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HDAC6 inhibitor Cay10603 inhibits high glucose-induced oxidative 
stress, inflammation and apoptosis in retinal pigment epithelial cells 
via  regulating NF-κB and NLRP3 inflammasome pathway

Qingsong Yang, Sizhen Li, Zixiu Zhou, Min Fu, Xiaodong Yang, Kuanxiao Hao and Yating Liu

Nanjing Tongren Eye Center, Nanjing Tongren Hosipital, Nanjing, Jiangsu, China

Abstract. The present study aimed to investigate the effects of histone deacetylase 6 (HDAC6) inhibitor 
Cay10603 (Cay) on high glucose (HG)-stimulated human retinal pigment epithelium (RPE) cells and 
its underlying mechanisms. ARPE-19 cells were cultured under normal glucose (NG) or high glucose 
(HG) conditions. The results revealed that HDAC6 was upregulated in HG-stimulated ARPE-19 cells. 
Cay treatment caused a decrease in intracellular reactive oxygen species (ROS). The levels of malondial-
dehyde (MDA) and myeloperoxidase (MPO) were reduced accompanied by increase in the activities of 
superoxide dismutase (SOD) and catalase (CAT) after treatment with Cay. Besides, Cay decreased the 
levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6 and monocyte chemoattractant 
protein-1 (MCP-1) in supernatant. Meanwhile, the apoptotic rate in Cay-treated ARPE-19 cells notably 
reduced, coupled with an upregulation in Bcl-2 expression and a downregulation in cleaved caspase-3 
and cleaved caspase-9 expression. Cay decreased the expression of phospho (p)-NF-κB p65, p-IκB-α, 
NLRP3, cleaved caspase-1 and ASC while increased the expression of NF-κB p65 (cytoplasm). Taken 
together, these findings demonstrated that Cay suppressed HG-induced oxidative stress, inflammation 
and apoptosis via regulating NF-κB and NLRP3 inflammasome pathway in HG-induced ARPE-19 
cells, suggesting that Cay might be a therapeutic agent for the treatment of diabetic retinopathy.
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Introduction

Diabetic retinopathy (DR), a  kind of the most common 
and prevalent microvascular complications of diabetes, 
remains a  major cause of vision loss among working-age 
adults (Hendrick et al. 2015). It is well known that vision 
loss is closely implicated in the damage of retinal pigment 
epithelium (RPE) cells which serve as a critical component 
of the outer blood-retina barrier (Xia and Rizzolo 2017; 
Chen et al. 2019). Excessive circulating level of glucose is the 
dominant characteristic of diabetes patients, which makes 
RPE cells undergo oxidative stress, inflammation response 
and apoptosis and eventually results in the damage of visual 
function (Farnoodian et al. 2016; Li et al. 2017). At present, 
there is no effective therapeutic agent to inhibit high glucose 

(HG)-induced damage. Therefore, it is of utmost importance 
to understanding the underlying mechanisms and develop-
ing effective methods to treat DR.

A growing body of evidence suggested that oxidative 
stress and inflammation play significant roles in the occur-
rence and development of DR (Adamis 2002; Kastelan et al. 
2013; Rangasamy et al. 2014). The excess reactive oxygen 
species (ROS) leads to the secretion of pro-inflammatory 
cytokines including tumor necrosis factor-α (TNF-α), inter-
leukin (IL)-6 and IL-1β. Importantly, excessive accumula-
tion of ROS contributes to the damage of macromolecules 
and leads to cell death through apoptosis of RPE cells (Shi 
et al. 2019b). Hence, inhibition of oxidative stress, inflam-
mation and apoptosis might help to cure DR in clinic. 

Histone deacetylase 6 (HDAC6) is structurally and func-
tionally unique, and plays multiple of biological roles via 
deacetylation of a variety of target molecules (Li et al. 2013). 
It has been well reported that HDAC inhibitor Tubastatin-A 
can restore RPE function in hyperglycemia (Desjardins et 
al. 2016). Report has demonstrated previously that TDP-43 



170 Yang et al. 

could protect retinal ganglion cells against oxidative stress 
and apoptosis via restraining HDAC6 expression (Yi et al. 
2019). However, the effect of Cay10603 (Cay), a novel inhibi-
tor of HDAC6, in DR has not been addressed.

In the current study, HG was used to induce human RPE 
cell line ARPE-19 to mimic DR model in vitro. Then, Cay was 
applied to treat with cells and the mechanisms were investigated. 

Materials and Methods

Cell culture and treatment

The human RPE cell line ARPE-19 was purchased from the 
American Type Culture Collection (ATCC, Manassas, VA, 
USA). Cells were cultured in DMEM-F12 medium (Hyclone, 
Logan, UT, USA) supplemented with 10% fetal bovine se-
rum (FBS; Gibco, USA) in a humidified incubator at 37°C 
containing 5% CO2. Cells were maintained in medium 
supplemented with normal glucose (NG, 5.5 mM glucose), 
5.5 mM glucose + 22.5 mM mannitol (osmotic pressure 
control, OP) and HG (25 mM glucose) for 48 h. Cay10603 
(Cay), a new HDAC6 inhibitor, was acquired from Selleck 
Chemicals (Houston, Texas). ARPE-19 cells were pretreated 
with Cay for 2 h before exposure to HG condition.

Cell Counting Kit-8 (CCK-8) assay 

The capacity of cell proliferation was evaluated by CCK-8 
assay (Shanghai Yi Sheng Biotechnology Co., Ltd., Shanghai, 
China). ARPE-19 cells (1×104 cells per well) were plated in 
a 96 well plate. Cells were treated with a series of concentra-
tions of Cay (1, 2.5, 5 and 10 μM) at 37°C in an atmosphere 
containing 5% CO2. After incubation with Cay for 24 and 
48 h, 10 μl CCK-8 solution was added into the microplate. 
Following incubation for 1  h, absorbance at 450 nm was 
detected using a microplate reader.

Evaluation of oxidative stress 

To evaluate the levels of oxidative stress, oxidative stress 
biomarkers including the concentration of malondialdehyde 
(MDA) as well as the activities of myeloperoxidase (MPO), 
superoxide dismutase (SOD) and catalase (CAT) were 
detected by commercial kits according to the colorimetric 
methods following the manufacturer’s guidelines. Above 
kits were all provided by Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China).

Enzyme-linked immunosorbent assay (ELISA) assay 

The concentrations of inflammatory factors including 
TNF-α, IL-1β, IL-6 and monocyte chemoattractant protein-1 

(MCP-1) in culture medium samples were examined by com-
mercially available ELISA Kit (Shanghai Xitang Biotechnol-
ogy Co., Ltd., Shanghai, China).

Measurement of intracellular ROS

The production of intracellular ROS was measured with an 
ROS assay kit (Beyotime Biotechnology, Shanghai, China) 
using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-
DA) as a fluorescence probe. Cells were seeded into 96-well 
plate with the density of 2×104 cells per well. After treatment 
with Cay and exposure in medium containing HG (25 mM), 
ARPE-19 cells were incubated with DCFH-DA (10 µM) 
in the dark. The fluorescence released was detected using 
a fluorimeter at an excitation and emission wavelength of 
480 nm and 520 nm. A confocal microscope was employed 
to obtain the images.

Cell apoptosis assay

Cell apoptosis assay was performed using flow cytometry. 
Briefly, ARPE-19 cells were pretreated with Cay for 2 h, fol-
lowed by incubation in HG (25 mM) condition for 48 h. Cells 
were suspended in Binding Buffer and stained with Annexin 
V-FITC and propidium iodide (PI) using a cell apoptosis 
detection kit (KeyGEN, Nanjing, China). Then, cell apoptosis 
was analyzed by a flow cytometry (BD Biosciences, NJ, USA). 
The percentage of apoptotic cells was analyzed using FlowJo 
software (Becton-Dickinson-San Jose CA, USA).

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) analysis

Total RNA was extracted from cells using Trizol reagent 
(Invitrogen). Then, first-strand cDNA was synthesized from 
RNA using a Sensiscript RT kit (Takara Biotechnology Co., 
Ltd., Japan) following the manufacturer’s recommendations. 
Then, qPCR was conducted with SYBR Green Supermix 
(Bio-Rad Laboratories, Inc.) on the ABI 7500 system (Ap-
plied Biosystems; Thermo Fisher Scientific, Inc.). Relative 
gene expression was normalized to GAPDH.

Western blotting 

Total proteins were extracted using RIPA lysis buffer (Beyo-
time, Shanghai, China). Then, a BCA Kit (Thermo Fisher 
Scientific, Paisley, UK) was executed for detecting the con-
centrations of proteins. A total of 40 μg protein samples in 
cell lysates were separate in 10% SDS-PAGE gels, followed by 
transferring to polyvinylidene difluoride membranes (Mil-
lipore, Bedford, MA). The unspecific bands were blocked 
with 5% fat-free milk. Subsequently, these membranes were 
probed with primary antibodies. Following washing with 
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TBST for three times, these membranes were incubated 
with horseradish peroxidase-conjugated secondary antibody 
(Abcam, Cambridge, UK). The bands were visualized using 
an Odyssey Infrared Imaging Scanner (LI-COR Biosciences). 
Intensity of bands were examined using Image-J software 
(National Institutes of Health, Bethesda, MA, USA). The 
protein expression was normalized to GAPDH levels.

Statistical analysis

All experiments were performed in triplicate. The data are 
expressed as mean ± SD. All statistical analyses were made 
using SPSS 22.0 software (Chicago, IL). Comparisons among 
different groups were analyzed by Student’s t-test or one-
way analysis of variance (ANOVA). A value of p < 0.05 was 
considered statistically significant.

Results

HDAC6 was highly expressed in HG-induced ARPE-19 cells

To investigate the function of HDAC6 in ARPE-19 cells 
induced by HG, the expression of HDAC6 was examined by 
Western blotting and RT-qPCR, respectively. As presented 

in Figure 1A, the expression of HDAC6 in osmotic pres-
sure control presented no obvious changes compared with 
NG group. After HG induction, significantly upregulated 
HDAC6 protein expression was observed. Concurrently, 
the mRNA expression level of HDAC6 determined by RT-
qPCR was in accordance with the above (Fig. 1B). These date 
indicated that the expression of HDAC6 was upregulated in 
HG-induced ARPE-19 cells.

Cay treatment notably enhanced the capacity of cell  
proliferation in HG-induced ARPE-19 cells

The effect of Cay on cell proliferation was detected in this 
study. After treatment with different doses of Cay (1, 2.5, 
5 and 10 μM) for 48 h, CCK-8 assay was applied for detect 
cell viability. From the result of Figure 1C, we found that 
the administration of 10 μM Cay presented a remarkably 
effect on the viability of ARPE-19 cells whereas cell vi-
ability had no obvious changes after treatment with Cay 
at doses of 1, 2.5 and 5 μM. Then, the effect of Cay on 
proliferation of ARPE-19 cells induced by HG was inves-
tigated. As exhibited in Figure 1D, HG treatment notably 
decreased the cell viability in HG-stimulated ARPE-19 
cells. However, Cay treatment alleviated the inhibitory 
effect of HG stimulation on the ARPE-19 cells viability in 

Figure 1. HDAC6 was highly 
expressed in HG-induced 
ARPE-19 cells and Cay treat-
ment increased the capacity 
of cell proliferation in HG-
induced ARPE-19 cells. The 
expression of HDAC6 was 
assessed by Western blotting 
(A) and RT-qPCR (B). C. The 
viability of ARPE-19 cells was 
determined by Cell Count-
ing Kit-8 (CCK-8) assay 
after cells being treated with 
a series of concentrations of 
Cay (1, 2.5, 5 and 10 μM) for 
48 h. D. Cell viability was 
measured using CCK-8 as-
say in HG-induced ARPE-19 
cells after pretreatment with 
Cay. * p < 0.05 vs. NG group; 
** p < 0.01 vs. OP group; # p < 
0.05, ## p < 0.01 vs. HG group. 
HDAC6, histone deacety-
lase 6; OP, osmotic pressure 
control; HG, high glucose; 
NG, normal glucose; Cay, 
Cay10603.
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a dose-dependent manner. Therefore, Cay 5 μM was used 
in the following experiments.

Cay treatment attenuated oxidative stress in HG-induced 
ARPE-19 cells

To confirm the effect of HDAC6 inhibitor Cay on oxida-
tive stress induced by HG stimulation, the production of 
intracellular ROS was measured by DCFH-DA assay. As 
presented in Figure 2A, HG induction caused a significant 
increase in the generation of ROS compared with OP 
group, whereas obvious decrease of that of was observed 
after treatment with Cay. Meanwhile, the levels of oxida-
tive stress-related factors were examined by kits. We found 
that the levels of MDA and MPO was reduced significantly 
accompanied by an evident increase in the activities of 
SOD and CAT after ARPE-19 cells being stimulated by HG 
(Fig. 2B–E). The effects of HG on above factors were allevi-
ated following treatment with Cay. Overall, these findings 
demonstrated that Cay treatment mitigated HG-induced 
oxidative stress in ARPE-19 cells.

Cay treatment relieved inflammatory response in HG-induced 
ARPE-19 cells

In order to explore the effect of Cay on inflammation 
induced by HG in ARPE-19 cells, the concentrations of 
inflammation-related cytokines were detected by ELISA. As 
shown in Figure 2F–I, HG induction remarkably increased 
the levels of TNF-α, IL-1β, IL-6 and MCP-1 in comparison 
with OP group. After intervention with Cay, the concentra-
tions of above inflammatory factors were dramatically de-
creased relative to HG group. These observations revealed 
that HDAC6 inhibitor Cay could alleviate HG-induced 
inflammatory response in ARPE-19 cells.

Cay treatment inhibited apoptosis in HG-induced ARPE-19 
cells

Flow cytometry was executed for examining the apoptosis 
of ARPE-19 cells induced by HG and the result was dem-
onstrated in Figure 3A and B. We found that the number of 
apoptosis ARPE-19 cells was obviously increased after stimu-
lation with HG. Importantly, Cay treatment led to a notably 
decrease in the rate of apoptosis cells relative to HG induc-
tion alone. Concurrently, the expression of apoptosis-related 
proteins were evaluated by Western blotting. As presented 
in Figure 3C, HG stimulation downregulated the expres-
sion of Bcl-2 coupled with an upregulation in Bax, cleaved 
caspase-3 and cleaved caspase-9 expression in comparison 
with OP group. Then, the changes in expressions the Bcl-2, 
Bax, cleaved caspase-3 and cleaved caspase-9 caused by HG 
stimulation were reversed after intervention with Cay. These 

Figure 4. Cay treatment suppressed NF-κB signaling in HG-
induced ARPE-19 cells. The expression of p-NF-κB p65 (nulei), 
NF-κB p65 (cytoplasm), p-IκB-α and IκB-α were examined by 
Western blotting. ** p < 0.01, *** p < 0.001 vs. OP group; # p < 0.05, 
### p < 0.001 vs. HG group. NF-κB, nuclear factor kappa B; p-NF-κB 
p65, phospho-NF-κB p65. For more abbreviations, see Figure 1.
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data suggested that Cay treatment inhibited apoptosis in 
HG-induced ARPE-19 cells.

Cay treatment suppressed NF-κB and NLRP3 inflammasome 
pathway in HG-induced ARPE-19 cells

To determine the underlying mechanisms of Cay in HG-
induced ARPE-19 cells, the NF-κB and NLRP3 inflamma-
some pathway was investigated in this study. Western blot 
analysis proved that HG stimulation enhanced the expres-
sion of p-NF-κB p65 in nuclei and p-IκB-α but reduced 
the expression of NF-κB p65 in cytoplasm (Fig. 4). At the 
same time, the expression of NLRP3 inflammasome-related 
proteins including NLRP3, cleaved caspase-1 and apoptosis-
associated speck-like protein (ASC) were increased in HG 
group compared with OP group (Fig. 4 and 5). Following 
treatment with Cay, the effects of HG stimulation on the 
expression of above proteins were reversed. Taken together, 
these findings confirmed that Cay treatment suppressed 
NF-κB and NLRP3 inflammasome pathway in HG-induced 
ARPE-19 cells.

Discussion

In the present study, when we simulated diabetic environ-
ment under HG condition in ARPE-19, the expression of 
HDAC6 was markedly upregulated. And treatment with 
HDAC6 inhibitor Cay suppressed oxidative stress, inflam-
mation and apoptosis induced by HG stimulation via 
regulating the NF-κB and NLRP3 inflammasome pathway, 
suggesting that Cay may possess therapeutic value in the 
treatment of DR.

Numerous studies unveil that diabetes associated hyper-
glycaemia can lead to a rise in ROS production, which is 
considered as a major causative factor in DR development 
(Calderon et al. 2017; Li et al. 2017). Persistent hyperglycemia 
induces the generation of ROS and triggers oxidative stress. 
And clinical evidence have clearly confirmed that oxidative 
stress plays a crucial role in the pathogenesis of DR (Wu et al. 
2014; Kowluru et al. 2015). The presence of oxidative stress 
increased the levels of lipid peroxidation end products MDA 
and MPO whereas decreased the activities of antioxidant 
enzyme including SOD and CAT. Additionally, oxidative 
stress serves as a trigger in diabetic retina, which can trigger 
the secretion of pro-inflammatory cytokines and the expres-
sion of genes related to inflammatory cytokines (Al-Kharashi 
2018; Lv et al. 2019). Previous studies have highlighted the 
importance of HDAC6 inhibition in regulating oxidative 
stress and inflammation in a variety of diseases, especially 
in DR (Shi et al. 2017; Yi et al. 2019; Zhang et al. 2019a). The 
effect of Cay, a novel inhibitor of HDAC6, was investigated 
in this research, and we demonstrated that Cay treatment 

Figure 5. Cay treatment inhibited NLRP3 inflammasome path-
way in HG-induced ARPE-19 cells. The expression of NLRP3, 
caspase-1 and ASC were evaluated by Western blotting. *** p < 
0.001 vs. OP group; # p < 0.05, ### p < 0.001 vs. HG group. ASC, 
apoptosis-associated speck-like protein. For more abbreviations, 
see Figure 1.
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inhibited HG-induced oxidative stress and inflammatory 
responses in ARPE-19 cells.

It is also worth noting that robust evidence suggests that 
sustained hyperglycemia triggers apoptosis in RPE cells, 
which is a major pathological change in the eyes of patients 
with DR (Willermain et al. 2018; Yu et al. 2019; Zhang et al. 
2019b). Numerous studies unveil that inhibition of apoptosis 
of RPE cells contributes to protect against DR (Jiang et al. 
2017; Yu et al. 2018). It has been well reported that HDAC6 
inhibition provides intestinal protection via decreasing ap-
optotic responses during hemorrhagic shock (Chang et al. 
2019). TDP-43 could protects retinal ganglion cells against 
oxidative stress and apoptosis via restraining HDAC6 expres-
sion (Yi et al. 2019). In this study, HG stimulation promoted 
apoptosis of RPE cells, which was observed by an increase 
in apoptosis rate, accompanied by downregulated Bcl-2 ex-
pression and upregulated Bax, cleaved caspase-3 and cleaved 
caspase-9 expression. Above results were in agreement with 
the previous findings (Shi et al. 2019a; Zhou et al. 2019). 
Importantly, treatment with Cay decreased HG-induced ap-
optosis. These results presented the anti-apoptotic potential 
of Cay in DR treatment.

Mounting evidence supported the view that nuclear factor 
NF-κB is a transcription factor with multiple regulatory func-
tions in cells (Xia et al. 2014). Reports have demonstrated 
previously that the activity of NF-κB is closely related to 
DR and inhibition of NF-κB signaling can protect against 
HG-induced injury of RPE cells (Xiao et al. 2019; Zhang 
et al. 2019c). In addition, NLRP3 inflammasome pathway 
was reported to participate in the progress of DR (Hao et 
al. 2019). Inactivation of NLRP3 inflammasome pathway 
contributes to recover from HG-induced oxidative stress, 
inflammation and apoptosis (Lu et al. 2018; Li et al. 2019). 
Our results indicate that Cay treatment notably decreased 
the expression of NF-κB p65 in nuclei and p-IκB-α while 
increased the expression of NF-κB p65 in cytoplasm. Con-
currently, the expression of NLRP3, cleaved-caspase-1 and 
ASC were downregulated following treatment with Cay. 
Overall, these observations reveal that Cay protects against 
HG-induced RPE cells injury via inhibiting NF-κB and 
NLRP3 inflammasome pathway.

Conclusion

In summary, these investigations for the first time delineated 
that HDAC6 inhibitor Cay could restrain oxidative stress, 
inflammation and apoptosis in human RPE cells induced by 
HG via regulating the NF-κB and inflammasome pathway. 
These findings corroborated that Cay may possess therapeu-
tic value in the treatment of DR, which provides experimen-
tal and scientific evidences for the potential of using Cay as 
a therapeutic agent in clinical DR patients.
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