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A B S T R A C T

Cardiovascular disease (CVD) is reported to closely associate with the high mortality in patients with end-stage 
renal disease (ESRD), and endothelial damage induced by accumulated uremic toxins (mostly studied indoxyl 
sulfate [IS]) is the key pathological process, whose pathogenesis and therapeutic strategies remain incompletely 
understood. NIMA-related kinase 7 (NEK7) has been recognized as a novel mediator for NLRP3 inflammasome 
activation, which plays a crucial part in causing vascular endothelial injury. Here, we explored the potential 
functions and fundamental mechanisms of NEK7-mediated NLRP3 inflammasome activation in IS-induced 
endothelial injury. Expression of the NLRP3 inflammasome and its activation were markedly increased in IS- 
administered endothelium both in vivo and in vitro. Silencing NEK7, NLRP3, or caspase 1 significantly inhibi
ted NLRP3 inflammasome activation, thereby alleviating IS-induced endothelial injury, as indicated by reduced 
inflammation and apoptosis in mouse arterial endothelial cells (MAECs). Furthermore, impaired endothelium in 
the aortas of both five-sixths nephrectomy mice and IS-injected mice with activated NLRP3 inflammasome, was 
either restored when conditional knockdown of NEK7 in endothelial cells or amplified upon NEK7 over
expression via hydrodynamic tail vein injection. Together, we validate that NEK7 promotes IS-induced endo
thelial injury by activating the NLRP3 inflammasome, which not only sheds lights on the underlying mechanisms 
of IS-mediated endothelial injury in ESRD, but also provides potential pharmacological target for the therapy of 
ESRD-related CVD.

1. Introduction

Chronic kidney disease (CKD) has drawn great concern in the world 
for a long time due to its high morbidity, costly treatment, and severe 
complications [1–5]. In the setting of stage 4 chronic kidney disease 
(ESRD), cardiovascular disease (CVD) is the most common cause of 
death, responsible for 50 % of all deaths [6–11]. Effective therapies are 
needed in light of the alarmingly high prevalence of CVD among ESRD 
patients, which necessitates a deeper comprehension of the pathogenic 

processes causing ESRD-related CVD.
In ESRD, impaired renal function gives rise to accumulated uremic 

toxins, among which protein-bound uremic toxins are particularly 
challenging for conventional dialysis to eliminate due to their high af
finity for albumin [12]. Among various uremic toxins, indoxyl sulfate 
(IS) has been mostly investigated. Indoxyl sulfate is a protein-bound 
uremic toxin, and it originates from dietary tryptophan and usually 
achieves high clearance in healthy kidneys through tubular secretion via 
organic anion transporters [13,14]. Evidence has indicated that IS is 
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markedly increased in the serum of patients with uremia compared with 
healthy individuals [15,16], and continuous challenge with IS leads to 
damage to the vascular endothelium [17], that is demonstrated by the 
induction of endothelial oxidative stress [18] and microparticles [19], as 
well as endothelial apoptosis and the retardation of endothelial prolif
eration [20]. Clinical data have also indicated that IS acts independently 
to pose a threat to the lives of patients with CVD in the setting of ESRD 
[21]. Several molecular mechanisms are involved in IS-induced endo
thelial injury, including phosphorylation of the p38–MAPK pathway 
[22,23], upregulation of NADPH oxidase activity [24], and down
regulation of eNOS expression [25]. However, few effective targets have 
been identified; thus, in-depth studies are urgently needed to find novel 
mechanistic mechanisms for endothelial impairment under IS challenge.

A number of investigations have supported a close correlation be
tween the impairment of vascular endothelium and the activation of the 
NLRP3 inflammasome [26–34]. A previous report concluded that the 
toxic uremic metabolite trimethylamine-N-oxide (TMAO) induced the 
activation of the NLRP3 inflammasome via downregulation of sirtuin 3, 
amplifying inflammation and endothelial dysfunction [35]. The NLRP3 
inflammasome reacts to certain stimulations for priming and activation, 
in which ASC connects NLRP3 and caspase 1, facilitates the formation of 
ASC specks and the activation of caspase 1, and subsequently promotes 
the secretion of mature IL-1β and IL-18, driving the development of 
disorders associated with inflammation [36]. However, the influence of 
the activated NLRP3 inflammasome on IS-induced endothelium injury 
remains largely unknown.

As the smallest member of the NEK family, NEK7 widely distributes 
in various tissues which include heart, liver, kidney, and muscle [37]. It 
was initially reported that NEK7 mediates mitotic progression and DNA 
repairment and is associated with uncontrolled cell proliferation and 
tumorigenesis [38]. Recent reports have confirmed NEK7 could bind to 
NLRP3 and act to regulate NLRP3 inflammasome oligomerization and 
activation [39–41]. Additionally, NEK7 mutation could substantially 
inhibit NLRP3 inflammasome-mediated inflammation [42]. However, 
few investigations have revealed the contribution of NEK7-mediated 
NLRP3 inflammasome activation to IS-associated impairment of the 
vascular endothelium.

In the current study, we established uremia-related models both in 
vivo and in vitro. Endothelial injury, as indicated by inflammation and 
apoptosis, was comprehensively evaluated. The findings of this inves
tigation offer compelling evidence that NEK7 mediates IS-induced 
endothelial apoptosis by activating the NLRP3 inflammasome.

2. Materials and methods

2.1. Mouse strains and animal models

All the mice used in this study were maintained under specific 
pathogen-free condition with controlled light (a 12 h-light/12 h-dark 
cycle) and temperature and free access to standard food and water in the 
animal care facility of Nanjing Medical University. All the procedures 
and animal experiments were performed complying with the ethical 
guidelines and approved by the Institutional Animal Care and Use 
Committee (IACUC-20090053, 2209063–2) of Nanjing Medical Uni
versity. All mice were anesthetized by inhaling isoflurane (2 %) during 
the process of five-sixths nephrectomy (5/6Nx) and Sham operation. At 
the end of each model, all the mice were euthanized under isoflurane (2 
%) inhalation followed by blood collection from inferior vena cava.

C57BL/6 J mice, NEK7fl/fl (B6/JNju-Nek7em1Cflox/Nju, T004197), 
and Tek-Cre mice (C57BL/6JGpt-Tek-iCre, T003764) were purchased 
from GemPharmatech Co., Ltd. (Nanjing, China). Conditional endothe
lial cell NEK7-knockout heterozygous mice (NEK7 cKO Het mice) were 
generated through the breeding of NEK7fl/fl mice and Tek-Cre mice 
(Primer sequences for genotyping are listed in Supplemental Table 1). 
The reagents and primers used for genotyping were acquired following 
the guidelines provided by the manufacturer.

We performed 5/6Nx operation to create a simulated condition of 
chronic kidney failure. For C57BL/6 J mice (8 weeks old, male), they 
were randomly assigned to one of two groups to be subjected to sham or 
5/6Nx operations. For NEK7 cKO mice (8 weeks old, male), endothelial 
cell NEK7 knockout heterozygotes (Het mice) and their littermates (Ctrl 
mice) were divided into two groups respectively: the 5/6Nx and sham 
groups. Both the 5/6Nx and sham operations were under anesthesia 
with isoflurane (2 %) inhalation and kept at a 37 ◦C thermostatic 
blanket. Briefly, to perform 5/6Nx operation, first, the upper and lower 
poles of the left kidney were resected via a left flank incision, and one 
week later, the entire right kidney was removed via a right flank incision 
[43]. Twelve weeks later, all the mice were euthanized under isoflurane 
(2 %) inhalation followed by blood collection from inferior vena cava. 
The thoracic aortas were removed for further analysis.

For IS-related mouse model, the C57BL/6 J mice (8 weeks old, male) 
were assigned into four groups (n = 6): Ctrl+Vehicle, NEK7 + Vehicle, 
Ctrl+IS, and NEK7 + IS groups. The mice were first injected with NEK7 
plasmids or Ctrl plasmids (empty vector, PCDNA3.1) followed by 
intraperitoneal injection of IS (I3875, Sigma–Aldrich) or saline. Briefly, 
mouse NEK7 plasmids and control plasmids (Biogot Technology) were 
diluted in saline (0.9 % NaCl) at 30 μg/ml. Each mouse was injected with 
2 ml of plasmids (60 μg) in saline through tail vein. Twenty-four hours 
later, an intraperitoneal injection of IS (150 mg/kg) or saline was 
administered to mice daily for 7 days. At the end, all mice in the four 
groups were euthanized under isoflurane (2 %) inhalation followed by 
blood collection from inferior vena cava once the experiment was 
finished, and the thoracic aortas were removed for further analysis.

2.2. Cell culture and treatment

Mouse aortic endothelial cells (MAECs, JNO-M0176, GuangZhou 
Jennio Biotech Co.,Ltd) were cultured in DMEM (C11995500BT, 
GIBCO) supplemented with FBS (ST30–3302, PAN) to the concentration 
of 10 % in a humidity-controlled incubator with 5 % CO2 at 37 ◦C. To 
knockdown the levels of NEK7, NLRP3, or caspase 1, cells were trans
fected with corresponding short interfering RNA (si-NEK7, si-NLRP3, or 
si-caspase 1, the target sequences in Supplemental Table 2) or negative 
control (RIBO-biotic) delivered by Lipofectamine 2000 (11,668,019, 
Thermo Fisher). MAECs were then incubated in ascend concentrations 
(0, 250, 500, 1000 μM) of IS (I3875, Sigma–Aldrich) with or without 5 
mM adenosine triphosphate (ATP, A2383, Sigma–Aldrich) for 24 h.

2.3. Immunohistochemistry (IHC) and immunofluorescence (IF) staining

Fresh aortas were processed from dehydration to paraffin- 
embedding, made from 2 to 3- mm small segments into 4-μm sections 
for the subsequent dewaxing and antigen retrieval.

For IHC staining, the aorta tissue slides were blocked in 3 % 
hydrogen peroxide (PV-9000, ZSGB-BIO) for 20 min, in QuickBlock 
blocking buffer (P0260, Beyotime) for 1 h, and in immunol staining 
dilution buffer (P0103, Beyotime) with anti-rabbit cleaved caspase 3 
(1:400 dilution, 9661, CST), anti-rabbit IL-1β (1:100 dilution, bs-6319R, 
Biosis) or anti-rabbit NEK7 (1:50 dilution, bs-7758R, Biosis) primary 
antibody overnight at 4 ◦C. The slides were processed by the two-step 
test kit (PV-9000, ZSGB-BIO) in the following day as instructed. Then, 
a DAB kit (ZLI-9018, ZSGB-BIO) was used to visualize the positive areas 
on the slides. The staining density was quantified using ImageJ.

For IF staining, following the incubation of the aorta tissue slides 
with anti-rabbit ASC (1:200 dilution, AL177, AdipoGen) primary anti
body overnight at 4 ◦C was the incubation with Alexa Fluor 488 marked 
goat anti-rabbit IgG (H + L) (A0423, Beyotime) secondary antibody for 
1.5 h at room temperature. The stain used on the nuclei was DAPI 
(P0131, Beyotime). For staining of NLRP3-ASC colocalization, anti- 
rabbit NLRP3 (1:50 dilution, 19771–1-AP, proteintech) and anti-rabbit 
ASC (1:200 dilution, AL177, AdipoGen) primary antibody combined 
with a tyramide signal amplification (TSA) staining kit (YB005, 

L. Sun et al.                                                                                                                                                                                                                                      International Immunopharmacology 163 (2025) 115236 

2 



YOBIBIO, Shanghai, China) were used. For capturing the images, a Leica 
confocal microscope (DMi8) was used. The cells were planted on cell 
culture slides in preparation for IF labeling. Following treatment, 4 % 
paraformaldehyde was utilized for fixation for 20 min, 0.2 % Triton X- 
100 (P0096, Beyotime) was utilized for permeabilization for 15 min, and 
QuickBlock blocking buffer (P0260, Beyotime) was utilized for blockage 
for 1 h. The following steps were the same as those described for the 
paraffin-embedded aortic sections. The images were captured using a 
Zeiss confocal microscope (LSM710). The staining density was quanti
fied using ImageJ.

2.4. Caspase 1 activity analysis

A Caspase 1/ICE colorimetric assay kit (K111–100, BioVision) was 
utilized to determine the activity of caspase 1. According to the guide
lines, we collected cell lysates and measured the protein concentrations. 
Then, the proteins were resuspended in chilled cell lysis buffer and 
further incubated in YVAD-pNA for 1–2 h at 37 ◦C. Microplates were 
added with samples to be tested, and 405 nm wavelength was used to 
detect the results.

2.5. ELISA

An ELISA kit (1,210,122, Dakewe) was utilized to quantitatively 
assess the concentration of IL-1β contained in the medium of MAECs 
treated as established. As demonstrated by the manufacturer’s instruc
tion, 100 μl of each sample were used for test. This was followed by the 
addition of 50 μl of the Biotinylated antibody working solution to each 
well, and the plate was incubated at 37 ◦C for 90 min. Afterward, the 
contents of the wells were aspirated and washed 4 times before the 
addition of 100 μl/well of the Streptavidin-HRP working solution. The 
plate was then incubated again at 37 ◦C for 30 min. Following another 
round of 4 times of washing, 100 μl/well of the TMB working solution 
was added. The plate was incubated at 37 ◦C for 5 to 20 min, after which 
100 μl/well of Stop solution was promptly added to stop the reaction. 
The final absorbance was measured at 450 nm.

2.6. FITC annexin V assay

As for the assessment of cell death, an FITC Annexin V kit (556,547, 
BD) was used. MAECs were planted in a twelve-well plate (TCP011012, 
BIOFIL) at the concentration of 0.5–1 × 10^5 cells per well. After 
treatment, MAECs and their supernatants were collected in 1.5 ml 
centrifuge tubes, rinsed in PBS, and resuspended in binding buffer with 
FITC-Annexin V and PI for 15 min in the absence of light at ambient 
temperature. The cells were analyzed by flow cytometry (Cytoflex) 
immediately at the end of the staining.

2.7. Western blot analysis

To extract the total proteins, MAECs and mouse aortic tissues were 
subjected to RIPA lysis buffer (A0181, Beyotime), which was further 
posted on ice for 20 min and centrifugated at 4 ◦C for 20 min at 13,800 g 
(12,000 rpm). Then the supernatants were collected for further mea
surement of protein concentrations. Subsequently, proteins were dena
tured in SDS–PAGE loading buffer (P0015L, Beyotime) at 100 ◦C for 5 
min. A standard western blot analysis was then conducted. In brief, we 
use 10 % polyacrylamide separating gels to separate the protein samples 
and polyvinylidene difluoride membranes to electroblot them. 
Following the blockage with 5 % nonfat milk at ambient temperature for 
1 h was the incubation with the following primary antibodies overnight 
at 4 ◦C: anti-rabbit NEK7 (1:1000 dilution, ab133514, abcam), anti- 
rabbit NLRP3 (1:1000 dilution, 19771–1-AP, proteintech), anti-rabbit 
Casp1/p10/p12 (1:1000 dilution, ab179515, abcam), anti-rabbit cas
pase 3 (1:1000 dilution, 14220, CST), anti-rabbit gasdermin D (1:1000 
dilution, ab219800, abcam), anti-rabbit cleaved gasdermin D (1:1000 

dilution, 36425, CST), anti-rabbit β-actin (1:2000 dilution, 20536–1-AP, 
proteintech), anti-mouse α-tubulin (1:2000 dilution, 66031–1-Ig, pro
teintech). HRP-labeled goat anti-rabbit (1:2000 dilution, A0208, Beyo
time) and anti-mouse (1:2000 dilution, A0216, Beyotime) antibodies 
were used as secondary antibodies in the next day. The results were then 
visualized on a BIO-RAD ChemiDoc XRS+, and protein intensity was 
analyzed using ImageJ.

2.8. Quantitative real-time PCR (qRT–PCR)

To distill the total RNA, MAECs and mouse aortic tissues were sub
jected to RNAiso Plus (9109, Takara). 2000 ng of RNA was then reversed 
to cDNA using a reverse transcriptase (2641 A, Takara). To determine 
the mRNA expression levels, qRT–PCR was performed in a 96-well 
QuantStudio 3 Real-time PCR System (Applied Biosystems). The 2-ΔΔCt 

approach was employed to determine the relative alterations in mRNA 
levels. A specific list of PCR primers was outlined in Supplemental 
Table 3.

2.9. Statistical analysis

In this study, we used GraphPad prism (10.0) to analyze the data and 
presented it as mean ± SEM. The statistical importance between groups 
was assessed by an unpaired Student’s t-test or a one-way ANOVA by 
SPSS (19.0). P < 0.05 was considered statistically significant.

3. Results

3.1. IS increases the expression of NEK7 and NLRP3 inflammasome 
components in MAECs

First, we examined the role of IS in the expression of NEK7, NLRP3, 
and caspase 1. MAECs were incubated in serum-free medium with 
different concentrations (0, 250, 500, and 1000 μM) of IS for 24 h, and 
by Western blot and qRT-PCR analysis, we observed that IS treatment 
significantly increased the protein and the mRNA levels of NEK7, 
NLRP3, and caspase 1 in MAECs (Fig. 1A–D, F–H), whereas there were 
no evident changes in IL-1β mRNA levels (Fig. 1I) and caspase 1 activity 
(Fig. 1A, E, J). In general, the activation of the NLRP3 inflammasome 
occurs in two steps, which contains signal 1-induced priming and signal 
2-facilitated assembly and activation [44–52]. These results suggested 
that IS upregulated NEK7/NLRP3/caspase 1 expression in MAECs, 
possibly participating in the priming of the NLRP3 inflammasome, 
which is a crucial initial stage for the activation of the NLRP3 inflam
masome [53,54].

3.2. IS and ATP act in a synergic manner to induce NLRP3 
inflammasome activation in MAECs

To further investigate the impact of IS on the activation of the NLRP3 
inflammasome, we subjected MAECs to IS in combination with ATP, a 
classic stimulator in the second phase of NLRP3 inflammasome activa
tion. MAECs were treated with Ctrl, ATP (5 mM), IS (1000 μM), and a 
combination of IS (1000 μM) and ATP (5 mM). Consistently, IS notably 
upregulated NEK7, NLRP3, and caspase 1 expressions at both protein 
and mRNA levels (Fig. 2A–D, F–H). However, no distinct changes were 
observed in the levels of NEK7 and NLRP3 between the two groups in 
which MAECs were exposed to IS with or without ATP (Fig. 2A–D, F–G). 
Indeed, ATP administration not only promoted the cleavage of caspase 1 
stimulated by IS (Fig. 2A, E), but also elevated IS-induced caspase 1 and 
IL-1β transcript levels (Fig. 2H–I). Furthermore, ASC- 
immunofluorescence staining, a caspase 1 activity assay, and ELISA 
were performed to evaluate ASC speck formation, caspase 1 activity, and 
IL-1β release, respectively. We observed that ATP promoted the acti
vation of the NLRP3 inflammasome primed by IS, as evidenced by the 
elevation of ASC speck formation (Fig. 2J–K), enhanced caspase 1 
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Fig. 1. IS increases the expression of NEK7 and NLRP3 inflammasome components in MAECs. 
(A–E) Western blot analysis of NEK7, NLRP3, caspase 1 and cleaved caspase 1 in MAECs treated with IS (250, 500, and 1000 μM) for 24 h, n = 3. (F–I) Transcript 
levels of NEK7, NLRP3, caspase 1, and IL-1β in MAECs from each group, n = 3. (J) Caspase 1 activity in MAECs under the dose course of IS, as examined by a Caspase 
1/ICE colorimetric assay kit, n = 3. One-way ANOVA followed by Benjamini’s multiple comparisons test were used to determine the p-values. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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Fig. 2. IS and ATP act in a synergic manner to induce NLRP3 inflammasome activation in MAECs. 
(A–E) Western blot analysis of NEK7, NLRP3, caspase 1 and cleaved caspase 1 in MAECs following 24 h of treatment of the Ctrl, 5 mM ATP, 1000 μM IS, and 1000 μM 
IS +5 mM ATP groups, n = 3. (F–I) Transcript levels of NEK7, NLRP3, caspase 1, and IL-1β in MAECs exposed to 1000 μM IS with or without 5 mM ATP for 24 h, n =
3. The activation status of the NLRP3 inflammasome from each group of MAECs, characterized according to the formation of ASC specks by immunofluorescence 
(J–K), the activity of caspase 1 by a Caspase 1/ICE colorimetric assay kit (L), and the secretion of IL-1β by ELISA (M), n = 3. One-way ANOVA followed by Ben
jamini’s multiple comparisons test were used to determine the p-values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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activity (Fig. 2L), and increased IL-1β release (Fig. 2M). Taken together, 
these findings demonstrated that IS further triggered NLRP3 inflam
masome activation by the addition of ATP in MAECs.

3.3. NEK7 silencing attenuates inflammation in MAECs induced by IS 
and ATP

Next, we determined the levels of other inflammatory cytokines and 
observed significant upregulations of IL-6 and TNF-α mRNA expression 

in MAECs administered various concentrations of IS (Fig. 3A–B). 
Furthermore, upon exposing MAECs to IS in combination with ATP 
(IS+ATP), we observed marked increases in the levels of IL-6 and TNF-α 
compared with the IS alone group (Fig. 3C–D). To further determine 
whether inhibition of NEK7 could impede IS+ATP-induced inflamma
tion in MAECs, NEK7 siRNA was used to transfect the cells, which were 
subsequently exposed to IS+ATP treatment. Notably, compared with the 
control, NEK7 deficiency downregulated IL-6 and IL-1β transcript levels 
induced by IS+ATP (Fig. 3E–H). Meanwhile, inhibition of NEK7 

Fig. 3. NEK7 silencing attenuates inflammation in MAECs induced by IS and ATP. 
(A–B) Transcript levels of IL-6 and TNF-α in MAECs supplemented with IS for 24 h, n = 3. (C–D) IL-6 and TNF-α mRNA levels in MAECs exposed to 1000 μM IS with 
or without 5 mM ATP for 24 h, n = 3. (E–F) NEK7 protein levels in MAECs transfected with Ctrl (control) or si-NEK7 (NEK7 siRNA), n = 3. (G–H) IL-6 and IL-1β 
mRNA levels in MAECs within corresponding groups, n = 3. Experimental design: after 24–h transfection with Ctrl or NEK7 siRNA, cells were administered IS+ATP 
or vehicle for an additional 24 h. Caspase 1 activity (I) and IL-1β release (J) in MAECs in the abovementioned groups, n = 3, n = 5, respectively. One-way ANOVA 
followed by Benjamini’s multiple comparisons test were used to determine the p-values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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significantly weakened the activation of the NLRP3 inflammasome, as 
shown by the reduced caspase 1 activity (Fig. 3I) and decreased release 
of IL-1β (Fig. 3J). To summarize, these data provided solid evidence that 
NEK7 silencing could impede the activation of the NLRP3 inflamma
some and reduce the entire inflammatory level in MAECs induced by IS 
and ATP.

3.4. Suppression of NEK7 ameliorates IS-induced apoptosis in MAECs

A previous study showed that IS induced apoptosis in MAECs [55], 
which was also confirmed in our work (Fig. 4A, B, C). Additionally, 
compared with cells treated with IS alone, the cleaved caspase 3 in 
MAECs cultured in IS with a combination of ATP was further increased 
(Fig. 4D, E, F). To identify the potential function of NEK7 in IS-mediated 
cell apoptosis, we delivered NEK7 siRNA to MAECs and added IS and 
ATP to the cells for 24 h. We uncovered that the cleaved caspase 3 in the 
IS+ATP group was markedly reduced in cells with NEK7 inhibition, 
indicating an amelioration of endothelial injury (Fig. 4G, H, I). Addi
tionally, flow cytometry analysis also showed that knockdown of NEK7 
notably inhibited cell death induced by IS and ATP in MAECs (Fig. 4J, 
K). Collectively, these findings demonstrated that NEK7 deficiency 
inhibited NLRP3 inflammasome activation, thereby attenuating the 
endothelium apoptosis triggered by IS and ATP.

3.5. Silencing NLRP3/caspase 1 inhibits caspase 1 activation and cell 
apoptosis in MAECs induced by IS and ATP

To explore how the NLRP3 inflammasome influences cell damage 
caused by IS, we transfected MAECs with NLRP3 siRNA followed by 
treatment with IS and ATP. Through western blotting, we verified that 
the protein level of NLRP3 was successfully knocked down (Fig. 5A–B). 
Next, a caspase 1 activity assay kit was used to determine the activity of 
caspase 1. As shown in Fig. 5C, NLRP3 knockdown greatly attenuated 
the increment of caspase 1 activity under IS and ATP challenge. More
over, in NLRP3-knockdown cells, the increased cleaved caspase 3 trig
gered by IS and ATP was decreased (Fig. 5D–F). The elevated cell death 
was also decreased, as evidenced by flow cytometry analysis 
(Fig. 5G–H). Overall, these results validated that NLRP3 silencing could 
blunt caspase 1 activity and resist the pro-apoptotic effect of IS and ATP 
administration.

Furthermore, the role of the downstream molecule caspase 1 in 
NLRP3 inflammasome activation and its associated cell damage were 
examined. As shown in Fig. 5I–K, administration of caspase 1 siRNA 
effectively blocked the expression and activity of caspase 1, as evidenced 
by western blotting and caspase 1 activity assays. Additionally, the cell 
damage triggered by IS and ATP combination treatment was signifi
cantly weakened in the case of caspase 1 suppression, as evidenced by 
the decreased transcript levels of IL-1β and TNF-α (Fig. 5L–M) and the 
downregulated percentage of cell death (Fig. 5N–O). Collectively, these 
results suggested that inhibition of caspase 1 protected MAECs against 
the inflammation and apoptosis induced by IS and ATP.

3.6. NEK7/NLRP3/caspase 1 is upregulated and activated in the aortas 
of 5/6Nx mice

Next, we explored whether the NEK7/NLRP3/caspase 1 pathway 
was activated in aortic endothelium from mice with ESRD. We first 
searched the GEO datasets for chronic kidney disease with vascular 
injury, and found that NEK7 in vein is significantly upregulated in pa
tients with end-stage renal disease (Fig. 6 A) [56]. Moreover, in a rat 
model of CKD (uremia) induced by 5/6Nx operation combined with a 
high-phosphate diet, transcriptomes of aortas examined by RNA-seq 
demonstrate an increased NEK7 expression in the uremic aortas 
compared with the controls (Fig. 6 B) [57]. In addition, a DNA micro
array expression profile of the thoracic aortas of rats with adenine- 
induced chronic kidney failure (A-CRF) also shows a marked increase 

in NEK7 (Fig. 6 C) [58]. These results suggested increased NEK7 in the 
vascular might play potential importance in ESRD-related CVD.

As mice with 5/6Nx (five-sixths nephrectomy) develop to chronic 
kidney failure with uremia at 10–12 weeks [59], we performed 5/6Nx or 
sham operations on C57BL/6 J mice and observed that the kidney 
function of the mice undergone 5/6Nx was significantly decreased at 12 
weeks, as indicated by the increased serum creatinine (Cr) and blood 
urea nitrogen (BUN) levels (Fig. 6D–E). The expression of NEK7, NLRP3, 
and caspase 1, and the activity of the NLRP3 inflammasome in the aortic 
endothelia of these mice were then detected. The results revealed that 
the protein levels of NEK7, NLRP3, and caspase 1 in the aortas of 5/6Nx 
mice were markedly increased when compared with the sham mice 
(Fig. 6F–J). Moreover, there were marked increments in the expression 
and secretion of IL-1β in the aortic endothelia and sera from 5/6Nx mice 
compared with the sham mice, as detected by immunohistochemistry 
and ELISA (Fig. 6K–M). In addition, dual immunofluorescence staining 
revealed the enforced colocalization of NLRP3 with ASC in 5/6Nx mice 
aortas (Fig. 6N–O). These data supported that NLRP3 inflammasomes 
were activated in the aortic endothelia of mice subjected to 5/6Nx, 
consistent with the in vitro results, suggesting that NEK7-mediated 
NLRP3 inflammasome activation may be the key mechanism involved 
in uremic toxin-related endothelial injury.

3.7. NEK7 knockdown diminishes NLRP3 inflammasome activation and 
alleviates endothelial injury in mice subjected to 5/6Nx

To better validate whether knockdown of NEK7 could inhibit endo
thelium damage in vivo, conditional endothelial cell NEK7-knockout 
heterozygous mice (Het mice) were generated by crossing NEK7fl/fl 

mice with Tek-Cre mice (Fig. 7A) and subjected to 5/6Nx operation. We 
firstly confirmed the reduction of NEK7 in the aortas of Het mice via 
immunohistochemistry and qRT–PCR (Fig. 7B–D). Consistently with 
what we mentioned above, the expression and activation of the NLRP3 
inflammasome were markedly increased in the aortas from 5/6Nx mice 
when compared with controls, as characterized by significant upregu
lation of NEK7, NLRP3, and caspase 1 transcript levels (Fig. 7D–F), 
marked increments in IL-1β expression and release (Fig. 7G–I), and 
enhanced colocalization of NLRP3 with ASC (Fig. 7J–K). All these values 
were decreased in the aortic endothelium of Het mice challenged with 
5/6Nx, indicating a reduction of the NLRP3 inflammasome activation.

Next, we determined the levels of other inflammatory cytokines and 
the expression of apoptosis-related protein and observed that the 
increased IL-6, TNF-α, and cleaved caspase 3 in the aortas triggered by 
5/6Nx were significantly decreased in Het mice (Fig. 7L–O). These re
sults indicated that NEK7 knockdown markedly attenuated the inflam
mation and apoptosis in the aortic endothelium of 5/6Nx mice.

Taken together, these results demonstrated that knockdown of NEK7 
could impede the activation of the NLRP3 inflammasome and the 
resulting damage to the aortic endothelium induced by 5/6Nx, sup
porting that NEK7-mediated NLRP3 inflammasome activation may be an 
essential mechanism of 5/6Nx-triggered endothelial injury.

3.8. NEK7 overexpression promotes NLRP3 inflammasome activation 
and exacerbates endothelium apoptosis in mice administered with IS

Furthermore, we investigated the effect of NEK7 overexpression on 
the aortic endothelium challenged with IS alone in vivo. First, NEK7 
plasmids were delivered into adult (8 weeks old) C57BL/6 J mice via 
hydrodynamic tail vein injection to increase the levels of NEK7 in the 
aorta. Twenty-four hours after NEK7 plasmid injection, the mice 
received IS (150 mg/kg, i.p.) daily for a period of 7 days. NEK7 plasmid 
injection upregulated the protein and transcript levels of NEK7 in the 
aorta, whereas the transcript levels of NLRP3 and caspase 1 were not 
affected (Fig. 8A–B, E–G). IS-injected mice exhibited marked upregula
tion of NEK7, NLRP3, and caspase 1 in the aorta, consistent with that we 
observed in vitro (Fig. 8A–B, E–G). Although the NEK7/NLRP3/caspase 
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Fig. 4. Suppression of NEK7 ameliorates IS-induced apoptosis in MAECs. 
(A–C) Caspase 3 and cleaved caspase 3 protein levels in MAECs exposed to ascend concentrations (250, 500, and 1000 μM) of IS for 24 h, n = 3. (D–F) Protein levels 
of caspase 3 and cleaved caspase 3 in MAECs exposed to 1000 μM IS with or without 5 mM ATP for 24 h analyzed by western blotting, n = 3. Caspase 3 and cleaved 
caspase 3 levels in MAECs by western blotting analysis (G–I) and proportion of cell death through flow cytometry analysis following FITC Annexin V labeling (J–K), 
n = 3. One-way ANOVA followed by Benjamini’s multiple comparisons test were used to determine the p-values. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. Silencing NLRP3/caspase 1 inhibits caspase 1 activation and cell apoptosis in MAECs induced by IS and ATP. 
(A–B) Efficiency of si-NLRP3 (NLRP3 siRNA) in MAECs examined by western blotting, n = 3. Caspase 1 activity (C), caspase 3 and cleaved caspase 3 protein levels 
(D–F), and cell death (G–H) in MAECs incubated with IS+ATP for 24 h after si-NLRP3 transfection, n = 3. (I–J) Silencing efficiency of caspase 1 siRNA, as detected 
by western blotting, n = 3. Caspase 1 activity (K), IL-1β and TNF-α mRNA levels (L–M) and cell death (N–O) in MAECs within each group following the indicated 
treatments, n = 3. Experimental design: after 24–h transfection with Ctrl or caspase 1 siRNA, cells were administered IS+ATP or vehicle for an additional 24 h. One- 
way ANOVA followed by Benjamini’s multiple comparisons test were used to determine the p-values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 6. NEK7/NLRP3/caspase 1 is upregulated and activated in the aortas of 5/6Nx mice. (A–C) Relative NEK7 gene levels in several reported uremia-related models 
by analyzing the corresponding gene expression profiles of GEO datasets from PubMed (GSE233264, GSE146638, GSE52897). (D–E) Levels of Cr and BUN in sera 
from the 5/6Nx mice and control mice (sham), n = 6. (F–J) Western blot analysis of NEK7, NLRP3, and caspase 1 expression in the aortic tissues of 5/6Nx and sham 
mice, n = 6. (K–L) IL-1β levels in the aortas of 5/6Nx and sham mice, shown by representative IHC images, scale bars: 20 μm, n = 6. Activation of the NLRP3 
inflammasome in 5/6Nx and control mice, shown respectively by serum IL-1β levels (M) and NLRP3-ASC colocalization (N–O), n = 6. Two-tailed unpaired t-test 
were used to determine the p-values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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1 upregulated by IS did not further increase under NEK7 overexpression, 
the levels of both IL-1β release and NLRP3-ASC colocalization were 
enhanced (Fig. 8H–J). Additionally, the IS-induced expression of 
cleaved caspase 3 in the mouse aortic endothelium was further increased 
upon NEK7 upregulation, as shown by western blotting (Fig. 8A, C–D). 
These findings indicated that the NLRP3 inflammasome in the aortas of 
mice with IS overdose was primed, which could be further activated by 
NEK7 upregulation, suggesting that NEK7-mediated NLRP3 inflamma
some activation may be an important mechanism of IS-induced damage 
to the aortic endothelium.

4. Discussion

Cardiovascular disease (CVD) in ESRD is closely associated with the 
toxicity of accumulated uremic wastes (e.g., IS, the most extensively 
studied) to vascular endothelial cells [60–62]. A previous work uncov
ered how the NLRP3 inflammasome triggers endothelial inflammation 
[63]. Additionally, NEK7 has been shown to mediate the activation of 
the NLRP3 inflammasome [40,41]. However, few studies have been 
conducted to examine the participation of NEK7-mediated NLRP3 
inflammasome activation in IS-related endothelial injury, highlighting 
an urgent need for further investigation.

In the current research, we elucidate the effect of the NEK7-activated 
NLRP3 inflammasome in IS-induced endothelial injury. Here, we 
observed that IS only upregulated the levels of NEK7, NLRP3, and cas
pase 1, but did not induced the activation of NLRP3 inflammasome in 
MAECs, suggesting that IS might play an essential part in the priming of 
the NLRP3 inflammasome, which is a prerequisite for its subsequent 
activation. To induce NLRP3 inflammasome activation, an additional 
trigger, such as ATP, pore-forming toxins, or crystals, is necessary [53]. 
In the uremia stage of ESRD, accumulated toxins in the body induced 
various DAMPs (ATP, ROS, et al.) release [64–66]. Therefore, in the 
following in-vitro experiments, we used one of the DAMPs—ATP to 
treated MAECs together with IS. Although ATP did not increase the IS- 
induced upregulation of NEK7, NLRP3, and caspase 1, the NLRP3 
inflammasome was further activated by the combination treatment of IS 
with ATP. These results suggest the determining function of the acti
vated NLRP3 inflammasome in IS-related endothelial damage.

We subsequently reduced the levels of NEK7, NLRP3, and caspase 1 
in MAECs using corresponding siRNAs. We found that depletion of 
NEK7, NLRP3, or caspase 1 reduced NLRP3 inflammasome activation 
and alleviated the inflammation and apoptosis induced by treatment 
with IS and ATP. These results confirmed the important mechanism of 
NEK7-mediated NLRP3 inflammasome activation in IS-related endo
thelial damage. Therefore, we speculated that IS-upregulated NEK7 
might contribute to endothelial injury by amplifying NLRP3 inflamma
some activation.

The 5/6Nx is the most classical model to trigger ESRD-related uremia 
[59]. We performed 5/6Nx operations and found that both NEK7 
expression and activation of the NLRP3 inflammasome were greatly 
increased. In line with the in vitro results, endothelial cell-specific NEK7 
knockdown mice exhibited restored activation of the NLRP3 inflam
masome and improved endothelial injury when challenged with 5/6Nx. 
These results verified the potential role of NEK7 in mediating ESRD- 
related endothelial damage through NLRP3 inflammasome activation. 
Additionally, IS alone administration in vivo not only upregulated the 

expression of the NLRP3 inflammasome components, but also induced 
the activation of NLRP3 inflammasome, as evidenced by increased 
active caspase 1, serum IL-1β, and increased overlap of ASC and NLRP3 
in the aorta compared with the control mice. This may be due to IS- 
induced systemic cascade damage and inflammation (including 
vascular endothelial cells, immune cells, etc.) that resulted in the release 
of various DAMPs (ATP, ROS, et al.) in vivo [64–66], which then syn
ergistically acts as the second hit to activate the NLRP3 inflammasome. 
However, in vitro, IS acts on only one layer of endothelial cells, releasing 
a relatively lower level of DAMPs due to the loss of amplification loops 
between different types of cells, and the amount of released DAMPs from 
endothelial cells in plate may be not sufficient to synergistically trigger 
NLRP3 inflammasome activation. Thus, ATP was additionally provided 
in vitro but not in vivo in this study. Additionally, activation of the 
NLRP3 inflammasome was pronounced upon NEK7 overexpression, 
exacerbating aortic endothelium apoptosis induced by IS in the mice. 
These results further confirmed the fundamental role of NEK7 in NLRP3 
inflammasome activation and endothelium injury induced by IS.

Our work only focused on the role of a single uremic toxin in 
endothelial damage. Because substantial uremic toxins accumulate in 
cases of end-stage renal disease, further investigations should be con
ducted to reveal their potential synergic effects on endothelial cells 
through the simultaneous use of multiple uremic toxins. Additionally, it 
would be better to confirm the critical role of NEK7 through endothelial 
activation and suppression of NLRP3 in vivo, which is the limitation of 
this study.

In conclusion, we investigated and elucidated the key regulation of 
NEK7-activated NLRP3 inflammasome in IS-induced endothelial injury. 
The results not only revealed a mechanism of IS-mediated endothelial 
injury in ESRD, but also provide a putative therapeutic target for ESRD- 
related CVD. Further investigations involving pharmacological in
terventions of NEK7 (e.g., develop NEK7 inhibitors) to validate the 
therapeutic potential in ameliorating vascular injury and mortality in 
ESRD, would bring greater clinical significance.
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Fig. 7. NEK7 knockdown diminishes NLRP3 inflammasome activation and alleviates endothelial injury in mice subjected to 5/6Nx. 
(A) Genotyping of NEK7 knockout mice by PCR analysis. Het mice, endothelial cell-specific NEK7 knockout heterozygotes; +/− ，heterozygous NEK7fl/fl mice; +, 
Tek-Cre (+) mice; − , Tek-Cre (− ) mice; M, DNA marker. (B–C) Expression of NEK7 in Het mice and their littermates (Ctrl mice), shown by representative IHC 
images, scale bars: 20 μm, n = 5. (D–F) Transcript levels of NEK7, NLRP3, and caspase 1 in the aortic endothelium from the 5/6Nx and sham groups of Het and Ctrl 
mice, n = 5. (G–I) IL-1β expression in the aortas determined by immunohistochemistry and IL-1β release in the serum examined by ELISA, n = 5. (J–K) Repre
sentative dual immunofluorescence images of NLRP3-ASC colocalization in the aortic endothelium from above-mentioned four groups of mice, scale bars: 20 μm, n =
5. (L–O) Endothelial inflammation and apoptosis in the 5/6Nx and sham groups of Het and Ctrl mice, determined by transcript levels of IL-6 and TNF-α (n = 5) and 
protein level of cleaved caspase3 (n = 5). Two-tailed unpaired t-test were used to determine the p-values for I. One-way ANOVA followed by Benjamini’s multiple 
comparisons test were used to determine the p-values for the others. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 8. NEK7 overexpression promotes NLRP3 inflammasome activation and exacerbates endothelium apoptosis in mice administered with IS. 
(A–D) NEK7, caspase 3 and cleaved caspase 3 protein levels in the aortic tissues of mice after hydrodynamic tail vein injection of NEK7 and Ctrl plasmids followed by 
IS administration for 7 consecutive days, n = 6. (E–G) NEK7, NLRP3, and caspase 1 mRNA levels in aortas from the four groups of mice, n = 6. The contribution of 
NEK7 to IS-induced NLRP3 inflammasome activation in vivo, demonstrated by the release of IL-1β by ELISA (H) and the colocalization of NLRP3 with ASC by dual 
immunofluorescence staining (I–J), n = 6. One-way ANOVA followed by Benjamini’s multiple comparisons test were used to determine the p-values. *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001.
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