Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 24: 729, 2021

Reactive oxygen species induced by uric acid promote NRK-52E
cell apoptosis through the NEK7-NLRP3 signaling pathway
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Abstract. Increasing uric acid (UA) could induce renal tubular
epithelial cell (NRK-52E) injury. However, the specific mecha-
nism by which UA induces renal tubular epithelial cell injury
remains unknown. It was hypothesized that UA induces renal
tubular epithelial cell injury through reactive oxygen species
(ROS) and the Never in mitosis gene A (NIMA)-related
kinase 7 (NEK7)/NLR family pyrin domain containing 3
(NLRP3) signaling pathway. TUNEL assay and flow cytom-
etry were applied to measure apoptosis, and the results of the
present study showed that UA treatment induced apoptosis of
NRK-52E cells in a concentration-dependent manner. Western
blotting was performed to determine the expression levels of
cleaved caspase-3, Bax and Bcl-xl, it was found that levels were
significantly increased after UA treatment in NRK-52E cells.
ROS and apoptosis were predominantly induced in NRK-52E
cells and there was an association between ROS and apoptosis.
Enhanced expression of NEK7, NLRP3, apoptosis-associated
speck-like and caspase-1 were observed in NRK-52E cells
treated with UA. The ROS inhibitor, N-acetyl-l-cysteine,
exerted a protective effect on the UA-induced apoptosis of
tubular epithelial cells by reducing excess ROS production,
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which significantly inhibited NEK7 and NLRP3 inflamma-
some activation. These results indicated that UA activates
ROS and induces apoptosis of NRK-52E cells. The mecha-
nism might be related to the regulation of the NEK7/NLRP3
signaling pathway.

Introduction

Long-term hyperuricemia leads to uric acid (UA) stone forma-
tion and irreversible kidney injury (1); however, the precise
mechanism responsible for the development of UA-related
kidney disease is still largely unknown. Serum uric acid is
commonly elevated in subjects with chronic kidney disease
(CKD). Recent evidence implied that an elevated UA level
predicts the development of CKD and end-stage kidney
disease (2). Therefore, it is necessary to determine the
mechanism of UA-related kidney injury and develop novel
and effective preventative strategies. Notably, apoptosis is
widely considered as an important pathological process of
UA-induced renal tubular epithelial cell injury (3). Therefore,
understanding the underlying mechanism of apoptosis in
UA-induced renal tubular cell injury is necessary. In recent
years, there has been increased research on antiapoptotic
therapy (4). Uric acid crystals and soluble UA can activate the
immune system and increase the production of the reactive
oxygen species (ROS), which can stimulate neutrophil chemo-
taxis and activate NLR family pyrin domain containing 3
(NLRP3) inflammasomes (5,6). Never in mitosis gene A
(NIMA)-related kinase 7 (NEK7) is a protein kinase that acts
as a selective upstream regulator of NLRP3 inflammasome
activation (7). Previous studies have revealed that NEK7 can
connect the adjacent NLRP3 subunits and mediate NLRP3
inflammasome activation through mitotic interaction (8,9).
Currently, mitochondrial ROS is the most studied aspect of
NLRP3 inflammasome activation and apoptosis (10,11). Our
previous study confirmed that UA could stimulate excess ROS
production, which could further trigger the assembly of the
NLRP3 inflammasome and induce renal tubular injury in
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hyperuricemic rats (12). NEK?7 is required for NLRP3 activa-
tion via the direct NEK7-NLRP3 interaction (13). However,
whether UA can induce renal tubular epithelial cell apoptosis
by regulating ROS release and activating the NEK7-NLRP3
pathway remains to be elucidated. Therefore, the aim of the
present study was to determine whether UA can induce ROS
release and activation of NEK7-NLRP3 pathways to increase
renal tubular epithelial cell apoptosis.

Materials and methods

Soluble uric acid preparation.In experiments requiring soluble
uric acid, an appropriate amount of monosodium urate (MSU)
crystals (cat. no. U2875 Sigma-Aldrich; Merck KGaA) were
added into 1 M NaOH to a final concentration of 10 mg/ml.
The MSU crystals were then crushed using ultrasound and
the solution was sterilized through 0.20 ym filters. Crystals
were not detected under polarizing microscopy (magnifica-
tion, x200), nor did they develop during the experiments. The
soluble uric acid solution was pre-warmed for 30 min at 37°C
before use.

Cell culture and treatment. The normal renal tubular epithelial
NRK-52E cell line was purchased from The Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences. Cells
were cultured in high-glucose Dulbecco's modified Eagle's
medium (DMEM; cat. no. C11995500BT; Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bovine
serum (cat. no. 10099-141C; Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin and streptomycin (cat. no. C0222;
Beyotime Institute of Biotechnology) at 37°C in a humidified
incubator containing 5% CO, and 95% O,.

When the adherent cells reached 80-90% confluence, they
were passaged using 0.25% trypsin and 0.02% ethylenedi-
aminetetraacetic acid (cat. no. C0201; Beyotime Institute of
Biotechnology). The NRK-52E cells were cultured in 6-well
polystyrene plates at ~4x10° cells per well and treated using
different concentrations of UA (0, 50 and 100 pxg/ml) for 24 h
to establish the cell injury model. Subsequently, cultured
cells were divided into three groups: The control group, cells
exposed to 100 yg/ml UA (model group) and cells pretreated
with 20 mM N-acetyl-1-cysteine (NAC; cat. no. HY-B0215;
MedChemExpress) and then treated with UA (the model plus
NAC group). Apoptosis was detected using a terminal deoxy-
nucleotidyl transferase nick-end-labeling (TUNEL) assay,
western blotting and flow cytometry analysis. Triplicate wells
per group were cultured for 24 h and the experiments were
repeated three times.

Cell morphology. The NRK-52E cells were seeded in equal
amounts (4x10° cells per well) into 6-well plates and then
exposed to UA (0, 50 and 100 pg/ml) for 24 h. After the
cell-drug interaction, the growth of NRK-52E cells in each
group was observed under an inverted phase contrast micro-
scope (Nikon Corporation) to investigate the morphological
changes (magnification, x400).

Flow cytometry detection of cell apoptosis. Following treat-
ment, the cells were counted and then resuspended in 100 pl
1X binding buffer at a concentration of 1x10° cells/ml.

Subsequently, the cells in binding buffer were added to a
5 ml culture tube, followed by gentle vortexing and incuba-
tion with 5 ul Annexin V-fluorescein isothiocyanate (FITC)
and 5 pl propidium iodide (PI) solution (cat. no. 556547; BD
Pharmingen; BD Biosciences) for 15 min at room tempera-
ture in the dark. After adding 400 yxl 1X binding buffer to
each tube, the apoptotic cell ratio was detected on a BD
FACSCalibur flow cytometer (BD Biosciences) using FlowJo
software (version 7.6.1; FlowJo LLC). Early apoptotic cells
were differentiated by their unique characteristics of being
Annexin V-FITC* and PI', and late apoptotic cells were
counted as Annexin V-FITC* and PI" cells.

TUNEL assay. Apoptotic cells were measured using a One-step
TUNEL Apoptosis Detection kit (cat. no. KGA7072; Nanjing
KeyGen Biotech Co., Ltd.). Briefly, cultured cells were fixed
with 4% formaldehyde at room temperature for 30 min. Then,
the cells were incubated with 1% Triton X-100. Subsequently,
the cells were mixed with 50 ul TUNEL reaction mixture
containing biotin-11-dUTP and TdT Enzyme and then with
streptavidin fluorescein at 37°C for 30 min. The nucleus was
counterstained using 4',6-diamidino-2-phenylindole at room
temperature for 10 min in the dark. Slides were mounted using
glycerol. Finally, apoptotic cells were examined using a fluores-
cence microscope under three fields of vision (magnification,
x200; Nikon Eclipse 80i; Nikon Corporation).

Western blotting. The cells were grown to 80-90% confluence,
homogenized in ice-cold phenylmethylsulfonyl fluoride in
radioimmunoprecipitation assay buffer (Beyotime Institute of
Biotechnology) and incubated at 4°C for 30 min. After centrifu-
gation at 7,992 x g for 15 min at 4°C, the protein concentration
of supernatant was measured using a bicinchoninic acid
protein assay kit (Beyotime Institute of Biotechnology). The
proteins (40 pg) were electrophoresed on 6-10% SDS-PAGE
gels and then electrotransferred to a polyvinylidene fluoride
membrane (EMD Millipore). The membranes were blocked
for 1 h at room temperature using 5% skimmed milk powder
(Beyotime Institute of Biotechnology) in phosphate buffered
saline containing 0.1% Tween-20 (PBST), followed by probing
with primary antibodies at 4°C overnight. Thereafter, the
membranes were washed with PBST three times for 10 min
each, followed by incubation with respective horseradish
peroxidase-linked secondary antibodies at room tempera-
ture for 60 min. Finally, ECL solution (cat. no. 180-5001W;
Tanon Science and Technology Co., Ltd.) was applied to the
membrane evenly before detection of the signals (T1600; Tanon
Science and Technology Co., Ltd.). Quantitative analysis was
performed using ImagelJ software (v1.48; National Institutes of
Health) The primary antibodies used were as follows: Rabbit
anti-cleaved caspase-3 (cat. no. 9661; 1:1,000; Cell Signaling
Technology, Inc.), rabbit anti-Bcl-xl (cat. no. ab32370; 1:1,000;
Abcam), rabbit anti-Bax (cat. no. ab32503; 1:5,000; Abcam),
rabbit anti-NEK7 (cat. no. ab133514; 1:5,000; Abcam),
rabbit anti-pro-Caspase-14+ pl0 + pl2 (cat. no. abl179515;
1:1,000; Abcam), rabbit anti-NLRP3 (cat. no. 19771-1-AP;
1:1,000; ProteinTech Group, Inc.), mouse anti-f3-actin
(cat.no.66009-1-1g; 1:5,000; ProteinTech Group,Inc.) and rabbit
anti-apoptosis-associated speck-like (ASC; cat. no. YT0365;
1:1,000; ImmunoWay Biotechnology Company). Horseradish
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Figure 1. Morphological changes of NRK-52E cells after treatment with UA for 24 h. Magnification, x400. UA, uric acid.

4 500
3.0
500 80+
400 -
400
2.0K , 60 o
- 3004 - E
z E 3004 FITC-Asubset | o F'Tcs'; subset | 5
3 FITC-A subset 8 49.3 3 ' 5
© 217 © o @ 401
1.0K 4 —_— 200 Q
(i
1004 20
IR (- T o
-10° o 10° 10 10° -10* o 10° 100 10° -10* o 10° 10t 10° 0= Control 50 150
i
FITC-A FITC-A FITC-A ontro
Control UASD UA100
400 804
3.0K - 500+
300 400 o 60
- FITC-Asubset | .. @ ##
520K % ol 616 5 300 s
38 FITG-A subset S o FITC-A subset @ 40
1.90 200+ 46,3 il
1.0K = — :
100
100 20
0~ e — . 0 Ly N 0Ly - S erery
10" o 10° 0t 10° -10* o 10° 10 10° -10* o 10° 10* 10° Control bcdel  NAC
ontrol e
FITC-A FITC-A FITC-A
Control Model NAC

Control UA 50 UA 100 NAC

259 sex

ROS area (%)
£
k-4

Control UASO UA100 NAC

Figure 2. Effect of UA on ROS generation in injured NRK-52E cells. (A and B) Flow cytometry assays showing ROS production in NRK-52E cells treated
with 0, 50, 100 pg/ml UA for 24 h and the percentage of ROS-producing cells. NRK-52E cells were pretreated with 20 mM NAC for 1 h and then treated
with UA for an additional 24 h and the percentage of ROS-producing cells was examined using flow cytometry. (C) DCFH-DA was used to measure the
UA-induced cellular ROS (magnification, x400). n=4 independent samples; data represent the mean =+ standard error of the mean. “P<0.01, ““P<0.001 vs. the
control group; $P<0.05 vs. the UAS50 group; #P<0.01 vs. the model group. UA, uric acid; ROS, reactive oxygen species; NAC, N-acetyl-I-cysteine; DCFH-DA,
2'/7'-dichlorofluorescin diacetate.
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Figure 3. Effects of UA on the apoptotic pathway in injured NRK-52E cells. (A and B) Levels of apoptotic pathway proteins (NEK7, NLRP3, ASC and
caspase-1) in response to UA (0, 50 and 100 pg/ml) treatment of NRK-52E cells, as assessed using western blotting. NRK-52E cells were pretreated with
20 mM NAC for 1 h and then treated with 100 yg/ml UA for an additional 24 h and the levels of NEK7, NLRP3, ASC and caspase-1 were determined.
Data represent the mean + standard error of the mean; n=4 independent samples repeated three times. "P<0.05, “P<0.01 vs. the control group. “P<0.05,
#P<0.01 vs. the model group. UA, uric acid; NAC, N-acetyl-1-cysteine; NEK7, Never in mitosis gene A-related kinase 7, NLRP3, NLR family pyrin domain

containing 3; ASC, apoptosis-associated speck-like; Cle, cleaved.

peroxidase-labeled goat anti-mouse IgG (H+L; cat. no. A0216;
1:1,000;) and horseradish peroxidase-labeled goat anti-rabbit
IgG (H+L; cat. no. A0208; 1:1,000;) were purchased from
Beyotime Institute of Biotechnology.

Flow cytometry detection of ROS. Detection of intracellular
ROS in NRK-52E cells: Following treatment, cells were washed
twice in PBS and incubated with 0.1% 2'.7'-dichlorofluorescin
diacetate (DCFH-DA; cat. no. E004-1-1; Nanjing Jiancheng

Bioengineering Institute) as a probe at 37°C for 60 min.
Subsequently, the cells were digested with 0.25% trypsin. After
being centrifuged at 55.5 x g for 5 min, the cells were resus-
pended in 400 ul of 1X binding buffer and then subjected to
flow cytometry using a BD FACSCalibur flow cytometer (BD
Biosciences). The excitation wavelength was 500 (500+15 nm)
and the emission wavelength was 525 (530+20 nm). The results
were expressed as fluorescence values. FlowJo software was
used for analysis of data (v10; FlowJo LLC).
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Figure 4. Effects of UA on the apoptosis of NRK-52E cells. (A) Flow cytometry assays showing apoptosis of NRK-52E cells treated with 0, 50 and 100 pg/ml
UA for 24 h and the percentage of apoptotic cells. (B) NRK-52E cells were pretreated with 20 mM NAC for 1 h and then treated with 100 yg/ml UA for an
additional 24 h and the percentage of apoptotic cells was examined using flow cytometry. (C) TUNEL assays were used to measure the UA-induced cell
apoptosis (magnification, x200). Data represent the mean + standard error of the mean. ““P<0.001 vs. the control group; $*P<0.01 vs. the UA50 group; #P<0.01

vs. the model group. UA, uric acid; NAC, N-acetyl-I-cysteine.

Statistical analysis. Data are expressed as the mean + standard
error of the mean. All statistical tests were performed using
SPSS 21 software (IBM Corp.). Data were analyzed using an
unpaired Student's t test; comparisons between groups involved
one-way analysis of variance with Tukey-Kramer post-hoc
test. Data were presented using GraphPad Prism 8 (GraphPad
Software, Inc.). All the experiments were repeated three times
for each experimental condition and the representative results
are presented. P<0.05 was considered to indicate a statistically
significant difference.

Results

Effect of UA on morphological changes of NRK-52E cells.
Initially, the CCKS assay was performed to show that uric acid
could inhibit the viability of NRK-52E cells when the concen-
tration was 100 pg/ml UA for 24,48 and 72 h (Figs. S1-3). After
statistical analysis, there was significant difference between
the cells stimulated with 100 pg/ml uric acid for 24 and 48 h
and normal cells, the results of 72 h showed that the cell
survival rate of 100 pg/ml uric acid decreased significantly,
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which could not meet the requirements of the experiment (data
not shown). Combined with this study, the effect of early uric
acid levels on NRK-52E cells was mainly observed, hence,
100 ug/ml UA was selected to stimulate NRK-52E cells 24 h
in the following assay (data not shown). The morphological
changes of NRK-52E cells were observed after 24 h of treat-
ment with UA. NRK-52E cells appeared pebble shaped in
the control group (Fig. 1); however, following treatment with
50 and 100 pg/ml UA for 24 h, the cells became progressively
swollen, the membrane ruptured and became detached (Fig. 1).
In addition, the cell adhesion ability was weakened and the
distribution density of the cells was reduced significantly.

Effect of UA on ROS production in NRK-52F cells. As shown in
Fig. 2A and C, treating NRK-52E cells with 50 and 100 pg/ml
UA for 24 h significantly increased ROS levels compared with
those in the control group. To further assess whether NAC
inhibited the UA-induced increase in ROS levels, NRK-52E
cells were pretreated with NAC for 1 h; and then the cells
were co-cultured with UA for 24 h. As expected, the number
of DCFH-DA-positive cells was increased by UA treatment
compared with that in the NAC group (Fig. 2B and C). Thus,
pretreatment with NAC significantly inhibited the UA-induced
increase in ROS levels.

Effect of UA on the NEK7-NLRP3 signaling pathway
activation. The present study evaluated the effects of
50 and 100 pg/ml UA on the NEK7-NLRP3 signaling pathway.
Fig. 3A shows that UA upregulated the levels of NEK7,
NLRP3, ASC and Cleaved-caspase-1 in a dose-dependent
manner. Compared with that in the 100 zg/ml UA group, NAC
attenuated the effect of UA on the levels of NEK7, NLRP3,
ASC and Cleaved-caspase-1 (Fig. 3B).

Effect of UA on NRK-52E cell apoptosis. To evaluate
UA-induced apoptosis of NRK-52E cells following treatment
with UA, the apoptosis rate was detected using flow cytometry
and TUNEL assays. The results showed that UA significantly
promoted apoptosis of NRK-52E cells compared with the
non-treated control group (Fig. 4A-C). Flow cytometry anal-
ysis showed that the number of FITC* and PI" cells increased
following UA treatment. The ratio of FITC* and PI* cells was
higher compared with the control group, indicating that the
cells exhibited advanced apoptosis or necrosis. Treatment
with NAC abrogated the increases in cell apoptosis induced
by UA compared with that in cells treated with UA alone
(Fig. 4B and C). In addition, the levels of apoptosis markers
(Cleaved-caspase-3, Bcl-x1 and Bax) were also assessed via
western blotting. As shown in Fig. 5A, UA decreased the
expression of Bcl-xl and increased the expression levels of
Bax and Cleaved-caspase-3 in a dose-dependent manner in
NRK-52E cells. NAC attenuated the effect of UA on the levels
of these proteins (Fig. 5B).

Discussion

Hyperuricemia has been widely reported as a risk factor for
a variety of kidney diseases (14,15). The observation that
hyperuricemia frequently precedes the development of CKD
suggests that factors other than renal insufficiency are likely
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involved in the pathogenesis of the elevation in uric acid (16).
Studies have confirmed that ~2/3 of UA in the human body is
reabsorbed and secreted by the renal tubules (17,18). Therefore,
renal tubular epithelial cell injury might be an important
factor in the renal damage caused by UA (19). High levels of
UA, as a dangerous molecular model, are ingested into the cell
lysosome, increase the permeability of lysosomal membrane.
Lysosomal membrane permeabilization results in transloca-
tion to the cytoplasm of the intraluminal contents, followed by
the release of cathepsins into the cytosol. Specific cathepsins
are released from the permeabilized lysosomes resulting in
mitochondrial damage, mitochondria is an important place for
cells to produce ROS (20,21). Abnormal function and structure
of mitochondrial respiratory chain can cause electron leakage
and produce a large amount of ROS. Oxidative stress plays
an important role in renal apoptosis; ROS generated by mito-
chondria after the binding of UA crystals to TLR is a pivotal
mediator for activation of the NLRP3 inflammasome in the
development of MSU-crystal-induced renal inflammation (22).
The current study revealed that oxidative stress generated by
UA crystals induced renal apoptosis through activation of a
caspase-dependent apoptosis pathway (23). A previous study
demonstrated that UA at a concentration of 10 mg/dl activates
NALP3 and increases cleaved caspase-1 level and caspase-1
activity. Glyburide, a NALP3 inhibitor, prevents the above
almost completely (24). In the present study, when the stimu-
lation time of UA was fixed, the cell survival rate gradually
decreased with the increase of the stimulation concentration
and the damage of UA to cells increased with the increase
of the stimulation concentration. In addition, the relevant
literature was consulted, so 100 pg/ml UA for 24 h, and not
48 or 72 h, was used as the timepoint (23). It was found that
UA promoted dose-dependent apoptotic damage in NRK-52E
cells over 24 h. The results of the present study demonstrated a
dose-dependent increase in cell apoptosis upon UA treatment.
It showed that NEK7/NLRP3 signaling might be involved in
the mechanism of tubular epithelial cells apoptosis in a high
UA environment. More significantly, ROS, which is a key
factor in the process of apoptosis, was associated closely with
tubular epithelial cells injury and thus might represent a direct
mechanism of UA-induced tubular epithelial cell apoptosis.
Cell death mechanisms have been proven to be associated
with the development of UA-induced kidney disease (25).
High apoptosis rates have been observed in the renal tubular
epithelial cells of rats with UA-induced kidney disease (26).
Increasing evidence shows that apoptosis could serve as a
therapeutic paradigm in hyperuricemia (27). Yang et al (28)
found that renal tubular epithelial cell apoptosis occurs in rats
with UA-induced kidney disease and the use of the antioxidant
glutathione can inhibit cell apoptosis significantly and reduce
kidney damage. The results of the present study also indicated
that NAC inhibited UA-induced apoptosis. In addition, the
levels of the proapoptotic factors cleaved caspase-3 and Bax
were upregulated significantly and the level of antiapoptotic
factor Bcl-x] was downregulated after stimulation with UA.
NAC attenuated the effect of UA on the levels of these proteins.
Previous studies demonstrated that various stress stimuli,
including the oxidative stress caused by ROS, might induce
the activation of NLRP3 inflammasome signaling path-
ways (29,30). In addition, NLRP3 inflammasome activation
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contributes to stress-induced apoptosis (31). NLRP3 inflam-
masomes can also activate caspase-8 and activated caspase-8
promoted caspase-3 cleavage in response to nigericin, which
initiates apoptosis (32). Tsuchiya et al (33) reported that
caspase-1 induction of apoptosis involves the Bid-dependent
mitochondrial apoptosis pathway. NEK7 is a key protein in
the assembly and activation of NLRP3 inflammasomes (34).
In the downstream pathway of mitochondrial ROS produc-
tion, NEK7 binds to the NLRP3 leucine rich repeat region
in a kinase-independent manner. NEK7 mediates the acti-
vation of NLRP3 inflammasomes by connecting adjacent
NLRP3 subunits through a biphasic interaction (13). In a
Nek7 knockout mouse model, the absence of NEK7 inhibits
NLRP3 activation, which verifies the key role of NEK7 in the
assembly and activation of NLRP3 (35). The results of the
present study demonstrated that ROS upregulated the levels of
NEK?7, NLRP3, ASC and caspase-1. NAC was also observed
to inhibit NEK7/NLRP3 activation, suggesting that NAC
attenuated renal tubular epithelial cell apoptosis by reducing
UA-induced oxidative stress via the NEK7/NLRP3 signaling
pathway. ROS-mediated activation of NLRP3 inflammatory
bodies appeared to be related to NEK7. A previous study
demonstrated that artemisinin can regulate NEK7-mediated
NLRP3 inflammasome activation by suppressing the interac-
tion between NEK7 and NLRP3 in lipopolysaccharide and
UA-induced inflammation in human U937 macrophages
and in UA-induced arthritic mice (36). Thus, inhibition of
NEK7/NLRP3 activation reduced UA-induced renal tubular
cell damage.

Ocxidative stress in tubular cells has emerged as a major
cause of renal damage in different pathophysiological
processes, such as UA-induced kidney disease and diabetic
nephropathy (23,37). ROS are considered to be important
mediators of several biological responses, such as inflamma-
tion and apoptosis (38,39). ROS is a normal metabolite of redox
reactions. The normal balance of ROS can bidirectionally
regulate cell apoptosis and proliferation and activates a series
of signal transduction pathways essential for transcription (40).
Excessive ROS can damage cell integrity and lead to tissue
dysfunction through lipid, protein, mitochondria and cellular
DNA peroxidation (22). The present study demonstrated that
oxidative stress generated by UA activated a specific proteases
termed the executioner caspases (e.g., cleaved caspase-3) and
downregulated the expression of the anti-apoptotic molecule
Bclx1 in the caspase-dependent apoptosis pathway. Recent
studies indicate that UA triggers the generation of oxidant
stress in several different cell types (41-43). In early chronic
kidney disease, UA can increase the production of ROS,
regulate the activation of the NLRP3 inflammasome and
further induce early vascular endothelial cell injury of chronic
kidney disease (5). Oxidative stress injury is also reported to
be involved in UA-induced pancreatic cell apoptosis (44). The
present study showed that UA increased the production of ROS
in a dose-dependent manner. Subsequently, it was confirmed
that the apoptotic events in NRK-52E cells cultivated under
high UA levels were dependent on ROS generation. Inhibition
of ROS has been demonstrated as protective in several experi-
mental cell models, such as hypoxia reoxygenation, unilateral
ureteral obstruction (UUQO), chronic renal failure and diabetic
nephropathy (45-48). The findings of the present study offered

an explanation for the renal cell protective effects of ROS
scavengers. It was observed that UA-induced ROS production
was inhibited by the antioxidant NAC, suggesting a major role
of UA in inducing oxidative stress in renal tubular epithelial
cell injury.

Accumulating evidence demonstrates that the intake of
toxic agents (such as uric acid, oxalic acid and heavy metals)
might lead to cell antioxidant defense dysfunction and apop-
tosis (49-51); however, the exact mechanism of apoptosis
caused by UA-induced antioxidant imbalance requires further
study. There have been a number of studies on the mechanism
of UA-mediated ROS-induced apoptosis. It is reported that the
ROS-p53 signaling pathway is involved in the pathogenesis
of UA kidney injury. Li et al (11) observe that UA promotes
ROS-induced apoptosis in HK-2 cells. The mechanism
involves the activation of P38 and ERK1/2. The present study
verified the role of NEK7 in UA-induced apoptosis of renal
tubular cells. However, it only verified the role of NEK7 in
ROS-activated, NLRP3-induced apoptosis and did not use
NLRP3 inhibitors and NEK7 knockdown; this is the limita-
tion of the present study. Thus, further research is required to
understand the mechanism by which UA stimulates ROS to
influence NEK7-induced NLRP3 inflammasome activation
and apoptosis. Hence, the exact mechanisms and inhibitors of
NEK7-licensed NLRP3 inflammasome activation should be
investigated further, NLRP3 inhibitors and NEK7 knockout
should be further investigated. Therefore, the results of the
present study suggested that the ROS-NEK7-NLRP3 signaling
pathway might be one of the main mechanisms through which
UA causes renal tubular epithelial cell apoptosis. However,
there might be other mechanisms by which UA induces apop-
tosis and a study reports that inhibition of EZH2 attenuates
renal tubular cell apoptosis in hyperuricemic mice (52), thus
further experiments are needed.

In summary, ROS can lead to the apoptosis of NRK-52E
cells, which might be an important pathogenic characteristic
of renal tubular damage caused by UA. The upregulation of
cleaved caspase-3 and Bax, the downregulation of Bcl-x1 levels
and the activation of the NEK7-NLRP3 signaling pathway
might serve key roles in the apoptosis of NRK-52E cells
induced by ROS.
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