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Sodium tanshinone IIA sulfonate 
protects ARPE-19 cells against 
oxidative stress by inhibiting 
autophagy and apoptosis
Dongmei Han1, Xingwei Wu2, Libin Liu3, Wanting Shu2 & Zhenping Huang1

Oxidative stress in retinal pigment epithelium (RPE) is considered to be a major contributor to the 
development and progression of age-related macular degeneration (AMD). Previous investigations 
have shown that sodium tanshinone IIA sulfonate (STS) can alleviate oxidative stress in haemorrhagic 
shock-induced organ damage and cigarette smoke-induced chronic obstructive pulmonary disease in 
mice. However, whether STS has a protective effect in ARPE-19 cells under oxidative stress and its exact 
mechanisms have not yet been fully elucidated. In the present study, we utilized H2O2 to establish an 
oxidative stress environment. Our findings show that STS activated the PI3K/AKT/mTOR pathway to 
inhibit autophagy and diminished the expression of the autophagic proteins Beclin 1, ATG3, ATG7 and 
ATG9 in ARPE-19 cells under oxidative stress. Detection of the intrinsic apoptosis-related factors BAX, 
mitochondrial membrane potential (MMP), caspase-9, caspase-3 and BCL-2, as well as the extrinsic 
apoptosis-related factors c-FLIP, v-FLIP and caspase-8, confirmed that STS inhibited the intrinsic 
and extrinsic apoptotic pathways, and attenuated apoptosis in ARPE-19 cells under oxidative stress 
conditions. These findings shed new light on the protective effects of STS in ARPE-19 cells and its 
mechanisms under oxidative stress to provide novel and promising therapeutic strategies for AMD.

Age-related macular degeneration (AMD) is a progressive and devastating neurodegenerative malady that is the 
leading cause of blindness among the elderly in developed countries. AMD is becoming similarly important in 
the developing world in association with increasing longevity and the westernization of the diet and lifestyle1. 
Mounting evidence has shown that AMD is involved in the degeneration of retinal pigment epithelium (RPE), 
photoreceptor cells, and choroidal capillaries, of which the dysfunction and degeneration of RPE is pivotal to 
AMD pathogenesis. The RPE performs several functions that are essential to maintain normal retinal physiology 
and visual function including lightenergy adsorption, ion and water transport, immunological barrier formation, 
visual product recycling, phagocytosis, and secretion of growth factors and cytokines2. Consequently, RPE defects 
and/or atrophy secondary to ageing, injury (traumatic or toxic), and diseases can lead to photoreceptor degener-
ation and vision loss3. In addition to support photoreceptor survival and visual function, the RPE also controls 
formation and maintenance of the choriocapillaris. Clinical and experimental evidences have indicated that the 
developmental formation of the choroidal vasculature depends on proper RPE differentiation4. It is worth noting 
that RPE resides in an oxygen rich environment, and RPE mitochondrial DNA (mtDNA) is particularly prone to 
oxidative damage5. Oxidative stress in the RPE is hypothesized to be a major contributor to the onset and devel-
opment of AMD6. The ARPE-19 cell line has been widely used to evaluate RPE function and their hypersensitivity 
to VEGF action, loss of pigmentation, and weaker tight junctions, are all properties which somewhat resemble the 
aged eye or pathologic conditions7. Therefore, the ARPE-19 cell line was used in our study.

Studies have shown that autophagy plays an indispensable role in the pathogenesis of a variety of diseases, 
including those involving retinal degenerative diseases, such as AMD. In the majority of cases, the induction of 
autophagy in response to stress acts as a pro-survival mechanism, however, it is now clearly evident that autophagy 
has a dual role8. This degradative mechanism for long-lived proteins and damaged organelles that occurs via the 
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autophagy–lysosomal pathway can provide the possibility of cellular self-destruction under chronic stress condi-
tions9. RPE cells can also be induced to undergo autophagy-associated cell death by starvation and oxidative stress10.

Sodium tanshinone IIA sulfonate (STS), a derivative of tanshinone IIA, is a water-soluble pharmacologically 
active component that has been isolated from the rhizome of the Chinese herb Salvia miltiorrhiza, a well-known 
traditional Chinese medicine, and is widely used for the treatment of cardiovascular diseases. Recent studies 
have indicated that the beneficial effects of STS in cardiovascular diseases are attributable to its role in reduc-
ing ROS production and decreasing pro-inflammatory cytokines11,12. Previous study showed that STS prevent 
lipopolysaccharide-induced inflammation through suppressing NF-κB signaling pathway in endothelial cells, 
indicating the potential utility of STS for the treatment of inflammatory diseases13. In addition, STS treatment 
was shown to ameliorate organ dysfunction, reduce oxidative stress, and suppress inflammatory responses, 
which attenuated hemorrhagic shock-induced activation of the NF-κB pathway in rats14. STS inhibited cigarette 
smoke extract (CSE)-induced inflammation and oxidative stress in macrophages in chronic obstructive pulmo-
nary disease mice and these protective effects of STS are associated with the inhibition of CSE-induced HIF-1a 
expression15. Another mechanistic study revealed that increased JNK phosphorylation stimulated by H2O2 was 
abolished by STS treatment in adult mice16.

In light of these findings, it is plausible and feasible to investigate whether STS can protect ARPE-19 cells against 
oxidative stress and the specific mechanisms involved in this process. In the present study, we established an oxi-
dative stress environment based on the half-maximal (50%) inhibitory concentration (IC50) of H2O2 as determined 
by MTT and CCK8 assays and conducted a series of experiments to investigate the protective effect of STS in 
ARPE-19 cells and its possible mechanism under oxidative stress. In light of the paramount role of RPE in retinal 
physiology, pathophysiology and the pathogenesis of AMD, our research could provide a new therapeutic strategy 
for AMD (both dry and wet) that can slow or cease the occurrence and development of this debilitating disease.

Results
H2O2 treatment inhibits the growth of ARPE-19 cells. We first determined whether H2O2 treatment 
could result in ARPE-19 cell growth inhibition using MTT and CCK8 assays. The MTT assay establishes the cyto-
toxicity of a compound based on decreases in the intracellular NAD(P)-H-dependent oxidoreductase activity17. 
However, the chromogenic product of MTT is insoluble and must, therefore, be solubilized prior to spectropho-
tometric analysis18. To avoid this step, several functionally identical tetrazolium dyes that produce soluble for-
mazans, such as CCK8, have been developed19. As shown in Fig. 1a,b, the results of the MTT and CCK8 analysis 
both showed that the growth inhibition rate of ARPE-19 cells was significantly increased with an escalating H2O2 
concentration and stimulation time. Notably, both the MTT and CCK8 assay results showed that the growth inhi-
bition rate of ARPE-19 cells was approximately 50% at 200 μM H2O2 and stimulation times of 6 h, 12 h and 24 h, 
indicating that at this concentration the cell growth inhibition is relatively stable.

Figure 1. H2O2 treatment inhibits the growth of ARPE-19 cells in a time- and concentration-dependent 
manner. (a) The results of MTT analysis. (b) The results of CCK8 analysis. (c) IC50 value calculated using MTT 
assay. (d) IC50 value calculated using CCK8 assay. Each group of experiments was repeated 3 times, data were 
analyzed using two-way ANOVA, and the average was taken to draw the line chart and calculate the IC50 value 
at each pointed-time.
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The determination of IC50 value. Determination of the half-maximal (50%) inhibitory concentration 
(IC50) is essential for understanding the pharmacological and biological characteristics of a chemotherapeutic 
agent20. The concentration corresponding to a survival rate of 50% is defined as the IC50

21. Currently, MTT assay 
is widely used for the determination of IC50 value. To avoid the unavoidable error of the IC value measured by 
MTT assay alone, CCK8 assay also used to calculate the IC50 value. IC50 values at each pointed-time were calcu-
lated using the formula: lgIC50 = Xm-I (P- (3-Pm-Pn) / 4). As shown in Fig. 1c,d, the IC50 values calculated using 
the results of MTT and CCK8 assay were also nearest to 200 μM when H2O2 was added to ARPE-19 cells for 24 
hours. Combined with the cellular growth inhibition rate revealed by MTT and CCK8 assay, the IC50 value was 
determined to 200 μM of H2O2, and simulation time of 24 h. This result was carried out in the subsequent series 
of experiments.

H2O2 treatment increases autophagy in ARPE-19 cells. Although a number of studies have shown 
that autophagy induced in ARPE-19 cells protects the cells in early oxidative stress conditions, it is clear that cell 
death occurs when excessive oxidative stress exceeds the antioxidant capacity of the cells, resulting in autophagic 
cell death. Therefore, we first determined whether H2O2 treatment could induce autophagy in ARPE-19 cells. The 
formation of autophagosomes is a prominent hallmark of autophagy. In the current study, the promotion of auto-
phagy in ARPE-19 cells challenged by H2O2 was validated based on acridine orange (AO) staining of autopha-
gosomes22. ARPE-19 cells were challenged by 100 μM, 200 μM, 300 μM and 400 μM H2O2 for 24 h, and untreated 
cells served as controls. Consistent with our hypothesis, as shown in Fig. 2, red-yellow acidic bodies indicating 
the formation of autophagosomes appeared after ARPE-19 cells were treated with 100 μM H2O2 for 24 h. The den-
sity of the acidic bodies significantly increased with escalating H2O2 concentrations, which confirmed that H2O2 
treatment could induce autophagy in ARPE-19 cells, and did this in a concentration-dependent manner when 
the exposure treatment was fixed.

STS inhibits autophagic flux in ARPE-19 cells challenged by H2O2. Next, we made an attempt to 
assess whether STS could affect H2O2-induced autophagy in ARPE-19 cells. Because the mean lifespan of an 
autophagosome is approximately 10 min, the number of autophagosomes at a specific time point does not provide 
useful information about autophagy per se, as the autophagosome levels can also be increased, for example, dur-
ing lysosomal dysfunction23. Therefore, the detection of autophagosomes alone can not completely represent the 
autophagy process, however, this obstacle can be circumvented by determining the dynamic process of autophagy 
that is autophagic flux. Accumulation of autophagosomes may be associated either with an increase of autopha-
gosome synthesis or a disruption of autophagosome–lysosome fusion, or both. To distinguish these two possible 
pathways, we measured the autophagic flux in the presence of autophagy inhibitors. In this study, 5 mM of the 
autophagy inhibitor 3MA was utilized in the subsequent series of experiments according to the manufacturer’s 
protocol.

LC3-I, a cytosolic protein, undergoes lipidation to form LC3-II (the membrane-bound lipidated form), which 
is involved in the formation of autophagosome24. Therefore, an increased amount of the smaller-molecular-weight 
LC3-II protein and the ratio of LC3-II to LC3-I is extensively regarded as an essential hallmark of autophagic acti-
vation and is linked with an increased number of autophagosomes. Western blot (WB) analysis with anti-LC3 
antibody, as shown in Fig. 3a–d and Supplementary Fig. S1, revealed that the expression of LC3-I was significantly 
decreased in ARPE-19 cells treated with H2O2 for 24 h, and the expression of LC3-II and the LC3-II/-I ratio were 
distinctly increased in cells under the same conditions. It is noteworthy that both the expression of LC3-I was 
markedly increased and the expression of LC3-II and the LC3-II/-I ratio were significantly decreased in ARPE-19 
cells treated with STS.

To further confirm the inhibitory effect of STS on autophagy induced by H2O2 in ARPE-19 cells, we moni-
tored the protein expression of p62 by WB. Also known sequestosome 1 (SQSTM1), p62 possesses a short LC3 
interaction region that facilitates direct interaction with LC3 and causes p62 degradation by autophagy25. As p62 
degradation depends on autophagy, the level of p62 protein is another indicator of autophagic flux26. Therefore, a 
reduction of p62 as evidenced by WB in H2O2-treated cells would support an increased autophagic degradation. 
As shown in Fig. 3a,e and Supplementary Fig. S1, a significant reduction in p62 expression was shown in ARPE-
19 cells treated with H2O2, whereas a remarkable elevation in its expression was exhibited in cells treated with STS 
under oxidative stress.

Figure 2. AO staining for autophagosome formation in ARPE-19 cells after cells were treated with escalating 
concentrations of H2O2 for 24 hours. (a) Untreated cells, (b) Cells treated with 100 μM H2O2. (c) Cells treated 
with 200 μM H2O2. (d) Cells treated with 300 μM H2O2. (e) Cells treated with 400 μM H2O2. Each group of 
experiments was repeated 3 times and a representative photo is shown. The images were photographed using 
10× objects.
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As mentioned above, these results demonstrate that a prominent increase in autophagic flux occurs in ARPE-19 
cells that are treated with H2O2, whereas STS intervention significantly decreased this flux under oxidative stress. 
The results of the 3MA intervention demonstrated that the autophagic process occurring in ARPE-19 cells under 
oxidative stress involves autophagosome formation rather than the disruption of autophagy-lysosomal fusion.

STS reduces the expression of key autophagic proteins in ARPE-19 cells challenged by H2O2.  
All stages of the autophagy process, from the formation of autophagosomes to the fusion of autophagosomes 
and lysosomes, are regulated by the ATG protein family. To date, over 35 ATG genes have been identified and are 
shown to finely orchestrate the process of autophagy27. To further enucleate the mechanism by which STS inhibits 
increased autophagy in ARPE-19 cells under oxidative stress, we detected the expression of the key autophagic 
proteins, Beclin1, ATG3, ATG7 and ATG9, by WB. As shown in Fig. 4a–e and Supplementary Fig. S2, a conspic-
uous increase in the expression of these four autophagy-related proteins was shown in ARPE-19 cells treated with 
H2O2, indicating that H2O2 treatment increases autophagy in cells by elevating the expression of key autophagic 
proteins. STS intervention, however, notably diminished the protein expression of Beclin1, ATG3, ATG7 and 
ATG9 under oxidative stress, indicating that STS inhibits autophagy by inhibiting the expression of these key 
autophagic proteins in ARPE-19 cells. In addition, the increased expression levels of Beclin 1, Atg3, Atg7 and 
Atg9 by H2O2 treatments were partially inhibited by STS intervention and seemed more effectively inhibited by 
the co-treatment with 3MA.

STS inhibits autophagy induced by H2O2 in ARPE-19 cells through activating the PI3K/AKT/
mTOR signaling pathway. To clarify the molecular mechanism by which STS inhibits increased autophagy 
in ARPE-19 cells under oxidative stress, we analyzed possible pathways involved in this process. The mTOR 
kinase-dependent signaling pathway controls autophagy28. Activation of the phosphoinositide PI3K/AKT/mTOR 
pathway inhibits autophagy, whereas the loss of signaling through this cascade removes the negative repression of 
mTOR28. First, we detected the expression of PI3K and mTOR by WB. As shown in Fig. 5a–c and Supplementary 
Fig. S3, H2O2 treatment greatly diminished the protein expression levels of PI3K and mTOR in ARPE-19 cells in 
comparison with untreated cells, indicating that H2O2 activates autophagy by inactivating the PI3K/AKT/mTOR  
pathway in ARPE-19. In contrast, STS treatment strikingly increased the expression of PI3K and mTOR, confirm-
ing that STS inhibits autophagy by activating the PI3K/AKT/mTOR pathway under oxidative stress. To investi-
gate whether the STS inhibition of ARPE-19 cells autophagy under oxidative stress occurs at the mRNA level, 

Figure 3. STS inhibits autophagy in ARPE-19 cells under oxidative stress. (a) The protein expression levels of 
LC3-I, LC3-II and p62 were detected by WB and representative protein gel blots are shown. Actin was utilized 
as a loading control. (b–e) The accompanied histogram of densitometric quantification of LC3-I, LC3-II, 
LC3-II/-I and p62. Untreated cells were used as a positive control. Experiments in each group were repeated 3 
times. Data were analyzed using one-way ANOVA and differences between means were considered statistically 
significant when P < 0.05, Bonferroni correction of P-value was applied in multiple comparison. The statistical 
results showed that the comparison among groups was statistically significant.
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RT-qPCR was utilized to assess mRNA expression in each group. As shown in Fig. 5d,e and Supplementary 
Fig. S3, and consistent with our supposition, a significant decrease was seen for the PI3K mRNA and mTOR 
mRNA levels in ARPE-19 cells challenged by H2O2, indicating that H2O2 inactivates PI3K/AKT/mTOR pathway 
and then activates autophagy by inhibiting PI3K and mTOR transcription. In contrast, a dramatic increase of 
PI3K and mTOR mRNA levels was found in cells treated with STS under oxidative stress, indicating that the STS 
could increase PI3K and mTOR transcription, activate the PI3K/AKT/mTOR pathway, and lessen autophagy.

H2O2 treatment induces apoptosis in ARPE-19 cells. In general, apoptosis is the final stage of various 
programmed cell death patterns (apoptosis, autophagic cell death and necrosis). In the present study, apoptosis 
was exhibited in ARPE-19 cells challenged by H2O2 as demonstrated by a high-throughput flow cytometry-based 
method29. Annexin V-fluorescein isothiocyanate (V-FITC) and propidium iodide (PI) staining were analyzed by 
flow cytometry. As shown in Fig. 6a,b, the apoptosis rate of ARPE-19 cells markedly increased with the escalation 
of H2O2 concentrations and the prolongation of the treatment time. In particular, when the treatment time was 
increased to 24 h, the cell apoptosis rate induced by H2O2 significantly increased, indicating that the effect of 
prolonged treatment time on the apoptosis rate of ARPE-19 cells was greater than that of the H2O2 concentration. 
Notably, the apoptosis rate of ARPE-19 cells is nearest to 50% when the treatment time is 24 h and the concentra-
tion of H2O2 is 200 μM. When combined with the MTT and CCK8 analysis results, we can conclude that when 
ARPE-19 cells are treated with 200 μM H2O2 for 24 h, the most majority of the cell growth inhibition is due to 
apoptosis.

STS inhibits apoptosis in ARPE-19 cells challenged by H2O2. We next investigated whether STS 
could inhibit ARPE-19 cell apoptosis under oxidative stress using flow cytometry with V-FITC/ PI labeling. As 
shown in Fig. 7a,b, a drastic increase of the apoptotic cell ratio was exhibited in ARPE-19 cells exposed to H2O2 
compared to untreated cells. However, a remarkable reduction in the apoptotic cell ratio was shown in ARPE-19 
cells treated with STS intervention under oxidative stress. Treatment with 3MA alone also resulted in a markedly 
decreased apoptosis rate in ARPE-19 cells in the oxidative stress environment, indicating that the inhibition of 
autophagy can result in the alleviation of apoptosis in an oxidative stress circumstances. Co-treatment with STS 
and 3MA also reduced the apoptotic rate of ARPE-19 cells, but the difference between the groups was not sta-
tistically significant in comparison with the untreated and STS only-treated cells, indicating that the STS plays a 
prominent role in apoptosis inhibition in ARPE-19 cells under oxidative stress.

Figure 4. STS decreases autophagic protein expression in ARPE-19 cells under oxidative stress. (a) 
Representative protein gel blots of Beclin 1, ATG3, ATG7 and ATG9 are shown. Actin was utilized as a loading 
control. (b–e) The accompanied histogram of densitometric quantification of Beclin1, ATG3, ATG7 and ATG9. 
Untreated cells were used as positive control. Experiments in each group were repeated 3 times. Data were 
analyzed using one- way ANOVA, and differences between means were considered statistically significant when 
P < 0.05, Bonferroni correction of P-value was applied in multiple comparison. Statistical analysis showed that 
there was no significant difference between H2O2 + STS and H2O2 + 3MA in C and E, and the other groups 
showed statistically significant differences.
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Effect of STS on intrinsic apoptotic pathway-related factors in ARPE-19 cells challenged by H2O2.  
The apoptotic signaling cascade includes two main pathways, intrinsic and extrinsic, which are triggered by 
different mitochondrial stimuli or by molecules binding to the cell-membrane receptor30. Intrinsic apoptosis 

Figure 5. STS inhibits autophagy by activating the PI3K/AKT/mTOR pathway in ARPE-19 cells under 
oxidative stress. (a) Representative protein gel blots of PI3K and mTOR are shown for ARPE-19 cells. Actin 
was utilized as a loading control. The experiment was repeated 3 times in each group. (b–c) The accompanied 
histogram of densitometric quantification of PI3K and mTOR. Untreated cells were used as a positive control. 
(d–e) RT-qPCR analysis of mRNA levels of PI3K and mTOR in ARPE-19 cells. Actin was used as an internal 
control for the experiment. The mRNA levels were normalized to the actin level. Bars represent the mean ± SD 
of six independent experiments. Data were analyzed using one-way ANOVA and differences between means 
were considered statistically significant when P < 0.05, Bonferroni correction of P-value was applied in multiple 
comparison. There was no statistical difference between H2O2 + STS and H2O2 + 3MA in (b–d).

Figure 6. H2O2 treatment results in apoptosis in a time- and concentration-dependent manner in ARPE-
19 cells. (a) Typical flow cytometry images of apoptosis in each group using V-FITC/PI labelling. (b) The 
accompanied line chart. Each group of experiments repeated 3 times and the average was applied to produce the 
line chart, data were analyzed using two-way ANOVA.
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signaling is induced by various stimuli, such as hypoxia, DNA damage, and oxidative stress31. We first investigated 
the mechanism of STS inhibition of ARPE-19 cell apoptosis under oxidative stress conditions from the intrinsic 
apoptotic pathway.

The BCL-2 protein family regulates the intrinsic apoptotic pathway by controlling the mitochondrial 
outer membrane (MOM) integrity32. BCL-2 proteins are divided into two subcategories: pro-apoptotic 
and anti-apoptotic. Pro-apoptotic family members include BAK, BAX, BID, BAD, Noxa and PUMA. The 
anti-apoptotic family members include BCL-2, BCL-XL, MCL-1, BCL-W and A1/Bfl-133. As shown in Fig. 8a,b 
and Supplementary Fig. S4, the results of WB revealed that H2O2 treatment significantly increased the expression 
of BAX in ARPE-19 cells compared with untreated cells. STS intervention, however, dramatically decreased the 
expression of BAX under oxidative stress. Concurrently, 3MA treatment alone also dampened this increase, indi-
cating that inhibition of autophagy in ARPE-19 cells also reduced BAX expression under oxidative stress.

A reduction in the mitochondrial membrane potential (MMP) is frequently observed in cells under oxidative 
stress34. Next, we sought to demonstrate whether the STS intervention could protect APRE-19 cells from MMP 
loss under oxidative stress. As shown in Fig. 8f,g, H2O2 treatment markedly increased the MMP in ARPE-19 cells 
relative to untreated cells, indicating that oxidative stress has a destructive effect on the MOM in cells. In contrast, 
STS treatment caused a significant elevation in MMP, which was significantly different in comparison to the 
untreated group, indicating that STS can protect the MOM in ARPE-19 cells under oxidative stress. Treatment 
with 3MA alone also significantly increased the MMP, indicating that inhibition of autophagy also has some 
protective effect on the MOM in ARPE-19 cells under oxidative stress. There was no significant difference in the 
MMP in cells co-treated with STS and 3MA compared with cells treated with STS alone, indicating that STS plays 
a pivotal role in rescuing ARPE-19 cells against MMP loss compared to 3MA under oxidative stress conditions.

Caspases are cysteine proteases that are crucial to the morphological and biochemical changes that occur dur-
ing apoptosis. Central events to apoptosis is the activation of caspase proteases that drive cellular disassembly35. 
As shown in Fig. 8a,c,d and Supplementary Fig. S4, the results of WB showed that the expression of caspase-9 
and caspase-3 were significantly increased in ARPE-19 cells challenged by H2O2 compared with untreated cells, 
whereas STS intervention markedly decreased the expression of these proteins in an oxidative stress environment. 
Treatment with 3MA alone also reduced the expression of caspase-9 and caspase-3, confirming that inhibition of 
autophagy also decreased the expression of these proteins in ARPE-19 cells under oxidative stress.

BCL-2 is the primary member of the main anti-apoptotic BCL-2 family receptor proteins. As shown in 
Fig. 8a,e and Supplementary Fig. S4, the results of WB revealed that H2O2 treatment strongly decreased the 
expression of BCL-2 in ARPE-19 cells compared with untreated cells. STS intervention, however, markedly 
increased its expression in an oxidative stress environment. Treatment with 3MA alone also increased the expres-
sion of BCL-2, confirming that the inhibition of autophagy could reduce the expression of BCL-2 in ARPE-19 
cells under oxidative stress.

Effect of STS on extrinsic apoptotic pathway-related factors in ARPE-19 cells challenged by H2O2.  
Caspase-8 is an initiator and apical activator caspase that plays a central role in apoptosis. Caspase-8 is essential 
for death receptor-induced activation of the extrinsic cell-death pathway36. Cellular FLICE-inhibitory protein 
(c-FLIP), a homolog of caspase-8, blocks caspase-8 apoptotic function by forming heterodimeric complexes37. 

Figure 7. STS treatment decreases apoptosis in ARPE-19 cells under oxidative stress. (a) Quantification of 
the cell death rate by flow cytometry using V-FITC/PI labelling in each group taken by flow cytometry images. 
Untreated cells were used as a positive control. (b) The accompanied histogram of V-FITC/PI measurements of 
apoptotic cells. The experiment was repeated 3 times in each group. Data were analyzed using one-way ANOVA 
and differences between means were considered statistically significant when P < 0.05, Bonferroni correction 
of P-value was applied in multiple comparison. There was no statistical difference between control, H2O2 + STS 
and H2O2 + 3MA in (b), the other groups showed statistically significant differences.
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One class of death receptor inhibitors, identified first in viruses, are the Viral FLICE-inhibitory protein 
(v-FLIP), which have homology with the death effect domains of caspase-8 and -1038. As shown in Fig. 9a–d and 
Supplementary Fig. S5, the results of WB showed that H2O2 treatment significantly diminished the expression of 
c-FLIP and v-FLIP and increased the expression of caspase-8 in ARPE-19 cells compared with untreated cells. 
However, STS treatment notably elevated the expression of c-FLIP and v-FLIP and decreased the expression of 
caspase-8 under oxidative conditions. Treatment with 3 MA alone significantly increased the expression of c-FLIP 
and v-FLIP and reduced the expression of caspase-8 under oxidative stress.

Discussion
Our study demonstrates that under oxidative stress conditions: (1) Growth inhibition occurs in ARPE-19 cells, 
the vast majority of which is due to autophagy-associated cell death and apoptosis; (2) STS inhibits ARPE-19 cell 
autophagy by activating the PI3K-AKT-mTOR pathway; and (3) STS protects ARPE-19 cells from apoptosis by 
dampening intrinsic and extrinsic apoptosis pathways.

Recent studies have indicated the potential role of autophagy in lipofuscin accumulation, drusen formation, 
and AMD pathogenesis39. In addition, it has been reported that autophagic flux increases during aging due to 

Figure 8. Effect of STS on intrinsic apoptosis-related factors in ARPE-19 cells under oxidative stress. (a) 
The representative protein gel blots of BAX, caspase-9, caspase-3 and BCL-2 are shown. Actin was utilized 
as a loading control. (b–e) The accompanying histogram of densitometric quantification of BAX, caspase-9, 
caspase-3 and BCL-2. Untreated cells were used as a positive control. (f) The effect of STS on MMP using the 
JC-1 dye in ARPE-19 cells under oxidative stress. The red/green fluorescent intensity ratio reflects MMP. (g) The 
accompanied histogram of MMP. The experiment was repeated 3 times in each group. Data were analyzed using 
one-way ANOVA and differences between measures were statistically significant when P < 0.05, Bonferroni 
correction of P-value was applied in multiple comparison. The statistical results show that there is no statistical 
difference between control and H2O2 + 3MA, or H2O2 + STS and H2O2 + STS + 3MA in (g), the other groups 
showed statistically significant differences.
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the ROS-induced intracellular burden of damaged organelles and accumulated macromolecules40. It has been 
shown that autophagy plays an important role in the protection of the RPE against oxidative stress and lipofuscin 
accumulation, and that impairment of autophagy is likely to exacerbate oxidative stress and contribute to the 
pathogenesis of AMD41. However, autophagy itself also inevitably causes autophagic cell death. Observations 
that, in many instances dying cells have increased autophagic markers and morphological features of autophagy 
originally led to the proposal of autophagic cell death42. Some studies have shown that the autophagy inhibitor 
3MA protects against the autophagic cell death induced by oxidative stress43.

Autophagy and apoptosis are two important cellular processes with complex and intersecting protein net-
works. Therefore, we investigated whether STS could protect ARPE-19 cells from oxidative stress, and we also 
explored its mechanism through both autophagy and the apoptosis pathway.

Our investigation demonstrated that STS intervention increases the expression of p62. As an important hallmark 
of autophagic flux, p62 binds to ubiquitinated proteins and facilitates degradation through autophagic clearance, 
since the proteasome is unable to remove large protein aggregates44. Reduction of p62 protein levels or interference 
with p62 function significantly increased cell death that was induced by the expression of mutant huntingtin45. 
In addition, p62 has been implicated as an adaptor protein to mediate autophagic clearance of insoluble protein 
aggregates in age-related diseases, including AMD. Previous findings have shown that p62 provides enhancing 
protection to RPE cells from environmental stress-induced protein misfolding and aggregation, by facilitating the 
Nrf2-mediated antioxidant response, which might be a potential therapeutic target against AMD46. Therefore, STS 
may decrease cell death and protect ARPE-19 cells against oxidative stress through the same mechanism.

Beclin 1, the mammalian orthologue of yeast Atg6, has a central role in autophagy, a process of programmed 
cell survival, which is increased during periods of cell stress and is halted during the cell cycle47. Beclin 1 is cen-
tral in the regulation of autophagy due to its interaction with several cofactors that promote the formation of the 
BECN1-PIK3C3-PIK3R4 core complex to activate PIK3C3 lipid kinase activity, and induce autophagy48. Our inves-
tigation showed that STS decreased the expression of Beclin 1, suggesting that STS could dampen the formation of 
the BECN1-PIK3C3-PIK3R4 core complex in ARPE-19 cells under oxidative stress conditions. Atg3, an E2-like 
molecule, contributes to the conjugation of LC3 to PE. ATG7, an E1 ubiquitin activating-like protein, is involved in 
the covalent isopeptide linkage of ATG5 and ATG12 to contribute to the elongation of the phagophore membrane49. 
ATG9 is thought to play a role in the supply of components for the formation of the autophagosomal membrane50. 
STS decreased the autophagic expression of BECN1, Atg3, ATG7 and ATG9 in ARPE-19 cells under oxidative stress 
conditions and inhibited autophagy by lowering autophagy activation and autophagosome formation.

Our study shows that STS increases the expression of p62 in ARPE-19 cells under oxidative stress. As a 
central element signaling cell growth and enhancing protein translation, the mammalian target of rapamycin 
(mTOR), when inhibited, induces autophagy47. mTOR forms two distinct signalling complexes, mTOR complex 
1 (mTORC1) and mTORC2, by binding with multiple companion proteins. Previous studies have shown that 
mTORC1 inhibits the autophagy-initiating UNC-5-like autophagy activating kinase (ULK) complex by phospho-
rylating complex components including ATG13 and ULK1/251. Most importantly, p62 has been suggested to be 
a key regulator of nutrient sensing in this pathway with overexpression favouring more efficient activation of the 
mTOR pathway52. p62 is an integral part of the mTORC1 complex, and a previous study has revealed that p62 
is required for mTORC1 compartmentalization and activation regulation of its recruitment to the lysosome52. 
Therefore, we can make a conclusion that STS also promotes the activation of mTOR, thereby inhibiting autophagy.

The PI3K/AKT/mTOR pathway is one of the most important signaling pathways in the regulation of cell 
survival, proliferation, and metabolic activities53. The pathway in comprised of three main driving molecules: 
PI3K3Kinase (PI3K), AKT, and mTOR. PI3K is a member of a subfamily of lipid kinases implicated in many phys-
iological processes54. mTOR, an important component of this network, is a PI3K-related serine–threonine kinase, 
which can regulate anti-apoptotic and survival mechanisms by phosphorylating AKT55. Our results showed that 
STS activates the PI3K/AKT/mTOR signaling pathway in ARPE-19 cells under oxidative stress, thereby inhibiting 

Figure 9. Effect of STS on extrinsic apoptosis-related factors in ARPE-19 cells under oxidative stress. (a) 
Representative protein gel blots of c-FLIP, v-FLIP and caspase-8 are shown. (b–d) The accompanied histogram 
of densitometric quantification of c-FLIP, v-FLIP and caspase-8. The experiments were repeated 3 times in 
each group. Data were analyzed using one-way ANOVA, and differences between devices were considered as 
statistically significant when P < 0.05, Bonferroni correction of P-value was applied in multiple comparison. The 
statistical results showed that there was statistical difference between the groups.
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autophagy. In addition, some studies have shown that oxidative stress by H2O2 inhibits mTOR-mediated phos-
phorylation of S6K1 and 4E-BP1, leading to apoptosis of neuronal cells56. Other studies have shown that inhi-
bition of the PI3K/AKT/mTOR signaling pathway increased CVB3-induced CPE and apoptosis in HeLa cells57. 
Therefore, STS activates the PI3K/Akt/ mTOR signaling pathway under oxidative stress and may also play a role 
in inhibiting ARPE-19 cell apoptosis.

It has been shown that multiple risk factors for AMD are associated with changes in the physiological func-
tions of RPE cells; for example, oxidants can induce apoptosis of RPE cells. The flow cytometry results using 
V-FITC/PI labelling showed that STS notably diminished the apoptotic rate of ARPE-19 cells under oxidative 
stress; therefore, we investigated whether STS inhibited cell apoptosis through intrinsic and extrinsic apoptotic 
pathways.

Our study showed that STS could dampen the intrinsic apoptosic pathway through a crosstalk and synergistic 
mechanism in ARPE-19 cells under oxidative stress. BAX is the effector of the BCL-2 family because upon acti-
vation, it changes conformation and, inserts into the outer mitochondrial membrane, oligomerizese, and induces 
mitochondrial outer membrane permeabilization (MOMP)58. Activation of the mitochondrial pathway mediates 
the release of cytochrome c that is associated with the opening of the MOM and loss of the MMP59. A significant 
reduction of pro-apoptotic protein expression of BAX and a notable increase of MMP were exhibited in ARPE-19 
cells that were treated with STS, indicating that STS could diminish the mitochondrial permeability and decrease 
the release of cytochrome c. The release of cytochrome c (generally considered a critical decision point in apopto-
sis) involves the activation of the Bcl-2 family members BAX and BAK at the surface of mitochondria58. Thus, the 
reduced release of cytochrome c further alleviates the activation of BAX. Upon MOMP, cytochrome c translocates 
into the cytosol to initiate formation of the apoptosome complex, leading to proximity-induced auto-activation 
of initiator caspase-9 and, once activated, caspase-9 cleaves and activates executioner caspases, such as caspase-3 
and -760. Caspase-3 is a predominant effector caspase in apoptosis59. Both diminished protein expressions of 
caspase-9 and caspase-3 were expressed in ARPE-19 cells treated by STS under oxidative condition. BCL-2 is the 
primary member of the main anti-apoptotic BCL-2 family receptor protein. BCL-2 proteins block this pathway 
by interacting with BAX and BAK. They inhibit mitochondria permeabilization and cell death61. STS interven-
tion increased the expression of BCL-2 under oxidative stress, thereby elevating its interaction with BAX, which 
prevented BAX and BAK from forming oligomers, further preventing it from penetrating MOM and reducing 
the release of cytochrome c.

Our results also showed that STS could diminish the extrinsic apoptotic pathway in ARPE-19 cells under 
oxidative stress. The extrinsic apoptotic pathway is activated by death receptors, which are cell-surface receptors 
that bind specific ligands and transmit apoptotic signals. Caspase-8 is an initiator and apical activator caspase 
that plays a central role in the extrinsic apoptotic pathway. STS treatment notably decreased the expression of 
caspase-8 in cells under oxidative conditions was exhibited in our study. Following the activation of caspases-8 
and -10, the effector caspases-3, -6, and -7 are cleaved, leading to cellular degradation in the final stage of apop-
tosis62. Because apoptosis is central for the development and survival of the host, caspase-8 activation is tightly 
regulated. c-FLIP is a major antiapoptotic protein and an important cytokine and chemotherapy resistance factor 
that suppresses cytokine- and chemotherapy-induced apoptosis63. c-FLIP binds to caspase-8 and, in turn, blocks 
the formation of death-inducing signalling complex and subsequent activation of the caspase cascade. v-FLIP 
robustly blocks the Fas-mediated apoptosis-inducing signal by forming homophilic interactions with DEDs of 
FADD and/or caspase-864. STS inhibited the protein expression of caspase-8 through increasing the express of 
c-FLIP and v-FLIP in cells under oxidative stress.

It is noteworthy that a crosstalk mechanism also exist in autoghapy and extrinsic apoptosis-related protein 
c-FLIP and v-FLIP. Previous study showed that c-FLIP and v-FLIP could suppress autophagy by preventing Atg3 
from binding and processing LC365. Our investigation showed that STS treatment significantly increased the 
expression of c-FLIP and v-FLIP in ARPE-19 cells under oxidative stress. c-FLIP attenuates autophagy by directly 
acting on the autophagy machinery by competing with Atg3 binding to LC3, thereby decreasing LC3 processing 
and inhibiting autophagosome formation63. v-FLIP also plays a critical role in concomitantly blocking cellular 
autophagy, whereby v-FLIP targets the autophagy effector Atg3 and impairs the elongation of the autophagosome 
membrane, thus inhibiting autophagy in a manner more potent than cellular FLIP65. It is reasonable that STS 
not only alleviated apoptosis by inhibiting the extrinsic apoptosis pathway, it also inhibited cellular autophagy 
by blocking Atg3 from binding and interacting with LC3 through c-FLIP and v-FLIP in ARPE-19 cells under 
oxidative stress.

Interestingly, Beclin 1, an autophagy protein, plays an indispensable role in the crosstalk between autophagy 
and apoptosis. This protein is part of a lipid kinase complex, and recent studies suggest that it plays a central role 
in coordinating the cytoprotective function of autophagy and in opposing the cellular death process of apopto-
sis48. It interacts with anti-apoptotic BCL-2-like proteins and has recently been found to be a BCL-2-homology-3 
(BH3)-only protein66. The BH3 domain of Beclin 1 is bound to, and inhibited by, BCL-2 or BCL-XL, and this 
interaction can be disrupted by phosphorylation of BCL-2 and Beclin 1, or ubiquitination of Beclin 147. Our find-
ings demonstrated that STS intervention diminished the expression of Beclin 1 in ARPE-19 cells under oxidative 
stress, which in turn reduced the formation of the Beclin 1-BCL-2 complex and up-regulated the expression of 
BCL-2, robustly dampening apoptosis. The relationship between Beclin 1 and BCL-2/BCL-XL is quite compli-
cated. Beclin 1 cannot neutralize the antiapoptotic function of BCL-2, which is exerted at the mitochondrial 
membrane67. In contrast, BCL-2 or BCL-XL reduces the pro-autophagic activity of Beclin 167. Therefore, STS 
treatment increased the expression of BCL-2 in ARPE-19 cells under oxidative stress, which inhibited apoptosis 
and reduced the autophagy activity of Beclin 1.

The multiple routes of crosstalk between autophagy and apoptosis make them appear to have a balanced state 
between cell survival and cell death in response to different stresses. An increasing number of investigations 
have focused on the interaction of autophagy and apoptosis in the onset and development of neurodegenerative 
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diseases. In this regard, the interesting question of the utilization of autophagic proteins to regulate apoptosis 
(and vice versa) requires further study. Our study shows that STS can inhibit autophagy and alleviate apoptosis. 
Among the mechanisms of crosstalk, STS activates the PI3K/AKT/mTOR pathway in ARPE-19 cells under oxida-
tive stress to inhibit autophagy, thereby reducing autophagy-related cell death, decreasing the expression of Beclin 
1, and increasing the expression of the anti-apoptotic protein BCL-2, accompanied by inhibition of the intrinsic 
apoptosis pathway. In addition, STS also inhibited cellular autophagy by blocking Atg3 from binding and inter-
acting with LC3 through increasing the expression of anti-apoptotic protein c-FLIP and v-FLIP, accompanied 
by dampening the intrinsic apoptosis pathway. STS is expected to be candidate or to be used in a combination 
treatment for AMD (including dry and wet) due to its multiple protective mechanisms in ARPE-19 cells under 
oxidative stress conditions.

Materials and Methods
Cell culture and stimulation. ARPE-19 cell lines were purchased as frozen vials from the Shanghai Fu 
Heng Biotechnology Company. ARPE-19 cells were cultured in Ham’s F10 Medium containing 10% FBS at 37 °C 
in a humidified atmosphere containing 5% CO2/95% air, as previously described68. Primary cultures that were 
between the 2nd and 4th passage were used. ARPE-19 cells were grown to 70–80% confluence and maintained in 
basal media (Ham’s F10 Medium C 2% FBS) for up to 7 d to allow the cells to develop a polarized epithelial layer 
before the experiments were carried out. In the H2O2 stimulation experiment, ARPE-19 cells were seeded into 
6-well plates at a concentration of 2 × 106 cells/ml with DMEM basal medium. The H2O2 stimulation was carried 
out the following day using H2O2 diluted in DMEM basal medium. The ARPE-19 cells were challenged by a single 
administration of H2O2 (0 μM, 25 μM, 50 μM, 100 μM, 200 μM and 400 μM) for 6 h, 1 2 h and 24 h.

MTT assay for cell inhibitory rate. The 3-(4, 5-dimethylthiazol-3-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) assay was utilized to determine the cells’ inhibitory rate in accordance with the manufacturer’s protocol. 
MTT (Solarbio, Beijing, China) is light yellow or yellow alkaloid, and succinate dehydrogenase in living cells 
can reduce it to blue-purple-formazan, while the dead cells do not have this function. Therefore, the formation 
of crystalline formazan is proportional to the number of living cells. DMSO (Solarbio, Beijing, China) can dis-
solve this crystal, and the absorbance value is measured by a microplate reader at 490 nm. The OD value and the 
amount of formazan crystallization form a linear relationship within a certain range, and the impact of a drug on 
the survival rate of cells could be found.

CCK8 assay for cell inhibitory rate. The CCK-8 (Cell-Counting Kit-8) assay was used to detect the cells’ 
inhibitory rate in accordance with the manufacturer’s protocol. CCK8 is widely utilized for the assay of cell prolif-
eration and cytotoxicity based on WST-8. WST-8 is an MTT-like compound that can be reduced to orange-yellow 
formazan by some dehydrogenases in the mitochondria in the presence of an electron-coupled reagent. The 
amount of dye converted is directly proportional to the number of living cells and has been shown to correlate 
well with the 3H-thymidine incorporation assay commonly used for proliferation studies69. The absorbance value 
is measured by microplate reader at 490 nm.

Calculate IC50 values by integrating the results of MTT and CCK8 assay. The calculation formula of 
IC50 is lgIC50 = Xm-I (P- (3-Pm-Pn)/4). Xm: lg maximum dose; I: lg (maximum dose/relative dose); P: the sum 
of the positive reaction rate; Pm: the maximum positive reaction rate; Pn: the minimum positive reaction rate.

Selection and intervention experiments. Sodium tanshinone IIA sulfonate was purchased from 
Solarbio Company, and its purity was greater than 98%, as found by testing. It was diluted with DMEM basal 
medium (HyClone Laborotaries, Inc., Logan, Utah, USA) to the final use concentration. In the experiment, esca-
lating concentrations of STS (10 μM, 20 μM and 30 μM) were added to the medium, and 10 μM STS was chosen 
for the subsequent serious of experiments according to the flow cytometry analysis results using V-FITC/PI  
Staining. In the STS-intervention studies, ARPE-19 cells were seeded into 6-well plates at a concentration of 
2 × 106 cells/ml. The following day, H2O2, STS and autophagy inhibitor 3MA (Selleckchem, Houston, Texas, 
USA) were diluted to their final use concentrations with DMEM basal medium, in accordance with the manu-
facturer’s instructions, and were added to the cells, alone or together for 24 h. The groups were follows: A: 0 μM 
H2O2, B: 200 μM H2O2, C: 200 μM H2O2 + 10 μM STS, D: 200 μM H2O2 + 5 mM 3MA, E: 200 μM H2O2 + 10 μM 
STS + 5 mM 3MA

Detecting apoptosis by Flow cytometry analyses using V-FITC and PI staining. ARPE-19 cells 
were digested with 0.25% trypsin (Beyotime, Haimen, Jiangsu, China) and centrifuged at 1000 rpm for 5 min at 
4 °C. The cells were then harvested. The trypsinization time should not be too long to prevent false positives. The 
cells were washed twice with pre-cooled PBS, centrifuged at 1000 rpm for 5 min at 4 °C, and 1–5 × 105 cells were 
collected. Next, the PBS was discarded and 100 μl of 1 × binding buffer was added to resuspend the cells. The 
cells were mixed gently with 5 μL of V-FITC and 10 μL of PI staining solution (BestBio, Shanghai, China). The 
cells were incubated with the dyes for 10–15 min at room temperature in the dark. After the incubation, 400 μL 
of 1 × binding buffer was added to the cells, mixed and placed on ice. After 1 hour, the sample was detected by 
flow cytometry. The V-FITC-positive and PI-negative cells were recorded as apoptotic cells, and the percentage of 
apoptotic cells in each group was recorded.

Detection of autophagic cells by acridine orange staining. As a marker of autophagy, the vol-
ume of the cellular acidic compartment was visualized by acridine orange (AO) staining22. AO (Solarbio, 
Beijing, China), a fluorochrome, has membrane permeability that can penetrate into acidic organelles, such as 
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autophagy- lysosomes. Autophagic cells stained by AO can be observed to have red and yellow spots, known 
as acidic bodies, by a fluorescence microscope. The AO staining solution (1 mg/ml) is used as the storage solu-
tion, and should be diluted to the appropriate concentration (8.5~17 μg/ml) before use. Staining was allowed to 
proceed for 15~20 min at room temperature in the dark. The ARPE-19 cells stained by AO were observed by a 
fluorescence microscope (excitation filter wavelength 488 nm, blocking filter wavelength 515 nm) and images 
were taken.

Western blot analysis. ARPE-19 cells were harvested and centrifuged at 2500 rpm for 10 min. One milliliter 
of RIPA cell lysate (containing 1 mM PMSF) was added to the cells, which were lysed on ice for 30 min. The super-
natant was collected, which contained the total cellular protein. Cell lysates containing equal amounts of protein 
were loaded in each lane and were separated on a 12% SDS-PAGE gel. After separation, the proteins were trans-
ferred to a nitrocellulose membrane, and nonspecific binding sites were blocked by treatment with a solution of 
5% non-fat dry milk. The membranes were then incubated with primary antibodies directed against LC3 I(1:1000, 
Abcam, Cambridge, MA, USA), LC3 II(1:2000, Abcam, Cambridge, MA, USA), p62(1:300, Bioss, Inc., Woburn, 
MA, USA), Beclin 1(1:1000, Abcam, Cambridge, MA, USA), ATG 3(1:500, Bioworld Technology, Inc., St. Louis 
Park, MN, USA), ATG 7(1:2000, Bioworld Technology, Inc., St. Louis Park, MN, USA), ATG 9(1:500, Bioworld 
Technology, Inc., St. Louis Park, MN, USA), PI3K(1:1000, Abcam, Cambridge, MA, USA), mTOR(1:500, 
Bioworld Technology, Inc., St. Louis Park, MN, USA), Bax(1:200, Santa Cruz Biotechnology, Inc, Dallas, Texas, 
USA), Caspase 9(1:200, Boster Biological Technology, Pleasanton, California, USA), Caspase 3(1:500, Bioworld 
Technology, Inc., St. Louis Park, MN, USA), Bcl-2(1:200, Santa Cruz Biotechnology, Inc, Dallas, Texas, USA), 
c-FLIP(1:300, Bioss, Inc., Woburn, MA, USA), v-FLIP(1:500, Bioss, Inc., Woburn, MA, USA), Caspase 8(1:500, 
Bioworld Technology, Inc., St. Louis Park, MN, USA) and were incubated overnight at 4 °C. The horseradish per-
oxidase (HRP)-conjugated secondary antibody was diluted according to the corresponding ratios, 1:10000 (Bax, 
Bcl-2, LC3-II, Caspase 3, Caspase 9, Caspase 8, ATG 3, ATG 7, ATG 9, Beclin 1, mTOR, PI3K), 1:5000 (p62), 
1:2000 (LC3- I) and 1:20000 (c-FLIP, v-FLIP), in accordance with the instructions of the secondary antibodies, 
and was incubated at room temperature for 2 hours. The ECL Ultra-Sensitive Luminescence Kit was utilized for 
protein detection, referring to the instructions. The Beijing Kechuang Ruixin biological gel imaging and analysis 
system was used for film strip analysis (Image J software analysis of the grey band values).

RT-qPCR analysis. One milliliter of TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) was added to 
each well of cells and placed on ice for 5 minutes. The resulting lysate was transferred from each well into an EP 
tube, 0.2 ml chloroform was added and, the samples were shaken vigorously for 15 s, then incubated for 3 minutes 
at room temperature. The lysis samples were centrifuged at 12000 rpm for 15 minutes at 4 °C, and the supernatant 
(approximately 500 μl) was collected and added to a fresh EP tube. Five-hundred microliters of isopropanol was 
added to the supernatant, and the samples were gently mixed followed by incubation for 10 minutes at room 
temperature. The samples were then centrifuged at 12000 rpm at 4 °C for 10 minutes, and the supernatant was 
discarded. One milliliter of 75% ethanol (DEPC water preparation) was added to the samples, which were then 
centrifuged at 12000 rpm for 4 minutes at 4 °C, and the supernatant was discarded. The resulting RNA was dried 
for 30 minutes at room temperature. A total of 20–50 μL of DEPC water was added to the RNA to dissolve it, 
and the samples were incubated at 55 °C for 10 minutes before being stored at −80 °C for future use. Total RNA 
(1 μg), 10 μM oligo (dT) and DEPC water, to a final volume of 12 μL, were gently mixed in a 0.2 mL EP tube before 
centrifuging. The EP tube was heated in the PCR instrument and immediately cooled on ice for 3 min. Next, 
4.0 μL 5 × reaction buffer, 2 ul of 10 mM dNTP mix, 1 μL of RibolockTM RNase inhibitor and 1 μL of RevertAidTM 
M-MuLV reverse transcriptase were added to the tube. The reaction solution, which contained cDNA, was 
removed and stored at −80 °C. The cDNA was used as fluorescence quantitative template in the following reac-
tion system: 5 μL of 2 × SYBR green mixture, 1 μL of forward primer (10 μM), 1 μL of reverse primer (10 μM), 
1 μL of cDNA and 2 μL of Rnase-free water. All reactions were performed for 40 cycles with the following tem-
perature profiles: 95 °C for 2 min, 95 °C for 5 s and 60 °C for 10 s. The sequences of the primers used were as fol-
lows: for β-actin, 5′-GGGAAATCGTGCGTGACATTAAGG -3′ and 5′- CAGGAAGGAAGGCTGGAAGAGTG 
-3′; for PI3K, 5′-CGAGTGGTTGGGCAATGAAA -3′ and 5′-TAGCAGCCCTGTTTACTGCT-3′, for mTOR, 
5′-GTGGTGGCAGATGTGCTTAG -3′ and 5′-TTCAGAGCCACAAACAAGGC-3′. The analysis method used 
in this experiment is a relative quantification study, and the calculation method is 2−△△Ct.

Assessment of mitochondrial membrane potential by JC-1 dye. JC-1 is an ideal fluorescent probe 
that is widely used to detect MMP, △Ψm. JC-1 dye accumulates in the mitochondria in a potential-dependent 
manner and can be used to detect cells, tissues or purified mitochondrial membrane potential. In normal mito-
chondria, JC-1 aggregates in the mitochondrial matrix to form polymers, which emit intense red fluorescence 
(Ex = 585 nm, Em = 590 nm), while the JC-1 that is present in the cytoplasm will exist in monomer form and emit 
green fluorescence (Ex = 514 nm, Em = 529 nm) due to the down-regulation or loss of membrane potential. JC-1 
be used for qualitative detection due to the color change that directly reflects the change of MMP, and it can also 
be used for quantitative detection due to the degree of mitochondrial depolarization, which can be measured by 
the ratio of red/green fluorescence intensity. The cells were planted in 12-well plates at a density of 5 × 105 cells/ml  
and grown in an incubator containing 5% CO2 at 37 °C overnight. Appropriate compounds were chosen for 
apoptosis induction according to the specific desired procedures. A 0.5 ml cell suspension sample was transferred 
to a sterile centrifuge tube and centrifuged at 400 × g for 5 min at room temperature, and the supernatant was 
discarded. The cells were resuspended with 0.5 ml of JC-1 working solution (Yeasen, Shanghai, China) and incu-
bated for 15–30 min at 37 °C with 5% CO2, followed by centrifugation at 400 × g for 5 min at room temperature. 
The supernatant was then discarded. The cells were then washed two times by resuspending 2 ml of cell culture 
media or buffer and centrifuged at 400 × g for 5 min at room temperature, and the supernatants were discarded. 
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Finally, the cells were resuspended with 0.5 ml of fresh medium or buffer for subsequent flow analysis. Healthy 
mitochondria containing red JC-1 aggregates were detected with the PE channel, and apoptotic or unhealthy cells 
containing green JC-1 monomer were detected with the FITC channel.

Data analysis. The results are expressed as the mean ± SEM. The data analysis was performed using Prism 
7.0 software (GraphPad Software, San Diego, CA, USA). Data were analyzed using one-way ANOVA or two-way 
ANOVA for multiple comparisons. Differences with P < 0.05 were considered statistically significant.

Data Availability
The datasets generated during or analyzed during the current study are available from the corresponding author 
on reasonable request.

References
 1. Krishnan, T. et al. Prevalence of early and late age-related macular degeneration in India: the INDEYE study. Invest Ophthalmol Vis 

Sci 51, 701–707, https://doi.org/10.1167/iovs.09-4114 (2010).
 2. Green, D. R. Apoptotic pathways: ten minutes to dead. Cell 121, 671–674, https://doi.org/10.1016/j.cell.2005.05.019 (2005).
 3. Spencer, C., Abend, S., McHugh, K. J. & Saint-Geniez, M. Identification of a synergistic interaction between endothelial cells and 

retinal pigment epithelium. Journal of cellular and molecular medicine 21, 2542–2552, https://doi.org/10.1111/jcmm.13175 (2017).
 4. Shulei Zhao, P. A. O. Regulation of choroid development by the retinal pigment epithelium. Molecular Vision 7, 277–282 (2001).
 5. Liang, F.-Q. & Godley, B. F. Oxidative stress-induced mitochondrial DNA damage in human retinal pigment epithelial cells: a 

possible mechanism for RPE aging and age-related macular degeneration. Experimental Eye Research 76, 397–403, https://doi.
org/10.1016/s0014-4835(03)00023-x (2003).

 6. Totan, Y. et al. Oxidative macromolecular damage in age-related macular degeneration. Curr Eye Res 34, 1089–1093, https://doi.
org/10.3109/02713680903353772 (2009).

 7. Zsolt Ablonczy, M. D. et al. Crosson. Human Retinal Pigment Epithelium Cells as Functional Models for the RPEIn Vivo. Physiology 
and Pharmacology 52, 8614–8620, 10.1167 (2011).

 8. Navarro-Yepes, J. et al. Oxidative stress, redox signaling, and autophagy: cell death versus survival. Antioxid Redox Signal 21, 66–85, 
https://doi.org/10.1089/ars.2014.5837 (2014).

 9. Amelio, I., Melino, G. & Knight, R. A. Cell death pathology: cross-talk with autophagy and its clinical implications. Biochem Biophys 
Res Commun 414, 277–281, https://doi.org/10.1016/j.bbrc.2011.09.080 (2011).

 10. Blasiak, J., Petrovski, G., Vereb, Z., Facsko, A. & Kaarniranta, K. Oxidative stress, hypoxia, and autophagy in the neovascular 
processes of age-related macular degeneration. Biomed Res Int 2014, 768026, https://doi.org/10.1155/2014/768026 (2014).

 11. Hu, Q. et al. Sodium tanshinone IIA sulfonate ameliorates ischemia-induced myocardial inflammation and lipid accumulation in 
Beagle dogs through NLRP3 inflammasome. Int J Cardiol 196, 183–192, https://doi.org/10.1016/j.ijcard.2015.05.152 (2015).

 12. Morton, J. S., Quon, A., Cheung, P. Y., Sawamura, T. & Davidge, S. T. Effect of sodium tanshinone IIA sulfonate treatment in a rat 
model of preeclampsia. Am J Physiol Regul Integr Comp Physiol 308, R163–172, https://doi.org/10.1152/ajpregu.00222.2014 (2015).

 13. Jun Cheng, T. C. et al. Sodium tanshinone IIA sulfonate prevents lipopolysaccharide-induced inflammation via suppressing nuclear 
factor-κB signaling pathway in human umbilical vein endothelial cells. Can. J. Physiol. Pharmacol 96 (2018).

 14. Qian, C., Ren, Y. & Xia, Y. Sodium tanshinone IIA sulfonate attenuates hemorrhagic shock-induced organ damages by nuclear 
factor-kappa B pathway. J Surg Res 209, 145–152, https://doi.org/10.1016/j.jss.2016.10.008 (2017).

 15. Guan, R. et al. Sodium Tanshinone IIA Sulfonate Decreases Cigarette Smoke-Induced Inflammation and Oxidative Stress via 
Blocking the Activation of MAPK/HIF-1alpha Signaling Pathway. Front Pharmacol 9, 263, https://doi.org/10.3389/fphar.2018.00263 
(2018).

 16. Yang, R. et al. Sodium Tanshinone IIA Sulfonate Protects Cardiomyocytes Against Oxidative Stress–mediated Apoptosis Through 
Inhibiting JNK Activation. J Cardiovasc Pharmacol 51, 396–401 (2008).

 17. Bernas, T. & Dobrucki, J. Mitochondrial and nonmitochondrial reduction of MTT: interaction of MTT with TMRE, JC-1, and NAO 
mitochondrial fluorescent probes. Cytometry 47, 236–242 (2002).

 18. Mosmann, T. Rapid Colorimetric Assay for Cellular Growth and Survival: Application to Proliferation and Cytotoxicity Assays. 
Journal oflmmunologicalMethod 65, 55–63 (1983).

 19. Ishiyama, M., Miyazono, Y., Sasamoto, K., Ohkura, Y. & Ueno, K. A highly water-soluble disulfonated tetrazolium salt as a 
chromogenic indicator for NADH as well as cell viability. Talanta 44, 1299–1305 (1997).

 20. Neubig, R. R. et al. International Union of Pharmacology Committee on Receptor Nomenclature and Drug Classification. XXXVIII. 
Update on terms and symbols in quantitative pharmacology. Pharmacol Rev 55, 597–606, https://doi.org/10.1124/pr.55.4.4 (2003).

 21. Yifeng, H. et al. The changing 50% inhibitory concentration (IC50) of cisplatin:a pilot study on the artifacts of the MTT assay and 
the precisemeasurement of density-dependent chemoresistance in ovarian cancer. Oncotarget 7 (2016).

 22. Shoshana Paglin, T. H. et al. A Novel Response of Cancer Cells to Radiation Involves Autophagy and Formation of Acidic Vesicles. 
Cancer Research 61, 439–444 (2001).

 23. Boya, P. et al. Inhibition of macroautophagy triggers apoptosis. Mol Cell Biol 25, 1025–1040, https://doi.org/10.1128/MCB.25.3.1025-
1040.2005 (2005).

 24. Wang, A. L. et al. Using LC3 to monitor autophagy flux in the retinal pigment epithelium. Autophagy 5, 1190–1193, https://doi.
org/10.4161/auto.5.8.10087 (2014).

 25. Pankiv, S. et al. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy. 
J Biol Chem 282, 24131–24145, https://doi.org/10.1074/jbc.M702824200 (2007).

 26. Bjorkoy, G. et al. p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced 
cell death. The Journal of Cell Biology 171, 603–614 (2015).

 27. Ktistakis, N. T. & Tooze, S. A. Digesting the Expanding Mechanisms of Autophagy. Trends Cell Biol 26, 624–635, https://doi.
org/10.1016/j.tcb.2016.03.006 (2016).

 28. He, C. & Klionsky, D. J. Regulation mechanisms and signaling pathways of autophagy. Annu Rev Genet 43, 67–93, https://doi.
org/10.1146/annurev-genet-102808-114910 (2009).

 29. Petrovski, G. et al. Clearance of dying autophagic cells of different origin by professional and non-professional phagocytes. Cell 
Death Differ 14, 1117–1128, https://doi.org/10.1038/sj.cdd.4402112 (2007).

 30. Kim, M. J. et al. H9 Inhibits Tumor Growth and Induces Apoptosis via Intrinsic and Extrinsic Signaling Pathway in Human Non-
Small Cell Lung Cancer Xenografts. J Microbiol Biotechnol 25, 648–657 (2015).

 31. Braga, M. et al. Involvement of oxidative stress and caspase 2-mediated intrinsic pathway signaling in age-related increase in muscle 
cell apoptosis in mice. Apoptosis 13, 822–832, https://doi.org/10.1007/s10495-008-0216-7 (2008).

 32. Llambi, F. & Green, D. R. Apoptosis and oncogenesis: give and take in the BCL-2 family. Curr Opin Genet Dev 21, 12–20, https://doi.
org/10.1016/j.gde.2010.12.001 (2011).

http://dx.doi.org/10.1167/iovs.09-4114
http://dx.doi.org/10.1016/j.cell.2005.05.019
http://dx.doi.org/10.1111/jcmm.13175
http://dx.doi.org/10.1016/s0014-4835(03)00023-x
http://dx.doi.org/10.1016/s0014-4835(03)00023-x
http://dx.doi.org/10.3109/02713680903353772
http://dx.doi.org/10.3109/02713680903353772
http://dx.doi.org/10.1089/ars.2014.5837
http://dx.doi.org/10.1016/j.bbrc.2011.09.080
http://dx.doi.org/10.1155/2014/768026
http://dx.doi.org/10.1016/j.ijcard.2015.05.152
http://dx.doi.org/10.1152/ajpregu.00222.2014
http://dx.doi.org/10.1016/j.jss.2016.10.008
http://dx.doi.org/10.3389/fphar.2018.00263
http://dx.doi.org/10.1124/pr.55.4.4
http://dx.doi.org/10.1128/MCB.25.3.1025-1040.2005
http://dx.doi.org/10.1128/MCB.25.3.1025-1040.2005
http://dx.doi.org/10.4161/auto.5.8.10087
http://dx.doi.org/10.4161/auto.5.8.10087
http://dx.doi.org/10.1074/jbc.M702824200
http://dx.doi.org/10.1016/j.tcb.2016.03.006
http://dx.doi.org/10.1016/j.tcb.2016.03.006
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://dx.doi.org/10.1038/sj.cdd.4402112
http://dx.doi.org/10.1007/s10495-008-0216-7
http://dx.doi.org/10.1016/j.gde.2010.12.001
http://dx.doi.org/10.1016/j.gde.2010.12.001


www.nature.com/scientificreports/

1 4ScienTific REPORtS |  (2018) 8:15137  | DOI:10.1038/s41598-018-33552-2

 33. Wong, W. W. & Puthalakath, H. Bcl-2 family proteins: the sentinels of the mitochondrial apoptosis pathway. IUBMB Life 60, 
390–397, https://doi.org/10.1002/iub.51 (2008).

 34. Flynn, J. M. & Melov, S. SOD2 in mitochondrial dysfunction and neurodegeneration. Free Radic Biol Med 62, 4–12, https://doi.
org/10.1016/j.freeradbiomed.2013.05.027 (2013).

 35. Taylor, R. C., Cullen, S. P. & Martin, S. J. Apoptosis: controlled demolition at the cellular level. Nat Rev Mol Cell Biol 9, 231–241, 
https://doi.org/10.1038/nrm2312 (2008).

 36. Boldin, M. P., Yury, T. M. G., Goltsev, V. & Wallach, D. Involvement of MACH, a Novel MORT1/FADD-Interacting Protease, in Fas/
APO-1- and TNF Receptor–Induced Cell Death. Cell 85, 803–815 (1996).

 37. rmler, M. et al. J. Inhibition of death receptor signals by cellular FLIP. Nature 388, 190–195 (1997).
 38. Toshio Imanishi, C. E. M. et al. Cellular FLIP is expressed in cardiomyocytes and down-regulated in TUNEL-positive grafted cardiac 

tissues. Cardiovascular Research 48, 101–110 (2000).
 39. Chen, Y. et al. Autophagy protects the retina from light-induced degeneration. J Biol Chem 288, 7506–7518, https://doi.org/10.1074/

jbc.M112.439935 (2013).
 40. McCray, B. A. & Taylor, J. P. The role of autophagy in age-related neurodegeneration. Neurosignals 16, 75–84, https://doi.

org/10.1159/000109761 (2008).
 41. Mitter, S. K. et al. Dysregulated autophagy in the RPE is associated with increased susceptibility to oxidative stress and AMD. 

Autophagy 10, 1989–2005, https://doi.org/10.4161/auto.36184 (2014).
 42. Gump, J. M. & Thorburn, A. Autophagy and apoptosis: what is the connection? Trends Cell Biol 21, 387–392, https://doi.

org/10.1016/j.tcb.2011.03.007 (2011).
 43. Choi, K. C., Kim, S. H., Ha, J. Y., Kim, S. T. & Son, J. H. A novel mTOR activating protein protects dopamine neurons against 

oxidat ive  st ress  by  repress ing  autophag y re lated cel l  death .  J  Neurochem  112 ,  366–376,  https : / /doi .
org/10.1111/j.1471-4159.2009.06463.x (2010).

 44. Matsumoto, G., Wada, K., Okuno, M., Kurosawa, M. & Nukina, N. Serine 403 phosphorylation of p62/SQSTM1 regulates selective 
autophagic clearance of ubiquitinated proteins. Molecular cell 44, 279–289, https://doi.org/10.1016/j.molcel.2011.07.039 (2011).

 45. Bjorkoy, G. et al. p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced 
cell death. The Journal of cell biology 171, 603–614 (2005).

 46. Wang, L., Cano, M. & Handa, J. T. p62 provides dual cytoprotection against oxidative stress in the retinal pigment epithelium. 
Biochimica et biophysica acta 1843, 1248–1258, https://doi.org/10.1016/j.bbamcr.2014.03.016 (2014).

 47. Kang, R., Zeh, H. J., Lotze, M. T. & Tang, D. The Beclin 1 network regulates autophagy and apoptosis. Cell death and differentiation 
18, 571–580, https://doi.org/10.1038/cdd.2010.191 (2011).

 48. Cao, Y. & Klionsky, D. J. Physiological functions of Atg6/Beclin 1: a unique autophagy-related protein. Cell Res 17, 839–849, https://
doi.org/10.1038/cr.2007.78 (2007).

 49. Han, J. et al. A Complex between Atg7 and Caspase-9: A Novel Mechanism of Cross-Regulation Between Autophagy and Apoptosis. 
J Biol Chem 289, 6485–6497, https://doi.org/10.1074/jbc.M113.536854 (2014).

 50. Zhuang, X. et al. ATG9 regulates autophagosome progression from the endoplasmic reticulum in Arabidopsis. Proc Natl Acad Sci 
USA 114, E426–E435, https://doi.org/10.1073/pnas.1616299114 (2017).

 51. Jung, C. W. et al. ULK-Atg13-FIP200 Complexes Mediate mTOR Signaling to the Autophagy Machinery. Molecular Biology of the 
Cell 20, 1992–2003, https://doi.org/10.1091/mbc.E08-12-1249) (2009).

 52. Duran, A. et al. p62 is a key regulator of nutrient sensing in the mTORC1 pathway. Mol Cell 44, 134–146, https://doi.org/10.1016/j.
molcel.2011.06.038 (2011).

 53. Marone, R., Cmiljanovic, V., Giese, B. & Wymann, M. P. Targeting phosphoinositide 3-kinase: moving towards therapy. Biochim 
Biophys Acta 1784, 159–185, https://doi.org/10.1016/j.bbapap.2007.10.003 (2008).

 54. Liu, P., Cheng, H., Roberts, T. M. & Zhao, J. J. Targeting the phosphoinositide 3-kinase pathway in cancer. Nat Rev Drug Discov 8, 
627–644, https://doi.org/10.1038/nrd2926 (2009).

 55. Roper, J. et al. The dual PI3K/mTOR inhibitor NVP-BEZ235 induces tumor regression in a genetically engineered mouse model of 
PIK3CA wild-type colorectal cancer. PLoS One 6, e25132, https://doi.org/10.1371/journal.pone.0025132 (2011).

 56. Chen, L. et al. Hydrogen peroxide inhibits mTOR signaling by activation of AMPKalpha leading to apoptosis of neuronal cells. Lab 
Invest 90, 762–773, https://doi.org/10.1038/labinvest.2010.36 (2010).

 57. Chen, Z. et al. LY294002 and Rapamycin promote coxsackievirus-induced cytopathic effect and apoptosis via inhibition of PI3K/
AKT/ mTOR signaling pathway. Mol Cell Biochem 385, 169–177, https://doi.org/10.1007/s11010-013-1825-1) (2014).

 58. Llambi, F. et al. A unified model of mammalian BCL-2 protein family interactions at the mitochondria. Mol Cell 44, 517–531, https://
doi.org/10.1016/j.molcel.2011.10.001 (2011).

 59. Li, M., Gao, P. & Zhang, J. Crosstalk between Autophagy and Apoptosis: Potential and Emerging Therapeutic Targets for Cardiac 
Diseases. Int J Mol Sci 17, 332, https://doi.org/10.3390/ijms17030332 (2016).

 60. Mnich, K. et al. Nerve growth factor-mediated inhibition of apoptosis post-caspase activation is due to removal of active caspase-3 
in a lysosome-dependent manner. Cell Death Dis 5, e1202, https://doi.org/10.1038/cddis.2014.173 (2014).

 61. Tait, S. W. & Green, D. R. Mitochondria and cell death: outer membrane permeabilization and beyond. Nat Rev Mol Cell Biol 11, 
621–632, https://doi.org/10.1038/nrm2952 (2010).

 62. Laetitia, Agostini, Martinon, F. & Burns, K. M. NALP3 Forms an IL-1n
l-Processing Inflammasome with Increased Activity in 

Muckle-Wells Autoinflammatory Disorder. Immunity 20, 319–325 (2004).
 63. Safa, A. R. Roles of c-FLIP in Apoptosis, Necroptosis, and Autophagy. J Carcinog Mutagen Suppl 6, https://doi.org/10.4172/2157-

2518.S6-003 (2013).
 64. Nakagiri, S., Murakami, A., Takada, S., Akiyama, T. & Yonehara, S. Viral FLIP enhances Wnt signaling downstream of stabilized 

beta-catenin, leading to control of cell growth. Molecular and cellular biology 25, 9249–9258, https://doi.org/10.1128/
MCB.25.21.9249-9258.2005 (2005).

 65. Lee, J. S. et al. FLIP-mediated autophagy regulation in cell death control. Nature cell biology 11, 1355–1362, https://doi.org/10.1038/
ncb1980 (2009).

 66. Oberstein, A., Jeffrey, P. D. & Shi, Y. Crystal structure of the Bcl-XL-Beclin 1 peptide complex: Beclin 1 is a novel BH3-only protein. 
J Biol Chem 282, 13123–13132, https://doi.org/10.1074/jbc.M700492200 (2007).

 67. Ciechomska, I. A., Goemans, G. C., Skepper, J. N. & Tolkovsky, A. M. Bcl-2 complexed with Beclin-1 maintains full anti-apoptotic 
function. Oncogene 28, 2128–2141, https://doi.org/10.1038/onc.2009.60 (2009).

 68. Jarrett, S. G. & Boulton, M. E. Antioxidant up-regulation and increased nuclear DNA protection play key roles in adaptation to 
oxidative stress in epithelial cells. Free Radic Biol Med 38, 1382–1391, https://doi.org/10.1016/j.freeradbiomed.2005.02.003 (2005).

 69. Tominaga, H. et al. A water-soluble tetrazolium salt useful for colorimetric cell viability assay. Anal. Commun 36, 47–50 (1999).

Acknowledgements
This work was supported by the Postdoctoral Foundation in Jiangsu Province (No. 1601120B) and National 
Natural Science Foundation of China (No. 81674027).

http://dx.doi.org/10.1002/iub.51
http://dx.doi.org/10.1016/j.freeradbiomed.2013.05.027
http://dx.doi.org/10.1016/j.freeradbiomed.2013.05.027
http://dx.doi.org/10.1038/nrm2312
http://dx.doi.org/10.1074/jbc.M112.439935
http://dx.doi.org/10.1074/jbc.M112.439935
http://dx.doi.org/10.1159/000109761
http://dx.doi.org/10.1159/000109761
http://dx.doi.org/10.4161/auto.36184
http://dx.doi.org/10.1016/j.tcb.2011.03.007
http://dx.doi.org/10.1016/j.tcb.2011.03.007
http://dx.doi.org/10.1111/j.1471-4159.2009.06463.x
http://dx.doi.org/10.1111/j.1471-4159.2009.06463.x
http://dx.doi.org/10.1016/j.molcel.2011.07.039
http://dx.doi.org/10.1016/j.bbamcr.2014.03.016
http://dx.doi.org/10.1038/cdd.2010.191
http://dx.doi.org/10.1038/cr.2007.78
http://dx.doi.org/10.1038/cr.2007.78
http://dx.doi.org/10.1074/jbc.M113.536854
http://dx.doi.org/10.1073/pnas.1616299114
http://dx.doi.org/10.1091/mbc.E08-12-1249)
http://dx.doi.org/10.1016/j.molcel.2011.06.038
http://dx.doi.org/10.1016/j.molcel.2011.06.038
http://dx.doi.org/10.1016/j.bbapap.2007.10.003
http://dx.doi.org/10.1038/nrd2926
http://dx.doi.org/10.1371/journal.pone.0025132
http://dx.doi.org/10.1038/labinvest.2010.36
http://dx.doi.org/10.1007/s11010-013-1825-1)
http://dx.doi.org/10.1016/j.molcel.2011.10.001
http://dx.doi.org/10.1016/j.molcel.2011.10.001
http://dx.doi.org/10.3390/ijms17030332
http://dx.doi.org/10.1038/cddis.2014.173
http://dx.doi.org/10.1038/nrm2952
http://dx.doi.org/10.4172/2157-2518.S6-003
http://dx.doi.org/10.4172/2157-2518.S6-003
http://dx.doi.org/10.1128/MCB.25.21.9249-9258.2005
http://dx.doi.org/10.1128/MCB.25.21.9249-9258.2005
http://dx.doi.org/10.1038/ncb1980
http://dx.doi.org/10.1038/ncb1980
http://dx.doi.org/10.1074/jbc.M700492200
http://dx.doi.org/10.1038/onc.2009.60
http://dx.doi.org/10.1016/j.freeradbiomed.2005.02.003


www.nature.com/scientificreports/

1 5ScienTific REPORtS |  (2018) 8:15137  | DOI:10.1038/s41598-018-33552-2

Author Contributions
Z. Huang and X. Wu participated in research design; D. Han performed experiments, data analysis and wrote the 
manuscript; D. Han, L. Liu and W. Shu contributed to the revising of the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33552-2.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-33552-2
http://creativecommons.org/licenses/by/4.0/

	Sodium tanshinone IIA sulfonate protects ARPE-19 cells against oxidative stress by inhibiting autophagy and apoptosis
	Results
	H2O2 treatment inhibits the growth of ARPE-19 cells. 
	The determination of IC50 value. 
	H2O2 treatment increases autophagy in ARPE-19 cells. 
	STS inhibits autophagic flux in ARPE-19 cells challenged by H2O2. 
	STS reduces the expression of key autophagic proteins in ARPE-19 cells challenged by H2O2. 
	STS inhibits autophagy induced by H2O2 in ARPE-19 cells through activating the PI3K/AKT/mTOR signaling pathway. 
	H2O2 treatment induces apoptosis in ARPE-19 cells. 
	STS inhibits apoptosis in ARPE-19 cells challenged by H2O2. 
	Effect of STS on intrinsic apoptotic pathway-related factors in ARPE-19 cells challenged by H2O2. 
	Effect of STS on extrinsic apoptotic pathway-related factors in ARPE-19 cells challenged by H2O2. 

	Discussion
	Materials and Methods
	Cell culture and stimulation. 
	MTT assay for cell inhibitory rate. 
	CCK8 assay for cell inhibitory rate. 
	Calculate IC50 values by integrating the results of MTT and CCK8 assay. 
	Selection and intervention experiments. 
	Detecting apoptosis by Flow cytometry analyses using V-FITC and PI staining. 
	Detection of autophagic cells by acridine orange staining. 
	Western blot analysis. 
	RT-qPCR analysis. 
	Assessment of mitochondrial membrane potential by JC-1 dye. 
	Data analysis. 

	Acknowledgements
	Figure 1 H2O2 treatment inhibits the growth of ARPE-19 cells in a time- and concentration-dependent manner.
	Figure 2 AO staining for autophagosome formation in ARPE-19 cells after cells were treated with escalating concentrations of H2O2 for 24 hours.
	Figure 3 STS inhibits autophagy in ARPE-19 cells under oxidative stress.
	Figure 4 STS decreases autophagic protein expression in ARPE-19 cells under oxidative stress.
	Figure 5 STS inhibits autophagy by activating the PI3K/AKT/mTOR pathway in ARPE-19 cells under oxidative stress.
	Figure 6 H2O2 treatment results in apoptosis in a time- and concentration-dependent manner in ARPE-19 cells.
	Figure 7 STS treatment decreases apoptosis in ARPE-19 cells under oxidative stress.
	Figure 8 Effect of STS on intrinsic apoptosis-related factors in ARPE-19 cells under oxidative stress.
	Figure 9 Effect of STS on extrinsic apoptosis-related factors in ARPE-19 cells under oxidative stress.




