immunofluorescence was applied to show the location of the expressed CHOP (red) and BIP (red). Nuclei were stained by 
DAPI (blue). Scale bar=50 μm.

Figure 4 NAC and Salubrinal inhibited the expression of VEGF-A and CHOP  A-C: Cell lysates were obtained after treatment with 
10 μmol/L ATRA with or without 5 mmol/L NAC or 40 μmol/L Salubrinal for 24h. Western blot was conducted using VEGF-A (B) and CHOP 
(C) antibodies. Three independent experiments were performed and the results were shown as average value±SEM .bP<0.05, cP<0.001.
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subretinal neovascularization in AMD[27]. VEGF activation 
is closely relayed with ROS production, which increases 
the expressions of the genes with protective functions via 
the antioxidant response element enhancer[2]. Similarly, in 
our study, Salubrinal attenuated the increase of VEGF-A 
expression induced by ATRA (Figure 4B), which implied that 
ROS could interact with ERS.
In conclusion, excessive accumulation of ATRA would lead to 
ROS and ERS generation in ARPE-19 cells, which contributed 
to the development of AMD. Hence, reducing ATRA levels 
might be a strategy to treat AMD. Since ATRA could exert 
cytotoxic effects and result in oxidative stress, inhibiting 
retinoic metabolism pathways could be a new therapy in 
treating AMD.
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