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Background: Diabetic nephropathy (DN) is the leading cause of end-stage renal failure

worldwide. lncRNAs are demonstrated to improve the DN by changing the expression of

miRNAs. This study was aimed to investigate the effect of lncRNA GAS5/miR-452-5p on

the inflammation, oxidative stress and pyroptosis of high-glucose-induced renal tubular cells.

Methods: HK-2 cells were induced by HG to simulate DN cells. RT-qPCR analysis confirmed

the transfection effects and detected the expression of GAS5, NLRP3, caspase1, IL-1β, pro-

caspase1, pro-IL-1β, GSDMD-N and miR-452-5p. Western blot analysis determined the

protein expression of NLRP3, caspase1, IL-1β, pro-caspase1, pro-IL-1β and GSDMD-N.

The expression of GSDMD-N was also verified by immunofluorescence. The levels of TNF-

α, IL-6, MCP-1, ROS, MDA and SOD were measured by commercial assay kits, respectively.

Dual-luciferase reporter assay indicated that GAS5 could combine with miR-452-5p.

Results: GAS5 expression was decreased in HG-induced HK-2 cells. GAS5 overexpression

could decrease the levels of TNF-α, IL-6, MCP-1, ROS and MDA and increase the levels of

SOD. Moreover, GAS5 overexpression suppressed the expression of NLRP3, caspase1, IL-

1β and GSDMD-N, and the results of immunofluorescence verified the above results. miR-

452-5p interference could cause the same changes as GAS5 overexpression for HG-induced

HK-2 cells, and GAS5 inhibition could reverse the effect of miR-452-5p interference.

Conclusion: GAS5 overexpression inhibited the inflammation, oxidative stress and pyrop-

tosis of HG-induced renal tubular cells by downregulating the expression of miR-452-5p.

Keywords: lncRNA GAS5, miR-452-5p, oxidative stress, pyroptosis, high glucose, renal

tubular cells

Introduction
Diabetes is a kind of metabolic and noncommunicable disease, characterized by

a continuous increase of blood glucose, and often involves multiple organs. About

30% of diabetic patients will eventually develop into diabetic nephropathy (DN).1–3

DN not only has a high incidence rate, but also a high mortality rate, which brings

great physical and mental pressure and economic burden to individual family and

society. Therefore, how to effectively treat DN has become a focusing problem.

The present study has demonstrated that high blood glucose levels in DN are due to

insufficient insulin secretion in the body of patients or the body’s resistance to insulin

tissues, which produce excessive inflammatory cytokines caused by hypoxia. If the

oxidative stress response exists for a long time, it will cause renal cell apoptosis and

immersion of many inflammatory cells in the stroma.4 DN could be alleviated by
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coumarin glycosides, owing to its antioxidation and anti-

inflammation activities.5 The overactivation of inflammatory

cytokines could enhance the progression of renal fibrosis.6

Hence, inflammatory and oxidative stress are closely related

to the development of DN.

Long noncoding RNAs (lncRNAs) are longer than 200

nucleotides in length.7 Recently, various lncRNAs have been

studied in the treatment of DN.8–10 lncRNA MEG3 promoted

fibrosis and inflammatory response by targeting the miR-181a

in vitro and in vivo experiments of DN.11Ma et al12 found that

lncRNA NEAT1 was increased in the DN cellular model, and

silencing of lncRNA NEAT1 suppressed cell proliferation,

fibrosis and inflammation but increased cell apoptosis in the

DN cellular model. Li et al13 indicated that lncRNA GAS5

was obviously downregulated in ovarian cancer tissues, and

GAS5 overexpression inhibited proliferation, colony forma-

tion and apoptosis of ovarian cancer cells. Moreover, GAS5

was related to inflammasome formation and pyroptosis in

ovarian cancer cells. A previous study has shown that the

expression of GAS5 in the serum of diabetic patients is

reduced,14 while the effect of GAS5 on DN is unknown.

miR-452-5p expression was increased in the umbilical vein

endothelial cells of patients with gestational diabetes.15

Therefore, it can be speculated that miR-452-5p is involved

in metabolic diseases.

In the current study, we aimed to investigate the expression

of GAS5 andmiR-452-5p in high-glucose (HG)-induced renal

tubular cells, the relation of GAS5 and miR-452-5p and the

effect of GAS5 overexpression and miR-452-5p interference

on the inflammation, oxidative stress and pyroptosis of HG-

induced renal tubular cells.

Materials and Methods
Cell Culture and HG Induction
Human renal tubular cells (HK-2) were cultured in

DMEM/F12 medium containing 10% fetal bovine serum

(FBS), 100 U/mL penicillin and 100 μg/mL streptomycin

and incubated in an incubator at 37°C with 5% CO2. HK-2

cells were obtained from American Type Culture

Collection (ATCC). In the control group, HK-2 cells

were treated with 5.5 mM glucose for 12 hrs, 24 hrs and

48 hrs. In the induction group, HK-2 cells were treated

with glucose 30 mM for 12 hrs, 24 hrs and 48 hrs.

Cell Transfection
Transient transfection was performed according to the

instructions of Lipofectamine2000 transfer kit. HK-2

cells were, respectively, transfected with pcDNA-NC,

pcDNA-GAS5, shRNA-NC, shRNA-GAS5, miR-NC and

miR-452-5p inhibitor. miR-452-5p inhibitor and shRNA-

NC or miR-452-5p inhibitor and shRNA-GAS5 were,

respectively, co-transfected to HG-induced HK-2 cells.

RT-qPCR Analysis
The total RNA was extracted by the conventional Trizol

method, and the quality of the extracted RNAwas detected.

The cDNA was obtained by titanium one-step RT-PCR kit.

The synthesized GAS5, NLRP3, caspase1, IL-1β, pro-

caspase1, pro-IL-1β, GSDMD-N and miR-452-5p mRNA

primers were used for RT-qPCR by SYBR Premix

ExTaqTM kit (Invitrogen; Thermo Fisher Scientific, Inc.),

and the GAPDH was used as an internal control.

Enzyme-Linked Immunosorbent Assay

(ELISA)
Following transfection and HG induction for 48 hrs, the

content of TNF-α, IL-6 and MCP-1 in the cell supernatant

was detected by commercially available ELISA kits

according to the manufacturer’s instructions.

Detection of ROS, MDA and SOD

Activity
Following transfection and HG induction for 48 hrs, cells

in the DMEM medium were centrifuged at 4000 g for 10

mins at room temperature to obtain the cell supernatant

which was also used to measure the content of ROS, MDA

and SOD, according to the manufacturer’s protocols of

commercial assay kits.

Western Blot Analysis
The whole-cell protein extraction reagent was used to lyse

the cells of each group at 4°C, and the supernatant was

obtained after cells were centrifuged at 10,000 r/min for 5

mins. The protein concentration was measured by BCA

kit. The protein was boiled for degeneration. 35 μg of

protein samples was taken from each group and 10% SDS-

PAGE gel was applied for electrophoresis. Then, protein

was transferred to PVDF membrane by electricity.

Subsequently, the PVDF membrane was soaked in 5%

skimmed milk to be sealed at 25°C for 1 hr. The primary

antibodies were then added to the membrane which was

incubated at 4°C overnight. Next, the membrane was

incubated against HRP-coupled secondary antibodies at

4°C for 1 hr. Blots were observed using enhanced
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chemiluminescence reagent (Thermo Fisher Scientifc,

Inc.). The primary antibodies include anti-NLRP3, anti-

caspase1, anti-IL-1β, anti-pro-caspase1, anti-pro-IL-1β,

anti-GSDMD-N and anti-GAPDH.

Immunofluorescence
Cells were intervened by α-synuclein for 24 hrs and

washed by PBS three times. After fixation with 4% paraf-

ormaldehyde, cells were washed with PBS twice and

sealed with goat serum at 25°C for 30 mins. Then, cells

were incubated against GSDMD-N in cassette overnight.

The next day, cells were incubated against IgG (H+L)

highly cross-adsorbed secondary antibody (Alexa Fluor)

at 20–37°C for 1 hr in the cassette. Finally, DAPI was

added to stain the nucleus, and the slides were sealed with

the sealing liquid containing antifluorescence quenching

reagent. The images were collected under the microscope.

Figure 1 GAS5 was decreased in HK2 cells induced by HG. With the time of HG

induction prolonged, GAS5 was gradually downregulated in HK2 cells. **P<0.01 vs

normal (5.5, 12 hr) group. ###P<0.001 vs normal (5.5, 24 hr) group. ΔΔΔP<0.001 vs

normal (5.5, 48 hr) group.

Figure 2 GAS5 overexpression inhibited the inflammation and oxidative stress in HG-induced HK-2 cells. (A) GAS5 expression was upregulated in HK-2 cells transfected

with pcDNA-GAS5. ***P<0.001 vs control group. ###P<0.001 vs pcDNA group. (B) HG induction upregulated the levels of TNF-α, IL-6 and MCP-1 which decreased the

GAS5 overexpression. ***P<0.001 vs control group. ###P<0.001 vs control+HG group. (C) HG induction upregulated the levels of ROS and MDA and downregulated the

SOD level which reversed the GAS5 overexpression. *P<0.05 and ***P<0.001 vs control group. ###P<0.001 vs control+HG group. (D) The level of ROS was determined by

the images of immunofluorescence.
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Dual-Luciferase Reporter Assay
The starBase software (http://starbase.sysu.edu.cn) pre-

dicted that GAS5 may be combined with miR-452-5p,

which was confirmed by dual-luciferase reporter assay.

Briefly, HK-2 cells were co-transfected with WT-GAS5

and miR-NC or miR-452-5p mimic, MT-GAS5 and miR-

NC or miR-452-5p mimic using Lipofectamine® 2000

reagent. The luciferase activity was decreased when the

GAS5 combined with miR-452-5p.

Statistical Analysis
SPSS 22.0 was used for statistical treatment. All experi-

mental data were expressed as mean ± standard deviation.

One-way ANOVA was used for comparison between

groups, and pairwise comparison between groups was

conducted by Bonferroni t test. P < 0.05 indicated statis-

tically significant difference.

Results
GAS5 Was Decreased in HK2 Cells

Induced by HG
The expression of GAS5 in HG-induced HK2 cells was

detected by RT-qPCR analysis. As shown in Figure 1,

GAS5 expression was gradually decreased in HK2 cells

when the induction time of HG was prolonged. However,

GAS5 expression in HK2 cells treated with normal glucose

was not obviously changed with time.

Figure 3 GAS5 overexpression reduced the pyroptosis of HG-induced HK-2 cells. (A) HG induction upregulated the protein expression of NLRP3, cleaved-caspase1, IL-1β
and GSDMD-N which decreased the GAS5 overexpression. *P<0.05, **P<0.01 and ***P<0.001 vs control group. #P<0.05 vs control+HG group. (B) HG induction

upregulated the mRNA expression of NLRP3, cleaved-caspase1, IL-1β and GSDMD-N which decreased theGAS5 overexpression. **P<0.01 and ***P<0.001 vs control

group. #P<0.05, ##P<0.01 and ###P<0.001 vs control+HG group. (C) The expression of GSDMD-N was determined by the images of immunofluorescence.
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GAS5 Overexpression Inhibited the

Inflammation and Oxidative Stress in

HG-Induced HK-2 Cells
The transfection effects of pcDNA-GAS5 were verified by

RT-qPCR analysis. The GAS5 expression was upregulated

in HK-2 cells transfected with pcDNA-GAS5 (Figure 2A).

And, the levels of TNF-α, IL-6 and MCP-1 were increased

in HK-2 cells after the treatment of HG, while GAS5

overexpression could effectively downregulate the levels

of TNF-α, IL-6 and MCP-1 (Figure 2B). As shown in

Figure 2C, the levels of ROS and MDA were increased

and the level of SOD was decreased in HG-induced HK-2

cells, while GAS5 overexpression could reverse the levels

of ROS, MDA and SOD in HG-induced HK-2 cells. The

changes in ROS were also demonstrated by fluorescence

images (Figure 2D). Therefore, GAS5 overexpression

inhibited the inflammation and oxidative stress in HG-

induced HK-2 cells.

GAS5 Overexpression Reduced the

Pyroptosis of HG-Induced HK-2 Cells
The expression of NLRP3, cleaved-caspase1, IL-1β and

GSDMD-N was upregulated in HG-induced HK-2 cells,

and GAS5 overexpression could downregulate the expres-

sion of NLRP3, cleaved-caspase1, IL-1β and GSDMD-N

(Figure 3A and B). The variation trend of GSDMD-N in

these four groups determined by the immunofluorescence

method was the same as the results of RT-qPCR analysis

and Western blot analysis (Figure 3C). Therefore, GAS5

overexpression reduced the pyroptosis of HG-induced HK-

2 cells.

GAS5 Directly Targets miR-452-5p
StarBase software (http://starbase.sysu.edu.cn) predicted

that GAS5 directly targeted miR-452-5p, which was

verified by a dual-luciferase reporter system (Figure 4A).

HK-2 cells were co-transfected with luciferase reporter

plasmids containing the 3′-UTR of wild-type GAS5, or

mutated GAS5 and miR-452-5p. As shown in Figure 4B,

the co-transfection of miR-452-5p mimics and wild-type

GAS5 weakened the luciferase activity of the wild-type

GAS5 reporter. These results suggested that GAS5 might

be a direct functional target of miR-452-5p in HK-2 cells.

As shown in Figure 4C, miR-452-5p expression was upre-

gulated in HK-2 cells treated with HG. After HG-induced

HK-2 cells were transfected with pcDNA-GAS5, the

expression of miR-452-5p was decreased in HG-induced

HK-2 cells.

miR-452-5p Interference Suppressed the

Inflammation and Oxidative Stress in

HG-Induced HK-2 Cells
The results of RT-qPCR analysis indicated that the expres-

sion of GAS5 was downregulated in HK-2 cells trans-

fected with shRNA-GAS5-1 and shRNA-GAS5-2. The

GAS5 expression in HK-2 cells transfected with shRNA-

GAS5-1 was lowest, so shRNA-GAS5-1 was selected for

the next experiment (Figure 5A). As shown in Figure 5B,

miRNA-452-5p expression was increased in HG-induced

HK-2 cells, and miRNA-452-5p expression was downre-

gulated in HG-induced HK-2 cells transfected with

miRNA-452-5p inhibitor. As shown in Figure 5C, silen-

cing of miRNA-452-5p decreased the levels of TNF-α, IL-

6 and MCP-1 in HG-induced HK-2 cells and silencing of

GAS5 could alleviate the effect of miRNA-452-5p on the

levels of TNF-α, IL-6 and MCP-1. As shown in Figure 5D,

the levels of ROS and MDA were decreased and the SOD

level was increased when miRNA-452-5p expression was

downregulated in HG-induced HK-2 cells. Similarly,

GAS5 interference reversed the effects of miRNA-452-

5p inhibitor on the levels of ROS, MDA and SOD.

Therefore, miR-452-5p interference suppressed the inflam-

mation and oxidative stress in HG-induced HK-2 cells,

which could be reversed by the silencing of GAS5.

Figure 4 GAS5 directly targets miR-452-5p. (A) The putative target sequence for

GAS5 on the 3ʹ-UTR of miR-452-5p. (B) Fluorescence activity was decreased when

GAS5 combined with 3ʹ-UTR of miR-452-5p. ***P<0.001 vs E2F2+miR-NC group.

(C) HG induction up-regulated the miR-452-5p expression and GAS5 overexpres-

sion decreased miR-452-5p expression in HG-induced HK-2 cells. *P<0.05 and

***P<0.001 vs control group. ###P<0.001 vs control+HG group.
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Figure 5 miR-452-5p interference suppressed the inflammation and oxidative stress in HG-induced HK-2 cells. (A) GAS5 expression was decreased when HK-2 cells

transfected with shRNA-GAS5. **P<0.01 and ***P<0.001 vs control group. ##P<0.01 and ###P<0.001 vs shRNA-NC group. (B) miR-452-5p expression was decreased when

HG-induced HK-2 cells transfected with miR-452-5p inhibitor. **P<0.01 vs control (HG) group. ##P<0.01 vs control (HG) + miR-NC group. (C) miR-452-5p interference

suppressed the levels of TNF-α, IL-6 and MCP-1 in HG-induced HK-2 cells while reversed by GAS5 inhibition. **P<0.01 and ***P<0.001 vs control group. ###P<0.001 vs

control+HG group. ΔΔΔP<0.001 vs miRNA-NC+HG group. $$$P<0.001 vs miR-452-5p inhibitor+HG group. @@@P<0.001 vs miR-452-5p inhibitor+HG+shRNA-NC group.

(D) miR-452-5p interference downregulated the levels of ROS and MDA and upregulated the SOD level in HG-induced HK-2 cells, which was reversed by GAS5 inhibition.

**P<0.01 and ***P<0.001 vs control group. ###P<0.001 vs control+HG group. ΔΔΔP<0.001 vs miRNA-NC+HG group. $$$P<0.001 vs miR-452-5p inhibitor+HG group.
@@@P<0.001 vs miR-452-5p inhibitor+HG+shRNA-NC group.
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miR-452-5p Interference Suppressed the

Pyroptosis of HG-Induced HK-2 Cells
After HG-induced HK-2 cells were transfected with miRNA-

452-5p inhibitor, the original elevated expression of NLRP3,

cleaved-caspase1, IL-1β and GSDMD-N in HG-induced

HK-2 cells was downregulated. GAS5 interference effec-

tively enhances the expression of NLRP3, cleaved-

caspase1, IL-1β and GSDMD-N, but this is still lower than

that in HK-2 cells treated byHG only (Figure 6A and B). The

results of immunofluorescence showed a similar change

trend of GSDMD-N as the above results (Figure 6C).

Therefore, miR-452-5p interference suppressed the pyropto-

sis of HG-induced HK-2 cells, and GAS5 interference wea-

kened the inhibition of the pyroptosis of HG-induced HK-2

cells.

Discussion
In the present study, we explored the role of GAS5 in the

inflammation, oxidative stress and pyroptosis of HG-

induced HK-2 cells by regulating the expression of miR-

452-5p. The results of this experiment showed that GAS5

was downregulated and miR-452-5p was up-regulated

Figure 6 miR-452-5p interference suppressed the pyroptosis of HG-induced HK-2 cells. (A) miR-452-5p interference downregulated the protein expression of NLRP3,

cleaved-caspase1, IL-1β and GSDMD-N in HG-induced HK-2 cells, which was reversed by GAS5 inhibition. *P<0.05, **P<0.01 and ***P<0.001 vs control group. ###P<0.001

vs control+HG group. ΔΔΔP<0.001 vs miRNA-NC+HG group. $P<0.05 vs miR-452-5p inhibitor+HG group. @P<0.05 vs miR-452-5p inhibitor+HG+shRNA-NC group. (B)
miR-452-5p interference downregulated the mRNA expression of NLRP3, cleaved-caspase1, IL-1β and GSDMD-N in HG-induced HK-2 cells, which was reversed by GAS5

inhibition. *P<0.05, **P<0.01 and ***P<0.001 vs control group. ###P<0.001 vs control+HG group. ΔΔΔP<0.001 vs miRNA-NC+HG group. $$P<0.01 and $$$P<0.001 vs miR-

452-5p inhibitor+HG group. @@P<0.01 and @@@P<0.001 vs miR-452-5p inhibitor+HG+shRNA-NC group. (C) The expression of GSDMD-N was determined by the

images of immunofluorescence.
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obviously in the HG-induced HK-2 cells. miR-452-5p was

demonstrated to be a potential target of GAS5. GAS5 over-

expression inhibited the inflammation, oxidative stress and

pyroptosis of HG-induced HK-2 cells by downregulating

the expression of miR-452-5p.

It has also been reported that GAS5 can regulate the

inflammation, oxidative stress and apoptosis in some diseases.

For instance, Wang et al16 indicated that GAS5 interference

weakened the apoptosis and inflammatory injury in the mouse

model of middle cerebral artery occlusion (MCAO). Chen

et al17 found that silencing of GAS5 promoted cell viability,

cell cycle and oxidative stress in malignant melanoma (MM)

cells. In addition, GAS5 interference increased inflammation

and reduced pyroptosis, thereby promoting the proliferation of

ovarian cancer cells and reducing apoptosis.13 Therefore, the

expression of GAS5 was various in different diseases, and

changing the expression of GAS5 could alleviate or deteriorate

the progression of diseases. The present study indicated that

GAS5 overexpression could alleviate the inflammation, oxida-

tive stress and pyroptosis of HG-induced HK-2 cells.

We already know that miR-452-5p is related to gesta-

tional diabetes. Whether miR-452-5p can regulate the HG-

induced HK-2 cells effectively still remains unknown. At

present, miR-452-5p is studied in various cancers.18–20 Liu

et al21 demonstrated that miR-452 was upregulated in tissues

and cells of clear-cell renal-cell carcinoma (ccRCC) and

miR-452 overexpression presented a poor prognosis of

ccRCC. miR-452 promoted cell proliferation and invasion

of ccRCC cells. Zhai et al22 found that miR-452-5p inter-

ference increased the migration and invasion of renal cell

carcinoma (RCC) in vitro and in vivo. In this study, we found

that miR-452-5p was increased in HG-induced HK-2 cells,

and silencing of miR-452-5p could effectively suppress the

inflammation, oxidative stress and pyroptosis of HG-induced

HK-2 cells.

NLRP3 is a typical representative of NOD-like receptor

protein family. NLRP3 can form a protein complex in the

cytoplasm and sense a variety of cellular signaling mechan-

isms related to immunity and death and participate in cell

function regulation.23 NLRP3 is the platform for activation

of caspase1, and NLRP3 activation can crack the pro-caspase1

into enzyme-active caspase1, thereby promoting the matura-

tion of the precursor of IL-1β and the secretion of active IL-1β.
Activated IL-1β induces the expression of itself and other

proinflammatory factors, such as IL-6, TNF-α and chemokines

such as MCP-1, leading to a persistent inflammatory cascade

to damage the tissues.24–26 In this study, the expression of

NLRP3 was increased in HG-induced HK-2 cells, and the

expression of IL-6, TNF-α, MCP-1, caspase1 and IL-1β was

also increased. Pyroptosis is a proinflammatory and procedural

cell death and closely related to the occurrence and develop-

ment of various diseases and tissue injuries.27 Pyroptosis can

be induced by activation of NLRP3 multiprotein complex

inflammasome.28 GSDMD is a cytoplasmic protein encoded

by the GSDMD gene of the gasdermin family and is widely

expressed in different cells and tissues. GSDMD protein can

independently mediate the release of inflammatory mediators

such as IL-1β and the breakdown of cell membranes.29 The

toxic N-terminal of GSDMD has lipid-binding capacity and

anchors on the biofilm during pyrogenesis and forms protein

pores through the oligomerization of monomers. In this study,

GSDMD-N expression was increased in HG-induced HK-2

cells to promote pyrogenesis.

In conclusion, the data of the current study proved the

decreased GAS5 expression and increased miR-452-5p

expression in HG-induced HK-2 cells. GAS5 directly targets

miR-452-5p and GAS5 overexpression downregulated the

miR-452-5p expression in HG-induced HK-2 cells.

Therefore, GAS5 overexpression inhibited the inflamma-

tion, oxidative stress and pyroptosis of HG-induced HK-2

cells by suppressing the expression of miR-452-5p, which

provides a new sight for the treatment of DN.
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