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Abstract

Background Alpha-kinase 1 (ALPK1) is a master regulator in inflammation and has been proved to promote renal
fibrosis by promoting the production of IL-13 in diabetic nephropathy (DN) mice. Pyroptosis is involved in high
glucose (HG)-induced tubular cells injury, characterized by activation of Gasdermin D (GSDMD) and the release of
IL-13 and IL-18, resulting in inflammatory injury in DN. It is reasonable to assume that ALPK1 is involved in pyroptosis-
related tubular injury in DN. However, the mechanism remains poorly defined.

Methods Immunohistochemistry (IHC) staining was performed to detect the expression of pyroptosis- and fibrosis-
related proteins in renal sections of DN patients and DN mice. DN models were induced through injection of strepto-
zotocin combined with a high-fat diet. Protein levels of ALPK1, NF-kB, Caspase-1, GSDMD, IL-1, IL-18 and a-SMA were
detected by Western blot. HK-2 cells treated with high-glucose (HG) served as an in vitro model. ALPKT small interfer-
ing RNA (siRNA) was transfected into HK-2 cells to down-regulate ALPK1. The pyroptosis rates were determined by
flow cytometry. The concentrations of IL-1( and IL-18 were evaluated by ELISA kits. Immunofluorescence staining was
used to observe translocation of NF-kB and GSDMD.

Results The heat map of differentially expressed genes showed that ALPK1, Caspase-1 and GSDMD were upregu-
lated in the DN group. The expression levels of ALPK1, Caspase-1, GSDMD and CD68 were increased in renal biopsy
tissues of DN patients by IHC. ALPK1expression and CD68™ macrophages were positively correlated with tubular
injury in DN patients. Western blot analysis showed increased expressions of ALPK1, phospho-NF-kB P65, GSDMD-NT,
and IL-1B in renal tissues of DN mice and HK-2 cells, accompanied with increased renal fibrosis-related proteins (FN,
a-SMA) and macrophages infiltration in interstitial areas. Inhibition of ALPK1 attenuated HG-induced upregulation
expressions of NF-kB, pyroptosis-related proteins Caspase-1, GSDMD-NT, IL-18, IL-18, a-SMA, and pyroptosis level in
HK-2 cells. Also, the intensity and nuclear translocation of NF-kB and membranous translocation of GSDMD were
ameliorated in HG-treated HK-2 cells after treatment with ALPK1 siRNA.

Conclusions Our data suggest that ALPK1/NF-kB pathway initiated canonical caspase-1-GSDMD pyroptosis pathway,
resulting in tubular injury and interstitial inflammation of DN.
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Background

Diabetic nephropathy (DN) is one of the most common
and severe complications of diabetes mellitus (DM). The
prevalence of DN has increased dramatically over the
past decade, especially in developing countries. Exploring
the pathogenic mechanisms is critical in developing new
strategies for the treatment of DN. It has been generally
recognized that immune and inflammatory responses
play an important role in the development and progres-
sion of DN, especially on tubular injury and renal fibro-
sis [1, 2]. However, molecular mechanism is still not fully
understood.

Pyroptosis is an immunogenic form of programmed
cell death. It involves cell swelling and lysis, causes
release of pro-inflammatory factors and triggers strong
inflammatory injury. Canonical pathway of pyroptosis is
characterized by activation of caspase-1, which conse-
quently cleaves gasdermin D (GSDMD). GSDMD is the
important executive protein of pyroptosis, which could
release the N-terminal domain after cleavage by caspase
family [3, 4]. The N-terminal of GSDMD (GSDMD-NT)
mediates pore formation by binding to the cell mem-
brane, resulting in cytoplasmic efflux and release of
interleukin-1p (IL-1p) and interleukin-18 (IL-18) [5]. Our
previous study has confirmed that canonical pyroptotic
death plays an important role in the mechanism of renal
tubular epithelial cells (TECs) injury of DN [6]. How-
ever, the main regulatory proteins and mechanism of
the pyroptosis injury of renal tubular cells in DN are not
clear.

Alpha-kinase 1 (ALPK1) is a cytosolic pattern recog-
nition receptor (PRR) and belongs to the alpha-kinase
family. It has been proved that ALPKI1 is a master regu-
lator in inflammation and innate immunity [7-9]. Liu
et al. have identified that ALPK1 aggravates metabolic
disturbances by activating NOD-like receptor protein 3
(NLRP3) and driving IL-13-mediated inflammatory con-
ditions, suggesting the possible regulatory role of ALPK1
in pyroptosis [10]. Furthermore, longitudinal population-
based genetic epidemiology has reported that rs2074379
(G—A) and rs2074388 (A— Q) of ALPK1 gene were sig-
nificantly associated with the prevalence of type 2 DM
[11]. Kuo et al. have reported that ALPK1 expression is
increased in human kidney-2 cells treated with high glu-
cose (HG). In addition, diabetic mice model with ALPK1
over-expression showed accelerated early nephropa-
thies [12]. These let us speculate that ALPK1 might be
involved in mediating pyroptosis pathway in HG-induced
tubular injury of DN.

The aims of this study were to determine the effect
of ALPK1 on the pyroptosis of TECs and the related
molecular mechanism under high glucose environment,
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providing new ideas for the pathogenesis of renal tubular
injury in DN patients.

Materials and methods

Bioinformatics analysis

The dataset GSE133598 was downloaded from NCBI’s
Gene Expression Omnibus database to find differentially
expressed genes (DEGs). The microarray data were ana-
lyzed and the DEGs associated with DN were screened
by the GEO2R online tool [13] with |LogFC|>1 and
P <0.05. A heatmap was plotted by the Complex Heat-
map package in R software version 3.6.2 for data analysis
and visualization. DEGs were subjected to Gene Ontol-
ogy (GO) functional analysis via DAVID online tools
(https://david.ncifcrf.gov/tools.jsp). Enriched pathways
in Biological Process (BP) were explored. Protein—pro-
tein interaction (PPI) network was generated through the
Search Tool for the Retrieval of Interacting Genes/Pro-
teins (STRING, https://string-db.org/) and visualized via
Cytoscape software v.3.6.0 to find potential target genes
of ALPK1.

Animal experimental design

Eight-week-old male C57BL/6 mice were randomly
divided into negative control group (NC) and diabetic
nephropathy group (DN) (n=3 in each group). To gen-
erate DN mouse model, mice were feed with 45% Kcal
high fat diet (HFD) (No. D12451, Research Diets, Inc.,
New Brunswick, NJ) for 4 weeks and then administrated
a single dose of STZ (100 mg/kg in 10 mM citrate buffer,
pH=4.5) intraperitoneally. Three days after the injection,
the blood glucose concentration was randomly meas-
ured, with values >16.7 mmol/L for 3 times indicating
successful T2D mouse model. The mice continued to be
fed with HFD for 8 weeks. The body weight and blood
glucose were monitored every week since STZ injec-
tion. Mice were anaesthetized and sacrificed at the end of
8 weeks of HFD feeding. The renal cortical tissues were
dissected for protein extraction for subsequent analysis.
Animal experiments were approved by the Animal Care
and Use Committee of Second Xiangya Hospital of Cen-
tral South University (2020531).

Histological and immunohistochemical staining

Human kidney biopsy tissues of DN patients (n=38)
and glomerular minor lesion (GML) patients (n=5)
were recruited. GML is identified as minor morphologi-
cal lesions by renal biopsy without DM. The percentage
of tubular atrophy and interstitial fibrosis (IFTA) were
assessed by two pathologists. The Ethics Committee of
the Second Xiangya Hospital approved the protocol for
this study. All patients signed approved informed consent
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forms. Renal tissues from mice were routinely processed,
embedded in paraffin, sectioned (3—4 pm) and then sub-
jected to HE staining.

Renal sections from human and mice were deparaffi-
nized and rehydrated before being subjected to antigen
retrieval in a microwave oven. Immunohistochemistry
(IHC) was performed using anti-ALPK1 (1:200, Immu-
noway), CD68 (ZM-0060, ZSGB-Bio), F4/80 (GB11027,
Servicebio), a-SMA (ab5694, abcam) and FN (ab2413,
abcam) antibody as primary antibodies followed by sec-
ondary antibodies for2h. Then the slides were developed
using a DAB detection kit. The human and mouse tis-
sue sections were examined by light microscopy. Image
] software (National Institutes of Health, Bethesda, MD)
was used to measure the average intensity of at least 20
randomly selected fields.

Cell culture and treatments

Human kidney proximal tubular epithelial cells (HK-
2) (ATCC, USA) were cultured in DMEM/F12 (Gibco)
medium supplemented with 10% fetal bovine serum and
antibiotics in a humidified 5% CO, incubator at 37 °C.
The cells were exposed to high-glucose (HG) treatment
when an approximately 80% confluence was reached
and then were divided into four groups as follows: (A)
5.5 mM D-glucose (control/LG group), (B) 30 mM p-glu-
cose (HG group), (C) 30 mM p-glucose and ALPK1
siRNA (HG+ ALPK1 siRNA group), and (D) 30 mM
D-glucose and negative control siRNA (HG + negative
control group).

Transfection experiments

ALPKI1-specific siRNA and control siRNA were pur-
chased from RiboBio Company (Guangzhou, China). The
sequence of ALPK1 siRNA was: 5-CGTGGCACGTGT
TTATTGT-3'. HK-2 cells were transfected with ALPK1-
specific siRNA (50 nmol/L) using Lipofectamine® 3000
Reagent (Invitrogen, USA) according to the manufac-
turer’s recommendations. Cells were treated with 30 mM
D-glucose for 24 h after siRNA transfection.

Western blotting (WB)

Total protein from HK-2 cells was lysed using RIPA
lysis buffer (Beyotime, Shanghai, China). Cell lysates
were centrifuged at 12,000 rpm for 15 min at 4 °C and
then the supernatant was collected. BCA protein assay
(Beyotime, Shanghai, China) was used to test protein
concentration. 8—12% SDS-PAGE gel was prepared for
separation of the samples which were transferred onto
PVDF membrane (Millipore, MA, USA) by a Trans-
Blot Transfer Slot (Bio-Rad, USA). The membrane was
blocked with 5% skimmed milk for 2 h at room tempera-
ture and incubated with specific primary antibodies for
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overnight at 4 °C. The secondary antibody (anti-mouse/
rabbit IgG, Proteintech, Wuhan, China) was added and
then incubated for 1 h at room temperature. ECL reagent
(Millipore, MA, USA) was used to detect the immunore-
active signals. Primary antibodies were used as follows:
B-actin (1:3000, 20536-1-AP, Proteintech), GAPDH
(1:5000, 10494-1-AP, Proteintech), Histone H3 (1:1,000,
#9715, CST), ALPK1 (1:1000, YT5001, Immunoway),
pro Caspase-1+pl0+pl12 (1:1000, ab179515, Abcam),
GSDMD (1:1000, ab210070, Abcam), NF-kB (nuclear fac-
tor kappa B) p65 (1:1000, #8242, CST), Phospho-NF-«kB
p65 (1:1000, #3033, CST), mouse IL-1p (1:1000, #12242,
CST), IL-18 (1:1000, 60070-1-Ig, Proteintech), a-SMA
(1:1000, A5228, Sigma).

Flow cytometry analysis of pyroptosis

Flow cytometry assay was conducted to determine the
levels of cell pyroptosis using FAM-FLICA Caspase-1
Assay Kit (ICT, USA). After HG treatment, HK-2 cells
were harvested and washed with phosphate buffered
saline (PH=7.4). Cells were suspended in wash buffer
and then stained with FLICA and propidium iodide
according to the manufacturer’s instructions. The per-
centage of pyroptotic cells was quantified with applica-
tion of FACS calibur flow cytometer (BD Biosciences,
San Jose, USA). Cells that were positive for both dyes
were considered pyroptotic cells.

Immunofluorescence (IF)

After treatments, cells were fixed with 4% paraformal-
dehyde for 20 min followed by permeabilization incuba-
tion with PBS containing 0.5% Triton X-100. Cells were
sealed with 3% BSA for 1 h and incubated with primary
antibodies anti-GSDMD (1:100, 20770-1-AP, Protein-
tech) and anti-NF-xB p65 (1:200, #8242, CST) in a cas-
sette at 4 °C overnight. The next day, cells were incubated
with fluorescently labeled secondary antibodies (Alexa
Fluor®488; ab150077, Abcam) for 1 h at room tempera-
ture in the dark. DAPI was used to stain the nucleus for
10 min and the fluorescence signals were viewed under
fluorescence microscope and the images were analyzed
with Image ] software.

Nuclear cytoplasmic fractionation

The nuclear and cytoplasmic proteins were extracted and
isolated according to NE-PER Nuclear and Cytoplasmic
Extraction Reagents kit (Thermo Fisher Scientific) and its
manufacturer’s instructions.

Enzyme-linked immunosorbent assay
IL-18 levels in supernatant and IL-1f levels in urine and
serum were detected with commercial enzyme-linked
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immunosorbent assay (ELISA) kits (Cusabio; Wuhan).
ELISA was performed according to the instructions of
the manufacturer.

Data analysis

All statistical analyses were conducted using Graph-
Pad Prism version 8.0 (GraphPad Software, San Diego,
CA, USA). Data are presented as mean =+ SD. Significant
differences between multiple groups were evaluated
by one-way analysis of variance, while the differences
between two groups were evaluated by Student’s t-test.
The correlations between two numerical variables were
determined through Pearson correlation analysis. The
differences were considered statistically significant at
P-value <0.05.

Results

Bioinformatics analysis

To explore the molecular mechanism of ALPK1 involved
in DN, we performed bioinformatics analysis using GEO
database. Differential expression analysis of genes (DEGs)
in the GSE133598 dataset [14] was performed and
2481 DEGs were found in diabetic mice compared with
control mice (Fig. 1A). The heat map of DEGs showed
that ALPK1, caspase-1 and GSDMD were upregulated
in the DN group (Fig. 1A). Gene ontology (GO) analysis
of DEGs shows the top 15 terms which have the high-
est enrichment scores include immune system process,
innate immune response and inflammatory response,
according to the biological process (BP). ALPK1 and
GSDMD are co-enriched in immune system process and
innate immune response pathway (Fig. 1B). PPI network
using STRING database and Cytoscape software show
ALPK1 associates NF-kB with pyroptosis-related pro-
teins in the protein interaction network (Fig. 1C). The
results enlighten us that ALPK1 may influence pyropto-
sis-related proteins through NF-«B in DN.

ALPK1 expression and macrophages infiltration were
positively correlated with tubular injury in DN patients
IHC was carried out to investigate the levels of ALPKI,
caspase-1, GSDMD and CD68 in the renal tissues col-
lected from patients with DN and glomerular minor
lesion (GML) (Fig. 2A). The clinical characteristics
of patients were shown in Additional file 1: Table S1.
Expressions of ALPK1, caspase-1, GSDMD were elevated
in tubular cells and CD68" macrophages were increased
in renal interstitium of DN patients. As shown in Fig. 2B,
C, DN patients had higher levels of blood glucose and
24-h urine protein compared with GML patients. ALPK1
expression level was positively correlated with the num-
ber of CD68" macrophages (r=0.8818, p<0.0001,
Fig. 2D). IFTA scores reflect chronic morphological
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changes of tubular injury. Correlation analysis showed
that ALPK1 expression was negatively correlated with
eGER (r=-0.7586, p<0.01, Fig. 2E) and positively cor-
related with IFTA scores (r=0.6039, p<0.05, Fig. 2F).
Infiltration of CD68" macrophages was also negatively
correlated with eGFR (r=-0.6189, p<0.05, Fig. 2G)
and positively correlated with IFTA scores (r=0.5699,
p<0.05, Fig. 2H).

Activation of ALPK1/NF-kB pathway is involved

in pyroptosis-related inflammatory injury in DN mice

We further examined the ALPK1/NF-kB pathway and
pyroptosis-related proteins in DN mice. HE staining
revealed loss of brush border (Fig. 3Ab, black arrow
shows) and vacuolar degeneration (Fig. 3Ab, white
arrow shows) of proximal renal tubules in DN mice
(Fig. 3Ab) compared with control group (Fig. 3Aa). As
shown by Fig. 3A, DN mice had increased expression
of ALPK1 in tubular cells (Fig. 3Ad). Expressions of
fibronectin (Fig. 3Ah), a-SMA (Fig. 3Aj) and number of
F4/80" macrophages (Fig. 3Af) were also increased in
the renal interstitium in DN mice. Blood glucose level
is increased in DN mice (Fig. 3B). Western blot analysis
showed increased expressions of ALPK1 (Fig. 3C, C1),
NF-«B P65 (Fig. 3C, C2), phospho-NF-«kB P65 (Fig. 3C,
C3), GSDMD-FL (Fig. 3C, C4), GSDMD-NT (Fig. 3C,
C5), cleaved IL-1pB (Fig. 3C, C6) and a-SMA (Fig. 3C,
C7) in renal tissues of DN mice. In addition, higher lev-
els of serum (Fig. 3D) and urinary (Fig. 3E) IL-1p were
observed in DN mice. These data suggested the presence
of pyroptosis in DN mice and ALPK1/NF-kB pathway
might be involved in pyroptosis-related tubular injury
and interstitial inflammation of DN mice, resulting in
renal fibrosis.

ALPK1 increased in time- and concentration-dependent
manner in HK-2 cells by high glucose treatment

To investigate the effect of high glucose on tubular
ALPK1 expression in HK-2 cells, we exposed cells to
D-glucose at different concentrations (5.5, 10, 20, 30 mM)
for 24 h (Fig. 4A, Al) and then to 30 mM D-glucose for
different periods of time (0, 12, 24, 48 h) (Fig. 4B, B1).
We found that the protein level of ALPK1 increased in
a time- and concentration-dependent manner with high
glucose treatment (Fig. 4).

ALPK1 knockdown decreased the HG-induced pyroptosis
and fibrosis in HK-2 cells

To explore the role of ALPKI in pyroptosis in vitro,
the cleavage of caspase-1 and GSDMD were detected
in HK-2 cells under HG condition with ALPK1 small
interfering RNA (siRNA) transfection. The results
showed that the expressions of ALPKI, caspase-1,
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Fig. 1 A Clusters of DEGs in the renal tissues of diabetic nephropathy and control mice. Each column represents a mouse sample and each row
represents a gene. Red color indicates upregulation, and blue shows downregulation. Each group has 3 samples. B Biological process enrichment
analysis of DEGs. C Protein—protein interaction (PPl) network of potential target genes of ALPK1. DEGs differentially expressed genes, DN diabetic

nephropathy, NC negative control
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Fig.2 A IHC staining of ALPK1 (a, b), Caspase-1 (c, d), GSDMD (e, f) and CD68 (g, h) in renal tissues (scale bar, 50 um; magnification x200). A1 Renal
cortical relative expression of ALPK1 in renal biopsies of patients with GML and DN. A2 Quantification of the number of CD68" macrophages in
renal biopsies of patients with GML and DN. Blood glucose levels (B) and 24-h urine protein levels (C) in DN and GML patients. Correlations between
ALPK1 expression and the number of CD68" macrophages (D), eGFR (E) and tubular atrophy (IFTA) scores (F). Correlations between the number of
CD68™ macrophages per field and eGFR (G). Correlations between the number of CD68™" macrophages per field and tubular atrophy (IFTA) scores
(H). GML glomerular minimal lesion, DN diabetic nephropathy, AOD Average Optical Density, AU arbitrary units, eGFR estimated glomerular filtration
rate, IFTA interstitial fibrosis and tubular atrophy. Data were presented as mean = SD (*P < 0.05, **P <0.01, ***P < 0.001, ****P <0.0001)
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caspase-1 P20, GSDMD and GSDMD-NT (Fig. 5A,
A1-5) were increased in HK-2 cells exposed to HG
condition, while decreased by pretreatment with
ALPK1 siRNA. Similar results were also found in the
expression of a-SMA (Fig. 5A, A6). Furthermore,
the down-regulated percentage of pyroptotic cells
(FLICA™ and PIT cells in quadrant 2) was observed
in HK-2 cells under HG ambience with ALPK1 siRNA
transfection by flow cytometry analysis (Fig. 5B, B1).

ALPK1 knockdown decreased the phosphorylation

and nuclear translocation of NF-kB in HK-2 cells under HG
condition

IF staining and WB analysis were performed to verify the
effect of ALPK1 on the NF-kB translocation and phos-
phorylation in HK-2 cells. As Fig. 6A showed, the nuclear
translocation of NF-«B in HK-2 cells was increased
under HG condition, while reversed by ALPK1 siRNA
transfection. Meanwhile, the increased expression of
phospho-NF-kB was down-regulated by the ALPK1
siRNA treatment (Fig. 6B, B1). Consistently, nuclear and
cytoplasmic fractionation were carried out and NF-«xB
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Fig.4 A, A1 The protein levels of ALPK1 in HK-2 cells treated with 5.5, 10, 20 or 30 mM p-glucose for 24 h were determined by western blot. B, B1
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nuclear entry was also detected in HG group by Western
blotting, which was inhibited by ALPK1 siRNA (Fig. 6C,
C1). These results suggested that pyroptosis was regu-
lated by ALPK1 through NF-kB translocation and phos-
phorylation in HK-2 cells under HG ambience.

ALPK1 knockdown inhibited translocation of GSDMD

to the cell membrane and suppressed release of IL-18
Active N-terminal fragments of GSDMD translocate to
membrane and mediate the formation of cell membrane
pores to induce pyroptosis and promote the follow-
ing secretion of IL-1 and IL-18. As shown in Fig. 7A,
intensity and membranous translocation of GSDMD
were increased in HG environment, while ALPK1 siRNA
alleviated activation of GSDMD. Western blot results
revealed that the protein levels of IL-1f and IL-18 in
cell lysates were also increased under HG treatment and
these changes were suppressed by knockdown of ALPK1
expression using siRNA (Fig. 7B). Similarly, ELISA
showed that IL-18 level in the supernatant was increased
after HG treatment, while reversed by ALPK1 siRNA
transfection. (Fig. 7C). These data suggested that ALPK1
activates pyroptosis pathway by regulating translocation
of GSDMD to the cell membrane and release of inflam-
matory factors including IL-18 in HK-2 cells under HG
condition.

Discussions

It has been generally recognized that inflammatory
mechanism is attributed to the development of tubu-
lar injury and renal fibrosis in DN. Previous studies
showed ALPK1 is highly associated with inflammatory
responses in chronic diseases such as chronic kidney
disease (CKD) and type 2 DM [15-18]. ALPK1 is iden-
tified as a mediator of inflammatory cytokines CCL2
and CCL5, and as the upstream kinase to induce the
activation of NF-kB and production of pro-inflam-
matory cytokine, including IL-1p and IL-8. Previous
study has also proved that ALPK1 enhanced produc-
tion of IL-1P in the kidney of experimental models of
hyperglycemia and resulted in the induction of fibrotic
renal injury [12, 19]. Considering the critical regula-
tory role of ALPK1 in inflammation under hyperglyce-
mia conditions, it is reasonable to assume that ALPK1
participates in the development of renal injury in
hyperglycemic condition. To study the molecules that
participate in kidney damage in the diabetic kidney, we
first performed bioinformatics analysis and identified
that ALPK1 was differentially expressed in the kid-
neys of diabetic and control mice (Fig. 1). IHC staining
confirmed that the expression of ALPK1 was signifi-
cantly increased in renal tubules of DN patients, which
was positively correlated with the chronic pathologi-
cal index of interstitial fibrosis and tubular atrophy
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Fig. 5 HK-2 cells were treated with ALPK1 siRNA or non-target siRNA for 6 h prior to 24 h-HG (30 mM) treatment. A Densitometry analysis shows
knocking down ALPK1 using siRNA transfection downregulated ALPK1 (A1), caspase-1 (A2), caspase-1 P20 (A3), GSDMD (A4), GSDMD-NT (A5) and
a-SMA (A6) which increased under high glucose environment. B, B1 Flow cytometry analysis shows high glucose (5.63%) increased proportion

of pyroptotic HK-2 cells compared with the control (3.41%) and the proportion was reversed after knockdown of ALPK1 (3.98%). Quadrant 2
presented ratio of pyroptosis cells. Experiments were performed in triplicate. Data were presented as mean =+ SD. *P < 0.05, **P < 0.01, ***P < 0.001,
*%4p £ 0,0001 (compared with LG group). P <0.05, #P<0.01, #¥P <0.001, #*P <0.0001 (compared with HG group)

and renal function, accompanied by interstitial mac-
rophage infiltration (Fig. 2). These results indicated
that ALPK1 might be involved in the pathogenesis
of renal tubular injury in DN patients. However, the

mechanism of ALPK1 on tubular injury of DN still
needs to be identified.

Previous researches have confirmed ALPK1 promotes
renal fibrosis in mice by promoting the production of
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Fig. 6 HK-2 cells were treated with ALPK1 siRNA or non-target siRNA for 6 h prior to 24 h-HG (30 mM) treatment. A Representative images of
immunofluorescence staining for NF-kB P65 (green) with nuclei marked by DAPI (blue). ALPK1 knockdown inhibited the nuclear translocation of
NF-kB P65 (arrow shows) (scale bar, 50 um; magnification x400). B, B1 The protein level of phospho-NF-kB P65 in four groups were determined
by western blot. C, C1 Western blot determined cellular distribution of P65 in HK-2 cells. Experiments were performed in triplicate. Data were
presented as mean = SD. *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared with LG group). P < 0.05, #P<0.01, * P <0.001, ***P<0.0001
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pro-inflammatory cytokines IL-1p, IL-8 and TNF-a [12].
In recent years, it has been proved that caspases protein
family regulates pyroptosis by cutting GSDMD and then
the N-terminal domain of GSDMD could release from
the auto-inhibition of C-terminal domain [20], accom-
panied by the release of pro-inflammatory factors IL-1p
and IL-18 [21, 22]. These studies suggest that ALPK1
may be involved in the regulation of cell damage through
the classical pathway of cell pyroptosis. However, there
is no relevant research on the mechanism of ALPK1 in
DN. In this study, the heat map of DEGs and PPI network
analysis show ALPKI1, caspase-1 and GSDMD were up-
regulated in the DN mice and ALPK1 is associated with
pyroptosis-related proteins (Fig. 1). In vitro study, ALPK1
increased in time- and concentration-dependent manner
in HK-2 cells by high glucose treatment (Fig. 4). Then we
established a type 2 DN mouse model, and found that the
expressions of ALPKI, pyroptosis-related protein cas-
pase-1, GSDMD-NT and fibrosis-related protein a-SMA
were significantly increased in DN mice (Fig. 3). In vitro,
the down-regulation of ALPK1 expression in HK-2 cells
reversed the up-regulation of pyroptosis-related pro-
tein expressions and the increase of pyroptosis cell ratio
induced by high glucose. Down-regulated ALPK1 also
decreased the renal fibrosis index «a-SMA (Fig. 5). These
results suggest that ALPK1 is involved in the process of
renal tubular epithelial injury and renal fibrosis in DN by
regulating the caspase-1-GSDMD related classical pyrop-
tosis pathway.

The mechanism for activation of ALPK1 by high glu-
cose in DN is not clear. In the development of tubular
injury in DN, glucose was transferred into renal cells
by facilitative transporters such as glucose transporter
(GLUT)-1 and -4, and activated various cellular events
and signaling pathways, including generation of advanced
glycation end products (AGEs) and reactive oxygen spe-
cies (ROS), activation of the PKC and JAK-STAT path-
ways [23]. ALPK1 was recently proved as a cytosolic PRR
specific for ADP-B-b-manno-heptose (ADP-heptose) [8],
which mediates immune responses to diverse bacterial
pathogens. As a cytosolic receptor, ALPK1 might be acti-
vated by AGEs or inflammatory factors generated by high
glucose. However, the specific mechanism of how high
glucose activates the ALPK1-regulated pyroptosis path-
way still needs to be investigated in the future.

Previous studies has proved that NF-kB signaling
pathway was involved in pyroptosis in various diseases
[24-26]. ALPK1 was recently reported to activate NF-kB
and subsequently induce the production of pro-inflam-
matory cytokines and chemokines, which mediates
innate immune responses and inflammatory injury [27,
28]. Previous studies on the pathogenesis of acute renal
failure have demonstrated that NF-«B inhibitors can
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significantly reduce the production of IL-1$ and IL-18 in
albumin-stimulated HK-2 cells [29]. Our previous study
has also proved that the activation of NF-kB is involved in
pyroptosis pathway activation in renal tubular cells of DN
[6]. These results indicated that the activation of NF-«B is
required for ALPK1-mediated pyroptosis pathway. In this
study, phospho-NF-«B P65 was significantly increased in
DN mice and HK-2 cells (Figs. 3 and 6). IF staining and
WB analysis showed that high glucose induced increased
phosphorylation and nuclear translocation of NF-xB in
HK-2 cells, which could be reversed by ALPK1 siRNA
(Fig. 6). These results suggest that ALPK1 activates the
phosphorylation of NF-kB, and the activated NF-kB is
transferred from cytoplasm to nucleus to participate in
the activation process of pyroptosis pathway. NF-kB is
a downstream regulatory molecule of ALPK1 in tubular
cells injury of DN.

In the process of cell pyroptosis, GSDMD-N terminal is
cleaved by caspase-1 and mediates the formation of cell
membrane pores by combination with phosphorylated
phosphatidylinositol and other lipid components, result-
ing in the release of IL-1P, IL-18 and other inflamma-
tory factors [30]. We observed the distribution changes
of GSDMD in high glucose environment by IF staining
in HK-2 cells. Results showed that the obvious aggrega-
tion of GSDMD in the membrane was increased in HK-2
cells under high glucose environment, and inhibition
of ALPK1 could reverse above situation. These results
suggest that the transfer of GSDMD from cytoplasm to
cell membrane and pore-forming are the key links of
ALPK1-regulated pyroptosis injury of tubular cells in
high glucose ambience. Inhibition of ALPK1 reversed the
increased protein expression and cell supernatant level
of inflammatory factor IL-18 in HK-2 with high glucose
treatment. Recent study confirms renal TEC-derived
IL-1p could polarizes macrophages towards a proinflam-
matory phenotype, resulting in inflammatory injury of
kidney in high glucose ambience [31]. Our study has also
shown increased macrophages in renal interstitium of
DN patients, which were negatively correlated with eGFR
and positively correlated with IFTA scores (Fig. 2). These
confirmed that ALPK1 is involved in the regulation of
renal tubular epithelial cell pyroptosis in DN, which leads
to the release of IL-1p and IL-18 and activation of mac-
rophages, further aggravating tubular cell injury.

Our study has some limitations. The mechanism of
how hyperglycemia activates ALPK1 and how ALPK1-
NEF-kB signal pathway activates GSDMD-related
canonical pyroptosis are unclear. Transgenic mice with
tubular-specific deletion of ALPK1 may contribute to the
further study. We will further improve in future research.
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Conclusion

In conclusion, hyperglycemia activates ALPK1 in renal
TECs, leading to phosphorylation of NF-«B, which
could contribute to release of the N-terminal domain
of GSDMD after cleavage by caspase-1. GSDMD-NT
inserts into the cell membrane lipid bilayer, leading to
pyroptosis-related tubular injury. The consequently
release of IL-1B and IL-18 activates macrophages in
renal interstitium and aggravates tubular injury and
renal fibrosis.

Abbreviations

DN Diabetic nephropathy
HC Immunohistochemistry
HG High glucose

SIRNA Small interfering RNA
TECs Tubular epithelial cells

GSDMD-NT N-terminal of GSDMD
ALPK1 Alpha-kinase 1

CKD Chronic kidney disease
type 2 DM Type 2 diabetes mellitus

DEGs Differentially expressed genes

HK-2 Human renal proximal tubular epithelial cells
FBS Fetal bovine serum

HFD High-fat diet

STZ Streptozotocin

T2D Type 2 diabetic

HE Hematoxylin—eosin

GML Glomerular minor lesion

IF Immunofluorescence

ELISA Enzyme-linked immunosorbent assay
eGFR Estimated glomerular filtration rate
IFTA Interstitial fibrosis and tubular atrophy
PPI Protein—protein interaction

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540659-023-00416-7.

[ Additional file 1: Table S1. Clinical characteristics. }

Acknowledgements
Not applicable.

Author contributions

Performed the experiment and drafted the work: XYC, YLW. Conception or
design: XJZ. Acquisition, analysis, or interpretation of data: YH, XJC, YCH, ZL.
Provided guidance: YFL, SGY, LS, HL. All authors contributed to manuscript
revision. All authors read and approved the final manuscript.

Funding

This work was supported by the Natural Science Foundation of Hunan
(2021JJ30986, 2018JJ3728, 2018JJ2596), General Project of Scientific Research
Project of Hunan Provincial Health and Family Planning Commission
(20200807), Innovation and entrepreneurship education curriculum construc-
tion project of Central South University, The Project of New Clinic Techniques
of Central South University and National Natural Science Foundation of China
(81300600).

Data availability
Not applicable.

Page 13 of 14

Declarations

Ethics approval and consent to participate

The Ethics Committee of the Second Xiangya Hospital approved the protocol
for this study. All patients signed approved informed consent forms. Animal
experiments were approved by the Animal Care and Use Committee of Sec-
ond Xiangya Hospital of Central South University (2020531).

Consent for publication
All patients signed approved informed consent forms.

Competing interests
No potential conflict of interest relevant to this article was reported.

Author details

"Hunan Key Laboratory of Kidney Disease and Blood Purification, Department
of Nephrology, The Second Xiangya Hospital of Central South University,
Changsha 410011, Hunan, China. *Center for Medical Research, The Second
Xiangya Hospital of Central South University, Changsha, China. *Key Labora-
tory of Diabetes Immunology, Department of Metabolism and Endocrinology,
National Clinical Research Center for Metabolic Diseases, Ministry of Education,
The Second Xiangya Hospital of Central South University, Changsha, China.

Received: 20 July 2022 Accepted: 18 January 2023
Published online: 02 February 2023

References

1. VallonV, Thomson SC. Renal function in diabetic disease models: the
tubular system in the pathophysiology of the diabetic kidney. Annu Rev
Physiol. 2012;74:351-75.

2. Navarro-Gonzalez JF, Mora-Fernandez C, Muros de Fuentes M, Garcia-
Pérez J. Inflammatory molecules and pathways in the pathogenesis of
diabetic nephropathy. Nat Rev Nephrol. 2011;7:327-40.

3. Weir A, Vince JE. No longer married to inflammasome signaling: the
diverse interacting pathways leading to pyroptotic cell death. Biochem J.
2022;479:1083-102.

4. ShiJ, ZhaoY,Wang K, Shi X, et al. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature. 2015;526:660-5.

5. Burdette BE, Esparza AN, Zhu H, Wang S. Gasdermin D in pyroptosis. Acta
Pharm Sin B. 2021;11:2768-82.

6. WangV, Zhu X, Yuan S, Wen S, et al. TLR4/NF-kB signaling induces
GSDMD-related pyroptosis in tubular cells in diabetic kidney disease.
Front Endocrinol. 2019;10:603.

7. Zimmermann S, Pfannkuch L, Al-Zeer MA, Bartfeld S, et al. ALPK1- and
TIFA-dependent innate immune response triggered by the Helicobacter
pylori type IV secretion system. Cell Rep. 2017;20:2384-95.

8. ZhouP SheY, Dong N, Li P, et al. Alpha-kinase 1 is a cytosolic innate
immune receptor for bacterial ADP-heptose. Nature. 2018,561:122-6.

9. ZhuW, Deng Y, Zhou X. Multiple membrane transporters and some
immune regulatory genes are major genetic factors to gout. Open Rheu-
matol J. 2018;12:94-113.

10. Liu X, Zhao J, Jiang H, Guo H, et al. ALPK1 accelerates the pathogen-
esis of osteoarthritis by activating NLRP3 signaling. J Bone Miner Res.
2022,37:1973-85.

11. Shimokata S, Oguri M, Fujimaki T, Horibe H, et al. Association between
polymorphisms of the a-kinase 1 gene and type 2 diabetes mellitus in
community-dwelling individuals. Biomed Rep. 2013;1:940-4.

12. Kuo TM, Hsu HT, Chung CM, Yeh KT, et al. Enhanced alpha-kinase 1
accelerates multiple early nephropathies in streptozotocin-induced
hyperglycemic mice. Biochim Biophys Acta. 2016;1862:2034-42.

13. Davis S, Meltzer PS. GEOquery: a bridge between the Gene Expression
Omnibus (GEO) and BioConductor. Bioinformatics. 2007;23:1846-7.

14. Tang S, Wang X, Deng T, Ge H, et al. Identification of C3 as a therapeutic
target for diabetic nephropathy by bioinformatics analysis. Sci Rep.
2020;10:13468.

15. Ryzhakov G, West NR, Franchini F, Clare S, et al. Alpha kinase 1 controls
intestinal inflammation by suppressing the IL-12/Th1 axis. Nat Commun.
2018;9:3797.


https://doi.org/10.1186/s40659-023-00416-7
https://doi.org/10.1186/s40659-023-00416-7

Cui et al. Biological Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2023) 56:5

Yamada Y, Nishida T, Ichihara S, Kato K; et al. Identification of chromo-
some 328 and ALPK1 as susceptibility loci for chronic kidney disease in
Japanese individuals by a genome-wide association study. J Med Genet.
2013;50:410-8.

Yamada Y, Matsui K, Takeuchi |, Oguri M, et al. Association of genetic
variants of the a-kinase 1 gene with type 2 diabetes mellitus in a longi-
tudinal population-based genetic epidemiological study. Biomed Rep.
2015;3:347-54.

Yamada Y, Matsui K, Takeuchi |, Fujimaki T. Association of genetic
variants with dyslipidemia and chronic kidney disease in a longitudi-

nal population-based genetic epidemiological study. Int J Mol Med.
2015;35:1290-300.

Lee CP, Nithiyanantham S, Hsu HT, Yeh KT, et al. ALPK1 regulates strepto-
zotocin-induced nephropathy through CCL2 and CCL5 expressions. J Cell
Mol Med. 2019;23:7699-708.

Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed
necrotic cell death. Trends Biochem Sci. 2017,42:245-54.

Liu YG, Chen JK, Zhang ZT, Ma XJ, et al. NLRP3 inflammasome activation
mediates radiation-induced pyroptosis in bone marrow-derived mac-
rophages. Cell Death Dis. 2017;8: €2579.

Yuan S,Wang Y, Li Z, Chen X, et al. Gasdermin D is involved in switching
from apoptosis to pyroptosis in TLR4-mediated renal tubular epithelial
cells injury in diabetic kidney disease. Arch Biochem Biophys. 2022;727:
109347.

KanwarYS, Sun L, Xie P, Liu FY, et al. A glimpse of various pathogenetic
mechanisms of diabetic nephropathy. Annu Rev Pathol. 2011;6:395-423.
Xu'S,Wang J, Jiang J, Song J, et al. TLR4 promotes microglial pyroptosis
via INcRNA-F630028010Rik by activating PI3K/AKT pathway after spinal
cord injury. Cell Death Dis. 2020;11:693.

LiW, Deng M, Loughran PA, Yang M, et al. LPS induces active HMGB1
release from hepatocytes into exosomes through the coordinated
activities of TLR4 and caspase-11/GSDMD signaling. Front Immunol.
2020;11:229.

Zamyatina A, Heine H. Lipopolysaccharide recognition in the crossroads
of TLR4 and caspase-4/11 mediated inflammatory pathways. Front
Immunol. 2020;11: 585146.

Garcfa-Weber D, Arrieumerlou C. ADP-heptose: a bacterial PAMP detected
by the host sensor ALPK1. Cell Mol Life Sci. 2021;78:17-29.

Bauer M, Nascakova Z, Mihai Al, Cheng PF, et al. The ALPK1/TIFA/NF-kB
axis links a bacterial carcinogen to R-loop-induced replication stress. Nat
Commun. 2020;11:5117.

Jheng HF, Tsai PJ, Chuang YL, Shen YT, et al. Albumin stimulates renal
tubular inflammation through an HSP70-TLR4 axis in mice with early
diabetic nephropathy. Dis Model Mech. 2015;8:1311-21.

Fang Y, Tian S, Pan Y, Li W, et al. Pyroptosis: a new frontier in cancer.
Biomed Pharmacother. 2020;121: 109595.

Veiras LC, Bernstein EA, Cao D, Okwan-Duodu D, et al. Tubular IL-13
induces salt sensitivity in diabetes by activating renal macrophages. Circ
Res. 2022;131:59-73.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Alpha‐kinase1 promotes tubular injury and interstitial inflammation in diabetic nephropathy by canonical pyroptosis pathway
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Bioinformatics analysis
	Animal experimental design
	Histological and immunohistochemical staining
	Cell culture and treatments
	Transfection experiments
	Western blotting (WB)
	Flow cytometry analysis of pyroptosis
	Immunofluorescence (IF)
	Nuclear cytoplasmic fractionation
	Enzyme-linked immunosorbent assay
	Data analysis

	Results
	Bioinformatics analysis
	ALPK1 expression and macrophages infiltration were positively correlated with tubular injury in DN patients
	Activation of ALPK1NF-κB pathway is involved in pyroptosis-related inflammatory injury in DN mice
	ALPK1 increased in time- and concentration-dependent manner in HK-2 cells by high glucose treatment
	ALPK1 knockdown decreased the HG-induced pyroptosis and fibrosis in HK-2 cells
	ALPK1 knockdown decreased the phosphorylation and nuclear translocation of NF-κB in HK-2 cells under HG condition
	ALPK1 knockdown inhibited translocation of GSDMD to the cell membrane and suppressed release of IL-18

	Discussions
	Conclusion
	Acknowledgements
	References


