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STING contributes to lipopolysaccharide-induced tubular cell
inflammation and pyroptosis by activating endoplasmic
reticulum stress in acute kidney injury

Yun Cao"**, Xinghua Chen'*

Yonghong Jian’, Jiefu Zhu 5 , Wei Liang' * and Zhaowei Chen

© The Author(s) 2024

, Zijing Zhu'* Z|Iv Luo', Yiqun Hao', Xueyan Yang', Jun Feng

1

', Zongwei Zhang', Jijia Hu',

Recently, innate immunity and inflammation were recognized as the key factors for acute kidney injury (AKI) caused by sepsis,
which is closely related to high mortality. Stimulator of interferon genes (STING) has emerged as a critical component of innate
immune and inflammatory responses. However, the role of STING in the pathogenesis of septic AKI remains unclear. This study
demonstrated that the STING was significantly activated in tubular cells induced by lipopolysaccharide (LPS) in vivo and in vitro.
Tubule-specific STING knockout attenuated LPS-induced renal dysfunction and pathological changes. Mechanistically, the STING
pathway promotes NOD-like receptor protein 3 (NLRP3) activation. STING triggers endoplasmic reticulum (ER) stress to induce
mitochondrial reactive oxygen species (mtROS) overproduction, enhancing thioredoxin-interacting protein activation and
association with NLRP3. Eventually, the NLRP3 inflammasome leads to tubular cell inflammation and pyroptosis. This study revealed
the STING-regulated network and further identified the STING/ER stress/mtROS/NLRP3 inflammasome axis as an emerging pathway
contributing to tubular damage in LPS-induced AKI. Hence, targeting STING may be a promising therapeutic strategy for preventing

septic AKI.
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INTRODUCTION

Acute kidney injury (AKI), manifested as a rapid decline in renal
function, has become a global health concern [1]. As the leading
cause of AKI in hospitalized and critically ill patients, sepsis is
characterized by inappropriate immune responses, overwhelming
inflammation and multiple organ dysfunction [2]. Unfortunately,
septic AKl currently lacks targeted drug treatments and is
associated with a high mortality rate. The pathogenesis of septic
AKl involves several renal cell types and factors. Among these, the
immune and inflammatory response-induced injury and loss of
tubular epithelial cells are recognized as the direct and major
factors [3, 4]. Therefore, exploring the key mechanism underlying
sepsis-induced tubular immune and inflammatory responses is
necessary to find novel therapeutic strategies to prevent
septic AKI.

Innate immunity, a necessary process for protective anti-
infectious immune responses, has become a critical factor of the
heightened inflammatory immune state [5]. In sepsis, innate
immune responses are triggered by specific pattern recognition
receptors (PRRs) by pathogen- or danger-associated molecular
patterns [6]. Afterward, the enhanced secretion of inflammatory
cytokines amplifies local tissue inflammation, leading to organ
dysfunction. Stimulator of interferon genes (STING), a pivotal PRR,

physically resides on the surfaces of the endoplasmic reticulum
(ER) and outer mitochondrial membranes, which are generally
defined as mitochondria-associated membranes (MAMs). Under
stress conditions, STING translocates to the ER-Golgi intermediate
compartment and Golgi for interaction with TANK-binding kinase
1 (TBK1). The STING-TBK1 complexes then activate nuclear factor
(NF)-xB and interferon regulatory factor 3 (IRF3) to promote the
transcription of type | interferon (IFN) and other proinflammatory
cytokines [7, 8]. Increasing studies have indicated that STING plays
an essential role in kidney disease. For instance, limiting STING
activity ameliorates renal fibrosis [9]. Aberrant activation of the
STING signalosome was observed in ischemia-reperfusion injury
and cisplatin-induced AKI, while STING global knockout or STING
antagonist H151 pretreatment attenuated renal dysfunction and
tubular inflammatory damage [10-12]. However, the potential
effects and precise mechanisms of STING in septic AKI (the AKI
most closely related to innate immunity) have not been well
investigated until now.

Emerging studies have reported that innate immune and
inflammatory responses are modulated by ER stress and oxidative
stress, and then take effect through the NOD-like receptor protein
3 (NLRP3) inflammasome [13, 14]. Furthermore, ER stress, oxidative
stress and the NLRP3 inflammasome were widely regarded as
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critical pathophysiological pathways in septic AKl, especially
related to the sepsis-activated STING pathway [15-17]. In cecal
ligation and puncture-induced sepsis, ER stress was markedly
blocked by STING deletion [18]. In lipopolysaccharide (LPS)-
induced acute lung injury, oxidative stress and NLRP3 inflamma-
some mediated-pyroptosis (a form of programmed inflammatory
cell death) were relieved by STING deficiency [19]. Unfolded
protein response (UPR), the most common form of ER stress, is
activated by three sensors: inositol requiring protein1 (IRE1),
protein kinase RNA-like ER kinase (PERK) and activating transcrip-
tion factor 6 (ATF6) [20]. The NLRP3 inflammasome, the most-
studied inflammasome in generating damaging inflammation, is
assembled by NLRP3, thioredoxin-interacting protein (TXNIP),
apoptosis speck-like protein (ASC) and pro-caspasel (casp1).
Casp1  cleaves  pro-Interleukin-1/18  (pro-IL-1$/18,  pro-
inflammatory factors) and gasdermin D (GSDMD, pyroptosis
inducer) to initiate inflammation and pyroptosis [21, 22]. Interest-
ingly, ER stress appears to activate the NLRP3 inflammasome by
promoting oxidative stress. Salvianolic acid B suppresses NLRP3
activation during ER stress and mitochondrial reactive oxygen
species (mtROS) accumulation to prevent endothelial injury.
Activating IRE1a increases mtROS level, which promotes NLRP3
association with mitochondria [23]. However, in septic AKI,
whether the STING pathway lies upstream and is responsible for
the three pathophysiological pathways remains unclear.

The endotoxin LPS is a potent trigger of host defense and the
most common cause of sepsis. Here, we explored the role of STING
in LPS-induced AKI. Then, whether STING contributes to tubular
cell injury by activating ER stress, oxidative stress and the NLRP3
inflammasome was studied, as well as the potential molecular
mechanisms among them. This study aimed to find a novel
therapeutic target for septic AKI.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice (6-8 weeks old, weighting 20-25 g) were purchased
from Beijing HFK Bioscience Co., Ltd. The mice were randomly divided into
three groups, each with six mice: control (CTL), LPS 24 h and LPS 48 h. The
septic AKI mice models were induced by intraperitoneal (i.p.) injection of
LPS (10 mg/kg of body weight, Sigma-Aldrich, USA). The CTL mice were
injected with i.p. an equal volume of 0.9% saline.

The STING exon 3, 4, 5-floxed (STING"® mice (C57BL/6J, stock#031670,
Jackson Lab) and Ksp-cadherin-Cre (Ksp-Cre) mice (C57BL/6J,
stock#012237, Jackson Lab) were crossed to generate tubule-specific
STING knockout (STING™, Cre, STING-cKO) mice. Littermates with
homozygous floxed mice without Cre expression were considered wild-
type (WT) mice and used as controls. Male WT mice and STING-cKO mice
(8 weeks old, weighting 24-26 g) were randomly assigned to receive 0.9%
saline or LPS injection (24 h), then divided into four groups, each with six
mice: WT, WT + LPS, STING-cKO and STING-cKO + LPS.

Blood samples were collected for serum creatinine (Scr), blood urea
nitrogen (BUN) and neutrophil gelatinase-associated lipocalin (NGAL)
measurement. 24 h urine samples were collected for albumin-to-
creatinine ratios (ACR), kidney injury molecule-1 (KIM-1) and NGAL
measurement. All mice were euthanized via pentobarbital sodium
(200 mg/kq) i.p. injection and sacrificed humanely after 24 h or 48 h
from LPS injection. Kidney samples were collected for further testing.
All animals were maintained in the Specific Pathogen-Free conditions
(Animal Center of the Renmin Hospital of Wuhan University), humidity
40-70%, temperature 20-25 °C, under 12-hour light/12-hour dark
pattern with free access to water and food. The entire experimental
process was carried out in a blinded manner. All animal experiments in
this study were approved by the Ethical Committee for the
Experimental Use of Animals of the Renmin Hospital of Wuhan
University, China (WDRM-20221004E).

Cell culture and treatment

The human proximal tubule cell line (HK2) was purchased from Procell Life
Science & Technology Co., Ltd and cultured in DMEM/F12 medium
(HyClone, USA) supplemented with 10% fetal bovine serum (FBS, Corning,
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USA) at 37 °C. The differentiated HK2 cells (70-80% density) were cultured
using different mediums: (1) LPS time gradients (0, 6, 12, 24 h) at 5 ug/ml;
(2) LPS concentration gradients (0, 1, 5, 10 pg/ml) for 12 h; (3) LPS (-) =
without LPS; LPS (+) = 5 pg/ml LPS for 12 h. Cells and cell climbing films
were harvested for subsequent testing.

Cell transfection

Overexpression plasmid transfection was conducted using the
X-tremeGENE HP DNA Transfection Reagent (Roche, Swit). Small interfering
RNA (siRNA) transfection was conducted using HiPerFect Transfection
Reagent (Qiagen, Germany). The differentiated HK2 cells (50-60% density)
were transfected with IRE1, NLRP3, STING overexpression plasmid (OE-IRE1,
OE-NLRP3, OE-STING, GenePharma Co., Ltd, China) or STING siRNA (si-
STING, Sangon, China) to overexpress or knock down target genes. The
pcDNA3.1 plasmid (OE-Con, GenePharma Co., Ltd, China) and scrambled-
siRNA (si-Con, Sangon, China) were transfected as controls. The
corresponding siRNA and overexpression plasmid were transfected into
HK2 cells at 24-h intervals. The corresponding HK2 cells were treated with
LPS (5 ug/ml, 12 h, Solarbio, China) 36 h after transfection. MitoQ (100 nm,
MCE, USA) was added to pretreat the corresponding HK2 cells for 2h
before transfection. Cells and cell climbing films were harvested for
subsequent testing.

Histological analysis

Briefly, fixed renal tissues from mice were dehydrated and paraffin-
embedded to prepare renal sections. Afterwards, the renal paraffin
sections were deparaffinized, hydrated and antigen-retrieved, then stained
with hematoxylin-eosin (HE) and periodic acid-Schiff (PAS) reagents to
observe the histopathological changes of renal tubules. The percentage of
tubule damage was evaluated by HE staining, which showed tubular
dilation/flattening, brush border loss, tubular cast formation and tubular
degeneration/vacuolization [24]. The tubular injury score was graded
according to the proportion of injured tubules in PAS staining as follows: 0,
1, 2, 3, and 4 corresponding to none, <25%, 25-50%, 50-75%, and 75%
[10]. An average percentage was calculated by 10-20 randomly chosen
fields (x800) from each mouse.

The apoptosis of tubular cells was detected using a TdT-mediated dUTP
nick end labeling (TUNEL) kit (Roche, Swit). Each mouse was selected for
10-20 randomly chosen fields (x800) to count TUNEL-positive cells/field,
which quantified the average. All microscopic images were observed using
an upright microscope (Olympus, Japan).

Western blot analysis

The total protein of the renal cortices from mice or HK2 cells was
extracted with RIPA buffer (Beyotime, China) containing a 1% protease
inhibitor cocktail (Sigma-Aldrich, USA), phosphatase inhibitor phos-
STOP™ (one tablet dissolved per 10 ml RIPA buffer; Sigma-Aldrich, USA),
and 1% PMSF (Beyotime, China). The supernatants were collected after
centrifugation at 13,000 rpm for 5min (4 °C), then mixed with 20%
loading buffer (Servicebio, China) and boiled at 100 °C for 10 min. An
equal amount of protein was separated by 8-12% SDS-PAGE (Beyotime,
China) and transferred onto PVDF membranes (Millipore, USA). The
membranes were blocked with 5% skim milk for 1 h and incubated with
primary antibodies overnight at 4 °C. The primary antibodies used
are listed in (Table S1). After incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Antgene, China) at room
temperature for 1h, the membranes were soaked with enhanced
chemiluminescence solution (Servicebio, China) for blot detection. All
blots were screened and quantified with an X-ray machine (Bio-
Rad, USA).

Immunohistochemistry (IHC)

The renal paraffin sections from mice were deparaffinized, hydrated,
antigen-retrieved, and blocked with 5% bovine serum albumin (BSA,
Antgene, China) at room temperature for 1 h, followed by incubation with
the primary antibodies overnight at 4 °C. The primary antibodies used are
listed in (Table S2). After incubation with HRP-conjugated secondary
antibodies for 1h, sections were subjected to DAB solution (containing
0.01% H,0,) for staining.

Each mouse was selected for 10-20 randomly chosen fields (x800) to
count lymphocyte antigen 6 complex locus G6D (Ly6g)- or STING-positive
cells/field, which quantified the average. All microscopic images were
observed using an upright microscope (Olympus, Japan).
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Immunofluorescence (IF) assay

The renal paraffin sections of mice were pretreated as same as IHC. The
cell-climbing films were fixed and then blocked. The primary antibodies
used are listed in (Table S3). The Alex Fluor 488/594 Donkey anti-Rabbit/
Mouse IgG (H&L) (Antgene, China) were used as secondary antibodies. LTL
(FL1321, 1:200, Lifespan, China) is a proximal renal tubule marker. DAPI
(ANTO063, Antgene, China) is a nucleus marker.

Each mouse was selected for 10-20 randomly chosen fields (x600) to
count epidermal growth factor module-containing mucin-like receptor
(EMRT1, also known as F4/80)-or STING-positive cells/field, which quantified
the average. All microscopic images were observed using a confocal
microscope (Hitachi, Japan).

mtROS generation, mitochondrial membrane potential (MMP),
and adenosine triphosphate (ATP) production analyses

mtROS generation was measured using the DCFH-DA fluorescent probe
(Beyotime, China). The fluorescence of DCF (green) represents the
intracellular ROS level. One of the indicators of early apoptosis and
mitochondrial function, MMP, was evaluated using a mitochondrial
membrane potential assay kit with JC-1 (Beyotime, China). At the low
MMP, JC-1 is a monomer that shows green fluorescence. At the high MMP,
JC-1 aggregates in the mitochondrial matrix to form the polymer, which
displays red fluorescence. The proportion of mitochondrial depolarization, a
process in which the MMP reduces and the potential difference between
inside and outside mitochondria decreases or disappears, can be measured
by the relative ratio of JC-1 red/green fluorescence. All microscopic images
were observed using an inverted microscope (Olympus, Japan). ImageJ) was
used to measure fluorescence intensity and the density per area unit from
10-20 randomly chosen fields of each group. ATP production was measured
using ATP Assay Kit (Beyotime, China) and quantified by a microplate reader.

Flow cytometry

The apoptotic rate of HK2 cells was measured using Annexin V-PE
Apoptosis Detection Kit | (BD Pharmingen, USA) and quantified by a Flow
Cytometer™ system.

Quantitative real-time PCR

The total RNA was isolated from the frozen renal cortices of mice or HK2 cells
using TRIzol reagent (Invitrogen, USA). cDNA was then synthesized using
PrimeScript RT Reagent Kit (Takara, Japan). The target genes (tumor necrosis
factor a, TNFa; monocyte chemotactic protein-1, MCP-1; IL-6; granulocyte-
macrophage colony stimulating factor, GM-CSF) were amplified (SYBR Green
Kit, Takara, Japan) and quantified in a real-time fluorescence-based
quantitative PCR machine (lllumina Eco, USA). The sequences of the primers
used in this study are listed in (Table S4). The relative gene expression was
quantified by the 27AAT method, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a control for normalization.

Bulk RNA-sequencing (RNA-seq) analysis

The fresh renal cortices of WT, STING-cKO, WT + LPS and STING-cKO + LPS
mice were immersed in TRIZOL buffer, quick-frozen in liquid nitrogen, and
then sent to (Novogene Co., Ltd, China) in dry ice packaging for RNA-seq
analysis, and the resulting data were deposited in the SRA database
(PRINA1065405). differentially expressed genes (DEGs) were identified with
a threshold of Log2 fold-change (L2FC)>1 or <—1 and an adjusted
p < 0.05 to generate heatmaps using TB tolls. Gene ontology (GO) analysis
was performed using the Metascape website (https://metascape.org).

Statistical analyses

All experiments were repeated at least thrice. All data were analyzed using
GraphPad Prism7 (GraphPad Software, Inc.). Data were summarized as
means + standard deviation (SD) of the indicated number of independent
experiments. One-way analysis of variance (ANOVA) followed by a Tukey's
post-test was applied for statistical comparisons between groups.
Statistical significance was regarded as p < 0.05.

RESULTS

Activation of the STING/TBK1/IRF3 pathway in LPS-treated
tubular cells

An LPS-induced AKI mouse model was established. Interestingly,
compared to 24h, renal pathological improvements were
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detected after LPS treatment 48 h (Fig. S1A, B). To investigate
the alterations of the STING/TBK1/IRF3 pathway in vivo, we
observed the intrarenal location and alteration of the STING
protein by IHC and IF analyses. Notably, compared to the
glomerulus, renal tubules from LPS-induced AKI mice showed
more evident STING expression increases (Fig. 1A, B). As indicated
in (Fig. 1C), STING, TBK1 and IRF3 were activated in kidney cortices
from LPS-induced AKI mice, and the intervention time of LPS in
mice was most appropriate when set at 24 h. We next set the time
and concentration gradients to detect the activation of the STING/
TBK1/IRF3 pathway in LPS-treated HK2 cells. The protein levels of
STING, p-TBK1 and p-IRF3 were significantly upregulated with LPS
treatment, and mainly peaked at 5 ug/ml, 12 h in vitro (Fig. 1D, E).
These results indicated that the activation of the STING/TBK1/IRF3
pathway is involved in the development of tubular damage in
LPS-induced AKI.

STING knockout attenuated tubular damage in LPS-

induced AKI

To further gain insight into the necessity of STING in the tubular
damage of LPS-induced AKI, we deleted the STING in renal tubules
by crossing Ksp-Cre and STING™™ mice (Fig. 2A and Fig. S2A). PCR
analysis showed the genotype of STING-cKO (STING™, Cre)
mice (Fig. $2B, lane 4) and WT mice (STING™ (Fig. 52B, lane 2).
Compared to WT mice, STING-cKO mice did not elicit notice-
able changes in renal histopathology (Fig. S2C, D) and had no
significant differences in body weight, kidney weight, kidney/
body weight ratio (Fig. S2E-G), indicating that STING-cKO mice
had no overt phenotype without stress.

Subsequently, we compared the disease progression of WT
mice and STING-cKO mice in the model of LPS-induced AKI. LPS
treatment rapidly increased urinary ACR, KIM-1, NGAL levels and
Scr, BUN, serum NGAL levels in WT mice, indicating renal
dysfunction and tubular injury (Fig. 2B-G). HE and PAS staining
also showed tubular pathological changes in the WT + LPS group,
such as tubular lumen dilation, epithelial vacuolation/flatness,
epithelial nucleus exposure and brush border loss (Fig. 2H, I).
However, the STING-cKO + LPS group exhibited less affected
functional (Fig. 2B-G) and histological (Fig. 2H, 1) analyses than the
WT + LPS group, demonstrating the protective effect of STING
knockout on LPS-induced tubular damage. The above results
suggested that STING was an essential pathogenic factor for
tubular damage in LPS-induced AKI.

Effects of STING knockout on LPS-induced tubular
inflammation and NLRP3 inflammasome activation
The STING/TBK1/IRF3 pathway plays a key role in innate immune
and inflammatory responses. p65, also known as NF-kB, is a key
transcription factor of pro-inflammatory genes that could be
phosphorylated by TBK1 [25]. As expected, we found that STING,
TBK1, IRF3 and p65 were activated in the renal cortices of
WT + LPS mice, while STING knockout significantly inhibited these
alterations (Fig. S3A). To further investigate the potential
mechanisms underlying STING-mediated tubular damage in LPS-
induced AKI, an RNA-seq analysis using renal cortices from WT,
STING-cKO, WT + LPS and STING-cKO + LPS mice was performed.
GO analysis revealed that LPS treatment increased the expression
of genes with roles in inflammatory response, immune effector
process, NLR signaling pathway, pyroptosis and regulation of
apoptotic signaling pathway (Fig. 3A). However, the LPS-activated
genes and pathways were suppressed by STING knockout
(Fig. 3B). Furthermore, DEGs analysis showed different gene
expression patterns among the four groups and listed the key
molecules involved in the STING pathway, inflammation, pyrop-
tosis and apoptosis, which were activated by LPS treatment and
inhibited by STING knockout (Fig. S3B and Fig. 3C).

Considering that the RNA-seq analysis indicated the closest
association between STING and inflammatory response in LPS-
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Fig. 1

Activation of the STING/TBK1/IRF3 pathway in HK2 cells and mice induced by LPS. A Representative images and STING-positive cells

quantitation of immunohistochemical staining of STING in renal tubules from mice i.p.-injected with LPS (10 mg/kg) for 0, 24, 48 h (original
magnification, x800). Scale bars: 20pm. Red arrows indicate glomerulus. B Representative images and STING-positive cells quantitation of
immunofluorescence of STING, LTL (proximal tubule marker) and DAPI (DNA marker) in renal tubules from mice i.p.-injected with LPS (10 mg/
kg) for 0, 24, 48 h (original magnification, x600). Scale bars: 20um. White outlines indicate glomerulus. C Representative western blots and
quantitation of STING, p-TBK1, p-IRF3 protein expression in renal cortices from mice i.p.-injected with LPS (10 mg/kg) for 0, 24,48 h. A-Cn=6
per group. D, E Representative western blots and quantitation of STING, p-TBK1, p-IRF3 protein expression in HK2 cells treated with LPS time
gradients (0, 6, 12, 24 h) for 5 pg/ml and LPS concentration gradients (0, 1, 5, 10 pg/ml) at 12 h. *P < 0.05 vs. indicated group. ns no significant.

induced tubular damage, we assessed it first. The inflammatory
cells (macrophages and neutrophils) were identified by F4/80 and
Ly6g staining. As shown in (Fig. 3D, E), inflammatory cell
infiltration was enhanced in the renal cortices of WT + LPS mice,
while it was reduced in STING-cKO + LPS mice. Moreover, the LPS-
upregulated mRNA levels of pro-inflammatory cytokines (TNFa,
MCP-1, IL-6 and GM-CSF) were markedly reversed by STING
knockout (Fig. S3C). Together, the findings demonstrated the vital
involvement of STING-mediated inflammation in the tubular
damage of LPS-induced AKI.

SPRINGER NATURE

GO analysis also disclosed that the NLR signals may be an
essential link between inflammatory response, immune effector
process and oxidative stress (Fig. 3A-C). As mentioned, the NLRP3
inflammasome directly activated by TXNIP (a ROS-activated pro-
oxidative molecule) under oxidative stress has gained wide
attention in LPS-induced AKI [26]. As displayed in (Fig. 3F, G),
STING knockout significantly eliminated the upregulation of
NLRP3, TXNIP, cleaved-casp1, cleaved-IL-1B, cleaved-IL-18 and
cleaved-GSDMD (except ASC) proteins in WT + LPS mice. IF and
IHC assays also disclosed the same tendency of NLRP3 and casp1

Cell Death and Disease (2024)15:217



A Ksp-Cre x  STING ™
STING ™, Cre X

}

STING ", Cre

STING™ X STING™

STING ™

D
WO (0% (0°
P\ “{‘;6“0*
& O
H Vehicle

Y. Cao et al.

w
N
o
o

- e
o
o

ACR (ug/mg)
o
o

-

BUN(mmoliL)

| ' o s} ] Sa

a N
o o o

Percentage of tubule damage

&
o

o
2

Tubular injury score
(=
[ ]

WO ,»?%ox\,?e

&
ex\V\ w{; & o€
O

Fig. 2 STING-cKO attenuated clinical and histopathological changes in LPS-induced AKI. A Strategy for generating STING-cKO mice.
B-G Representative quantitation of ACR, KIM-1, NGAL in urine samples and Scr, BUN, NGAL in blood samples from mice per group.
H, I Representative images of HE and PAS staining of renal tubules from mice per group (original magnification, x800). Scale bars: 20 um. Black
arrows indicate glomerulus. Representative quantitation of percentage of tubule damage and tubular injury score from mice per group was
evaluated by HE and PAS staining. B-1 n =6 per group, *P < 0.05 vs. indicated group.

protein in renal tubules as western blots (Fig. S3D, E). These results
indicated that STING knockout attenuated tubular inflammation
and pyroptosis by inhibiting the NLRP3 inflammasome in LPS-
induced AKI.

Effects of STING knockout on LPS-induced tubular STING/
mtROS/NLRP3 inflammasome axis activation and apoptosis
Contrary to the above tendency, the key molecules involved in
protein folding and mitochondrial complexes synthesis were
inhibited by LPS treatment and upregulated after STING
knockout (Fig. 4A). LPS treatment in WT mice downregulated
the expression of genes with roles in processes such as
respiratory electron transport chain (ETC) and protein folding,
which were upregulated by STING knockout (Fig. 4B). These data
suggested the involvement of oxidative stress and ER stress in
the STING-mediated tubular damage of LPS-induced AKI.
Mitochondria disorganization and oxidative phosphorylation
(OXPHOS) dysfunction both induce mtROS (the vital marker of
oxidative stress) overproduction [27]. As shown in (Fig. 4C), the

Cell Death and Disease (2024)15:217

expression of mitochondrial respiratory chain complex proteins
composing OXPHOS was inhibited by LPS treatment and
recovered after STING knockout. In addition, STING silencing
significantly increased MMP (Fig. 4D), ATP (Fig. 4F) and
decreased mtROS generation (Fig. 4E) in LPS-treated HK2 cells.
Intriguingly, STING-mediated mtROS overproduction could
activate the NLRP3 inflammasome [28]. As shown in (Fig. 3F),
the STING knockout inhibited LPS-upregulated TXNIP expression,
suggesting that, in addition to the previously reported STING/IRF3-
dependent manner, the STING/mtROS/TXNIP axis may be another
crucial pathway in NLRP3 inflammasome activation. Moreover,
MitoQ (a widely-used mtROS scavenger) dramatically inhibited
NLRP3 inflammasome-mediated inflammation and pyroptosis,
which were promoted by STING overexpression (Fig. S4A, B).
However, the inhibitory effect of MitoQ on the NLRP3 inflamma-
some, which only reduced TXNIP expression, differed from STING
knockout (both reduced NLRP3 and TXNIP expression). These
results verified the STING/mtROS/NLRP3 inflammasome axis
involved in the tubular inflammation of LPS-induced AKI.
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Fig. 3 STING-cKO suppressed LPS-induced tubular inflammation and NLRP3 inflammasome activation. A, B GO analysis showing biologic
processes involved by upregulated genes in renal cortices from WT + LPS group vs. WT group (A) and downregulated genes in renal cortices
from STING-cKO + LPS group vs. WT + LPS group (B). C Heatmap showing upregulated genes in renal cortices from WT + LPS group (involved
in STING pathway, inflammation, pyroptosis and apoptosis) were downregulated by STING-cKO. D Representative images and F4/80
(macrophage marker)-positive cells quantitation of immunofluorescence of F4/80, LTL and DAPI in renal tubules from mice per group (original
magnification, x600). Scale bars: 20pm. White outlines indicate glomerulus. E Representative images and Ly6g (neutrophil marker)-positive
cells quantitation of immunohistochemical staining of Ly6g in renal tubules from mice per group (original magnification, x800). Scale bars:
20 pm. F, G Representative western blots and quantitation of NLRP3, TXNIP, ASC, cleaved-casp1, cleaved-IL-1p, cleaved-IL-18, cleaved-GSDMD
protein expression in renal cortices from mice per group. D-G n =6 per group, *P < 0.05 vs. indicated group, ns no significant.
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Apoptosis, the hallmark of sepsis, is also linked to the high
mortality of septic AKI [29]. Consistent with the data from RNA-seq
analysis (Fig. 3A-C), STING knockout significantly alleviated the
LPS-induced tubular apoptosis, as evidenced by TUNEL staining
(Fig. 4G). mtROS overproduction induced mitochondria-

Cell Death and Disease (2024)15:217

dependent apoptosis by promoting B-cell lymphoma 2 (Bcl2)/
Bcl2 associated X (Bax) imbalance, cytochrome c release, and final
caspase3 (casp3, the well-known apoptosis marker) recruitment
[30]. As shown in (Fig. S5A, B), increased casp3 nuclear
translocation, upregulated cleaved-casp3 protein expression and
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Fig. 4 STING-cKO or STING silencing inhibited LPS-induced tubular mtROS overproduction and apoptosis. A Heatmap showing the
downregulated genes in renal cortices from WT + LPS group (involved in protein folding process and mitochondrial complexes synthesis)
were upregulated by STING-cKO. B GO analysis showing biologic processes involved by downregulated genes in renal cortices from WT + LPS
group vs. WT group. C Representative western blots and quantitation of NDUFB8, SDHB, MTCO1, UQCRC2, ATP5A proteins (involved in
mitochondrial respiratory chain complexes CI-CIV synthesis) in renal cortices from mice per group, n = 6 per group. D Representative images
and quantification of MMP (detected by JC-1 fluorescent probe) in HK2 cells per group (original magnification, x100). Scale bars: 100 um.
E Representative images and quantification of ROS generation (marked by DCFH-DA green fluorescent probe) in HK2 cells per group (original
magnification, x100). Scale bars: 100 pm. F Representative quantitation of ATP production in HK2 cells per group. G Representative images and
TUNEL-positive cells quantification of TUNEL staining of renal tubules from mice per group (original magnification, x800). Scale bars: 20 pm.
Black arrows indicate glomerulus, n =6 per group. C-G *P < 0.05 vs. indicated group.

decreased Bcl2/Bax ratio were observed in the WT + LPS group,
while STING knockout blocked these pro-apoptotic processes.
Meanwhile, the LPS-increased apoptotic level of HK2 cells was
reduced by STING silencing (Fig. S5C). These results suggested
that STING knockout suppressed tubular apoptosis in LPS-
induced AKI.

Effects of STING knockout on LPS-induced tubular ER stress

Insufficient protein folding ability activates UPR, which mitigates
the ER stress by expanding the ER, increasing the ER folding
capacity and transiently shutting down protein translation [31].
More recently, ER stress was characterized as a non-canonical
stress/damage-sensing downstream mechanism of STING [32, 33].
In line with the RNA-seq analysis data, LPS treatment activated the
two UPR branches (IRE1/X-box binding protein 1 (XBP1)/C/EBP
homologous protein (CHOP) and PERK/eukaryotic initiation factor
2a (elF2a)/ATF4/CHOP pathways), which were blocked by STING
knockout (Fig. 5A). ER marker proteins Lys-Asp-Glu-Leu motif
(KDEL) and calreticulin also depicted a similar but weaker trend as
these two UPR branches (Fig. 5B). IHC assays showed that LPS-
increased tubular XBP1S and ATF4 protein levels were reduced by
STING knockout (Fig. 5C, D). However, STING knockout had no
effects on the LPS-activated ATF6 pathway (Fig. 5A, E), suggesting
the potential mechanisms as STING/IRE1 or PERK, but not ATF6
axis for tubular damage in LPS-induced AKI. Additionally, LPS
treatment in HK2 cells promoted cytoplasmic translocation of
XBP1S, ATF4 and ATF6a, which were recovered by STING silence
(excepted ATF60), further supporting in-vivo results (Fig. S6A-C).

STING contributed to LPS-induced inflammation, pyroptosis

and mtROS overproduction in an NLRP3-independent manner
by activating ER stress

Interestingly, recent studies have highlighted the disordered ER
stress/mitochondrial dysfunction/NLRP3 inflammasome axis as the
pathological basis of various inflammatory diseases. Thus, we
studied whether NLRP3 inflammasome activation by ER stress
depends on STING in LPS-induced AKI. We treated HK2 cells with
LPS after transfecting si-STING and OE-IRE1 to observe the STING/
ER stress/NLRP3 axis alterations. As shown in (Fig. 6A, B), IRE1
overexpression significantly promoted LPS-activated NLRP3
inflammasome-mediated inflammation and pyroptosis, as evi-
denced by the increased TXNIP, cleaved-caspl, cleaved-IL-1(3,
cleaved-IL-18 and cleaved-GSDMD protein expression, even
though STING was silenced. However, STING silence counteracted
the upregulation of STING, NLRP3 and IRE1a protein triggered by
LPS treatment, even though IRE1 was overexpressed (Fig. 6A, B),
suggesting that NLRP3 and IRE1 lie downstream of STING, and
NLRP3 may be activated in the previously reported STING/IRF3-
dependent manner but not ER stress. Similarly, LPS-enhanced
TNFa, MCP-1, IL-6 and GM-CSF transcription was inhibited by
STING silencing and upregulated after IRET overexpression
(Fig. 6C). Furthermore, compared to the si-STING + LPS group,
the si-STING + OE-IRET + LPS group showed decreased MMP,
reduced ATP production and increased mtROS generation
(Fig. 6D-F). These data suggested that the LPS-induced STING/
ER stress/mtROS axis promoted tubular NLRP3 inflammasome-
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mediated inflammation and pyroptosis without activating NLRP3,
possibly cause by TXNIP increase.

To verify the regulatory effect of STING-mediated ER stress on
NLRP3 inflammasome, we also transfected si-STING and OE-NLRP3
in HK2 cells before LPS treatment. Compared with the LPS group,
the si-STING+LPS and OE-NLRP3 + si-STING + LPS groups
showed decreased phosphorylation levels of TBK1, IRF3 and p65
proteins (Fig. S7A). Additionally, NLRP3 overexpression could not
activate IRE1q, XBP1, PERK and elF2a after STING silencing, even
with LPS treatment (Fig. S7B). These data suggested that STING
mediated LPS-induced tubular ER stress in an NLRP3
inflammasome-independent manner, which further proved the
STING/ER stress/mtROS/NLRP3 inflammasome axis in LPS-induced
AKI.

DISCUSSION

In the past century, most studies in the field of septic AKI focused
on bacterial invasion-related hemodynamic factors. Until recently,
the involvement of dysregulated innate immune and inflamma-
tory responses in septic AKI was disclosed [34, 35]. In fact, tubular
cells constitutively express PRRs and tend to be the source of
inflammatory cytokines, which recruit immune cells in LPS-
induced AKI (mainly neutrophils and macrophages), in turn
secrete inflammatory cytokines triggering further tubular damage
to form a deterioration loop, rather than the main victim of
intrarenal inflammation [36-38]. Thus, exploring the key molecular
mechanisms of tubular cell-derived innate immune and inflam-
matory responses may offer a breakthrough for septic AKI. STING,
also known as human transmembrane protein 173 (TMEM173),
has been demonstrated repeatedly to implicate the inflammatory
damage of various diseases (e.g., nonalcoholic steatohepatitis,
Parkinson'’s disease, aortic aneurysm and dissection) [39-41]. The
unique location (MAMs) not only makes STING a detecting station
of cytosolic invaders, but also allows it to respond to and amplify
alarm signals from the ER and mitochondria [7, 42, 43].

In our study, tubular cells induced by LPS exhibited significant
STING/TBK1/IRF3 pathway activation, which may correlate with
renal dysfunction and histological tubular damage. The above
LPS-induced effects were dramatically relieved by STING-cKO.
Thus, STING could be a novel critical molecule involved in the
progression of LPS-induced AKI, but its precise role requires
further exploration. Increasing reports have shown the interplay
between the STING/TBK1/IRF3 or p65 pathway and the NLRP3
inflammasome [19, 44]. In our study, RNA-seq analysis data
suggested that STING is closely related to pro-inflammatory, pro-
pyroptotic, pro-apoptotic, protein folding and mitochondria
complex synthesis pathways. Moreover, NLR signaling is the
pathway most strongly associated with STING to mediate
inflammatory response, immune effector process and oxidative
stress. The NLR family proteins were also identified as cytoplasmic
PRRs [45]. Recently, NLRP3 inflammasome activation from non-
immune cells was a potent trigger to immune cells infiltration [46].
The concepts of neutrophil extracellular traps and macrophage
M1 polarization were proposed that regulated by NLRP3
inflammasome to co-mediate inflammatory damage [47, 48].

Cell Death and Disease (2024)15:217



Y. Cao et al.

A Vehicle LPS i o
03 03 n
WT + b= * & A
= —_ _ =
STING-cKO + : - * g 0.2 E E 0.2
CEET o - o
I 0.1 w o 0.1
XBP1 29kDa PR
«\\*0’%";”,\@”
= -
* *
» X 0,
N e gl o o 3
7 g 0.4 Ei %
elF2a 38kDa W 5 il
" 502 & E
W 0, 99,9 IR
g &
B Vehicle LPS 08 10
WT ¥ — + - x ok ™ o X . %
STING-cKO  — + — + =t g A
F i ES = Q06
KDEL 48kDa Q04 £
: § 304 “
X 02 2
careticuin S A A . 5010:
00 . , 0.0l —
GAPDH A .  57/D: W 0, 29, 9° PR N
SN0 SO
s 6‘“\6

Vehicle

LPS

p-elF2a, ATF6a, KDEL, calreticulin protein expression in renal cortices from mice per group (n =6 per group, *P < 0.05 vs. indicated group,
ns=no significant). C-E Representative images of immunohistochemical staining of XBP1S, ATF4 and ATF6u in renal tubules from mice per
group (original magnification, x400). Scale bars: 40 pm. Black arrows indicate glomerulus.

NLRP3 physiologically localizes on the ER, while activated NLRP3
and its adapter ASC strategically redistribute to MAMs to sense
alarm signals emanating from mitochondria, which initiates
inflammatory cytokine cascade and pyroptosis [49]. A recent
study unveiled that STING activated NLRP3 in an IRF3-dependent
manner [50]. Beyond ASC, the newfound NLRP3-binding partner
TXNIP also relocates to mitochondria/MAMs in response to

Cell Death and Disease (2024)15:217

oxidative stress (particularly mtROS) [51]. mtROS could promote
the dissociation of TXNIP with TXNIP-thioredoxin, and trigger the
association of TXNIP with NLRP3 [52]. In our study, reducing
mtROS suppressed the STING-activated NLRP3 inflammasome
through inhibited TXNIP expression, which differed from STING-
cKO (which inhibited both NLRP3 and TXNIP expression). We thus
hypothesized that mtROS could promote NLRP3 inflammasome
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Fig. 6 IRE1 overexpression activated inflammation, pyroptosis and mtROS overproduction in LPS-treated HK2 cells under STING
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activation by activating TXNIP in LPS-induced AKI, even with
STING knockout.

During oxidative stress, mtROS are generated from the
mitochondrial respiratory chain where the electrons cannot be
efficiently coupled with mitochondrial complexes | and Il [53, 54].
The disproportionate mtROS product from mitochondria is a
driving force for apoptosis [55, 56]. In our study, STING-cKO
dramatically alleviated LPS-induced tubular oxidative stress.
STING-cKO or STING silencing suppressed LPS-induced tubular
cell apoptosis. As known, ER stress and oxidative stress are both
derived from MAMs. The signals are released from the ER, across
MAMs, and uptaken by mitochondria, leading to pro-survival or
pro-apoptotic adaptations [57, 58]. mtROS are also generated
downstream of and as a consequence of ER stress. In mouse
embryonic fibroblasts (MEFs), TXNIP protein induction was
completely abolished with IRE1T or PERK ablation, but unaffected
with ATF6 ablation [59]. Intriguingly, the three ER-resident UPR
sensors IRE1, PERK and ATF6 were verified to increase MAMs
formation during ER stress [60, 61]. The common location (MAMs)
may provide a platform for STING engagement to trigger ER stress,
oxidative stress and the NLRP3 inflammasome. In our study,
STING-cKO significantly inhibited LPS-induced tubular ER stress in
IRET and PERK pathways but not in the ATF6 pathway. Moreover,
despite STING silencing, IRET overexpression increased mtROS
generation and upregulated TXNIP to activate the NLRP3
inflammasome. However, NLRP3 overexpression did not affect
the STING/TBK1/IRF3 pathway and ER stress (IRE1T and PERK
pathways).

The crosstalk of ER stress, mtROS, and NLRP3 inflammasome
between STING in septic AKI were summarized. Otherwise, their
connection with apoptosis was still unclear. Multiple studies
partially confirmed the close connection between STING/ER stress/
mtROS/NLRP3 inflammasome axis and apoptosis: The caspase8/3-
induced apoptosis was regarded as an intrinsic part of NLRP3
inflammasome, which could be activated by enhanced mtROS
production [62, 63]; Various ROS-promoting enzymes that
participate in the UPR process were identified, mtROS induction
regulated by UPR and in turn aggravate UPR, which exacerbate
each other and then promote apoptosis [64-66]; Moreover, the
activation of STING/ER stress, STING/NLRP3, and STING/mtROS
signaling all verified to prime apoptosis [32, 67, 68].

Taken together, this study highlights the critical role of the
STING/ER stress/mtROS/NLRP3 inflammasome axis in the tubular
damage of LPS-induced AKI. As shown in the graphical abstract, in
healthy tubular cells, STING exists in the MAMs. In tubular cells
exposed to LPS, STING translocates from MAMs. On the one hand,
STING promotes IRF3 phosphorylation to upregulate NLRP3
expression. On the other hand, STING triggers the IRE1/XBP1
pathway of ER stress to induce mtROS overproduction, which
enhances the association of TXNIP with NLRP3. Eventually, the
NLRP3 inflammasome is assembled to initiate the maturation and
secretion of IL-1B, IL-18 and GSDMD, resulting in tubular
inflammation, pyroptosis and apoptosis.

Notably, in our study, STING-cKO showed no significant effects
on LPS-activated ATF6 expression. Regarding the activation
mechanism, ATF6 is cleaved to the active form, while IRE1 and
PERK switch from monomers to oligomers that allow autopho-
sphorylation and activation [69, 70]. The unique activation
patterns of ATF6 may explain its absence from STING-related ER
stress. Another interesting finding in our study was that LPS
treatment also promoted the transcription of the TNFa, MCP-1, IL-
6 and GM-CSF genes, which are not direct effectors of the NLRP3
inflammasome. We speculated that IL-13 upregulated these
inflammatory cytokines, further amplifying tubular inflammation
in an NLRP3-dependent manner. IL-13 exerts multiple effects on
extensive inflammatory events. Thus, blocking IL-1 receptors could
dampen most signs of tissue inflammation [71, 72]. Lastly,
PANoptosis, an emerging concept highlighting the crosstalk and

Cell Death and Disease (2024)15:217

Y. Cao et al.

coordination between pyroptosis, apoptosis and necroptosis, may
facilitate our insight into innate immune and inflammatory cell
death [73]. More recently, STING-dependent PANoptosis was
reported in acute lung inflammation/ARDS, suggesting the central
regulatory effects of STING on cell fate [74]. However, whether the
STING/ER stress/mtROS/NLRP3 inflammasome axis is an essential
pathway leading to PANoptosis remains to be further explored.

CONCLUSION

In conclusion, this is the first study to disclose that STING
contributes to tubular inflammation and pyroptosis by activating
ER stress in LPS-induced AKI. STING knockout attenuates LPS-
induced tubular cell damage by suppressing the STING/ER stress/
mtROS/NLRP3 inflammasome axis. Thus, our study provides
essential evidence suggesting that targeting the STING pathway
serve as a novel therapeutic strategy for septic AKI.
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All data needed to evaluate the conclusions are present in the paper and the
supplementary information. Additional data supporting the findings in this study are
available from the corresponding author upon reasonable request.

REFERENCES

1. Levey AS, James MT. Acute kidney injury. Ann Intern Med. 2017;167:ITC66-ITC80.

2. Delano MJ, Ward PA. The immune system’s role in sepsis progression, resolution,
and long-term outcome. Immunol Rev. 2016;274:330-53.

3. Peerapornratana S, Manrique-Caballero CL, Gdmez H, Kellum JA. Acute kidney
injury from sepsis: current concepts, epidemiology, pathophysiology, prevention
and treatment. Kidney Int. 2019;96:1083-99.

4. Kellum JA, Ronco C, Bellomo R. Conceptual advances and evolving terminology
in acute kidney disease. Nat Rev Nephrol. 2021;17:493-502.

5. Zhang Q, Cao X. Epigenetic remodeling in innate immunity and inflammation.
Annu Rev Immunol. 2021;39:279-311.

6. Kang JW, Kim SJ, Cho HI, Lee SM. DAMPs activating innate immune responses in
sepsis. Ageing Res Rev. 2015;24:54-65.

7. Dobbs N, Burnaevskiy N, Chen D, Gonugunta VK, Alto NM, Yan N. STING activa-
tion by translocation from the ER is associated with infection and autoin-
flammatory disease. Cell Host Microbe. 2015;18:157-68.

8. Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of innate immune
adaptor proteins MAVS, STING, and TRIF induces IRF3 activation. Science.
2015;347:aaa2630.

9. Chung KW, Dhillon P, Huang S, Sheng X, Shrestha R, Qiu C, et al. Mitochondrial
damage and activation of the STING pathway lead to renal inflammation and
fibrosis. Cell Metab. 2019;30:784-99.

10. Maekawa H, Inoue T, Ouchi H, Jao TM, Inoue R, Nishi H, et al. Mitochondrial
damage causes inflammation via cGAS-STING signaling in acute kidney injury.
Cell Rep. 2019;29:1261-73.

11. Gong W, Lu L, Zhou Y, Liu J, Ma H, Fu L, et al. The novel STING antagonist H151
ameliorates cisplatin-induced acute kidney injury and mitochondrial dysfunction.
Am J Physiol Renal Physiol. 2021;320:F608-F616.

12. Li J, Sun X, Yang N, Ni J, Xie H, Guo H, et al. Phosphoglycerate mutase 5 initiates
inflammation in acute kidney injury by triggering mitochondrial DNA release by
dephosphorylating the pro-apoptotic protein Bax. Kidney Int. 2023;103:115-33.

13. Mangan MSJ, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. Targeting the
NLRP3 inflammasome in inflammatory diseases. Nat Rev Drug Discov.
2018;17:688.

14. Shu S, Wang H, Zhu J, Fu Y, Cai J, Chen A, et al. Endoplasmic reticulum stress
contributes to cisplatin-induced chronic kidney disease via the PERK-PKCS
pathway. Cell Mol Life Sci. 2022;79:452.

15. Ferré S, Deng Y, Huen SC, Lu CY, Scherer PE, Igarashi P, et al. Renal tubular cell
spliced X-box binding protein 1 (Xbp1s) has a unique role in sepsis-induced acute
kidney injury and inflammation. Kidney Int. 2019;96:1359-73.

16. Wu J, Ma Z, Raman A, Beckerman P, Dhillon P, Mukhi D, et al. APOL1 risk variants
in individuals of African genetic ancestry drive endothelial cell defects that
exacerbate sepsis. Immunity. 2021;54:2632-49.

17. Huang G, Bao J, Shao X, Zhou W, Wu B, Ni Z, et al. Inhibiting pannexin-1 alleviates
sepsis-induced acute kidney injury via decreasing NLRP3 inflammasome activa-
tion and cell apoptosis. Life Sci. 2020;254:117791.

18. Zhang H, Zeng L, Xie M, Liu J, Zhou B, Wu R, et al. TMEM173 drives lethal
coagulation in sepsis. Cell Host Microbe. 2020;27:556-70.

SPRINGER NATURE

11



Y. Cao et al.

12

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

. Ning L, Wei W, Wenyang J, Rui X, Qing G. Cytosolic DNA-STING-NLRP3 axis is

involved in murine acute lung injury induced by lipopolysaccharide. Clin Transl
Med. 2020;10:e228.

Hetz C, Papa FR. The unfolded protein response and cell fate control. Mol Cell.
2018;69:169-81.

Huang Y, Xu W, Zhou R. NLRP3 inflammasome activation and cell death. Cell Mol
Immunol. 2021;18:2114-27.

Barnett KC, Ting JP. Mitochondrial GSDMD pores DAMPen pyroptosis. Immunity.
2020;52:424-6.

Bronner DN, Abuaita BH, Chen X, Fitzgerald KA, Nufiez G, He Y, et al. Endoplasmic
reticulum stress activates the inflammasome via NLRP3- and caspase-2-driven
mitochondrial damage. Immunity. 2015;43:451-62.

Wang Y, Zhu J, Liu Z, Shu S, Fu Y, Liu Y, et al. The PINK1/PARK2/optineurin
pathway of mitophagy is activated for protection in septic acute kidney injury.
Redox Biol. 2021;38:101767.

Yum S, Li M, Fang Y, Chen ZJ. TBK1 recruitment to STING activates both IRF3 and
NF-kB that mediate immune defense against tumors and viral infections. Proc
Natl Acad Sci USA. 2021;118:2100225118.

Jia Y, Cui R, Wang C, Feng Y, Li Z, Tong Y, et al. Metformin protects against
intestinal ischemia-reperfusion injury and cell pyroptosis via TXNIP-NLRP3-
GSDMD pathway. Redox Biol. 2020;32:101534.

Kaufmann U, Kahlfuss S, Yang J, Ivanova E, Koralov SB, Feske S. Calcium signaling
controls pathogenic Th17 cell-mediated inflammation by regulating mitochon-
drial function. Cell Metab. 2019;29:1104-18.

Hagan RS, Gomez JC, Torres-Castillo J, Martin JR, Doerschuk CM. TBK1 is required
for host defense functions distinct from Type | IFN expression and myeloid cell
recruitment in murine Streptococcus pneumoniae pneumonia. Am J Respir Cell
Mol Biol. 2022;66:671-81.

Morrell ED, Kellum JA, Pastor-Soler NM, Hallows KR. Septic acute kidney injury:
molecular mechanisms and the importance of stratification and targeting ther-
apy. Crit Care. 2014;18:501.

Bock FJ, Tait SWG. Mitochondria as multifaceted regulators of cell death. Nat Rev
Mol Cell Biol. 2020;21:85-100.

Xu F, Du W, Zou Q, Wang Y, Zhang X, Xing X, et al. COPII mitigates ER stress by
promoting formation of ER whorls. Cell Res. 2021;31:141-56.

Wu J, Chen YJ, Dobbs N, Sakai T, Liou J, Miner JJ, et al. STING-mediated disruption
of calcium homeostasis chronically activates ER stress and primes T cell death. J
Exp Med. 2019;216:867-83.

Petrasek J, Iracheta-Vellve A, Csak T, Satishchandran A, Kodys K, Kurt-Jones EA,
et al. STING-IRF3 pathway links endoplasmic reticulum stress with hepatocyte
apoptosis in early alcoholic liver disease. Proc Natl Acad Sci USA.
2013;110:16544-9.

Bellomo R, Kellum JA, Ronco C, Wald R, Martensson J, Maiden M, et al. Acute
kidney injury in sepsis. Intensive Care Med. 2017;43:816-28.

Ludes PO, de Roquetaillade C, Chousterman BG, Pottecher J, Mebazaa A. Role of
damage-associated molecular patterns in septic acute kidney injury, from injury
to recovery. Front Immunol. 2021;12:606622.

Ide S, Kobayashi Y, Ide K, Strausser SA, Abe K, Herbek S, et al. Ferroptotic stress
promotes the accumulation of pro-inflammatory proximal tubular cells in mala-
daptive renal repair. Elife. 2021;10:¢68603.

Privratsky JR, Ide S, Chen Y, Kitai H, Ren J, Fradin H, et al. A macrophage-
endothelial immunoregulatory axis ameliorates septic acute kidney injury. Kidney
Int. 2023;103:514-28.

Tsuji N, Tsuji T, Yamashita T, Hayase N, Hu X, Yuen PS, et al. BAM15 treats mouse
sepsis and kidney injury, linking mortality, mitochondrial DNA, tubule damage,
and neutrophils. J Clin Invest. 2023;133:€152401.

Luo W, Wang Y, Zhang L, Ren P, Zhang C, Li Y, et al. Critical role of cytosolic DNA
and its sensing adaptor STING in aortic degeneration, dissection, and rupture.
Circulation. 2020;141:42-66.

Yu Y, Liu Y, An W, Song J, Zhang Y, Zhao X. STING-mediated inflammation in
Kupffer cells contributes to progression of nonalcoholic steatohepatitis. J Clin
Investig. 2019;129:546-55.

Sliter DA, Martinez J, Hao L, Chen X, Sun N, Fischer TD, et al. Parkin and PINK1
mitigate STING-induced inflammation. Nature. 2018;561:258-62.

Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS-STING pathway as a
therapeutic target in inflammatory diseases. Nat Rev Immunol. 2021;21:548-69.
Smith JA. STING, the endoplasmic reticulum, and mitochondria: is three a crowd
or a conversation? Front Immunol. 2021;11:611347.

Liu Z, Wang M, Wang X, Bu Q, Wang Q, Su W, et al. XBP1 deficiency promotes
hepatocyte pyroptosis by impairing mitophagy to activate mtDNA-cGAS-STING
signaling in macrophages during acute liver injury. Redox Biol. 2022;52:102305.
Lin Q, Li S, Jiang N, Jin H, Shao X, Zhu X, et al. Inhibiting NLRP3 inflammasome
attenuates apoptosis in contrast-induced acute kidney injury through the upre-
gulation of HIF1A and BNIP3-mediated mitophagy. Autophagy. 2021;17:2975-90.

SPRINGER NATURE

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Mridha AR, Wree A, Robertson AAB, Yeh MM, Johnson CD, Van Rooyen DM, et al.
NLRP3 inflammasome blockade reduces liver inflammation and fibrosis in
experimental NASH in mice. J Hepatol. 2017;66:1037-46.

Yang S, Feng Y, Chen L, Wang Z, Chen J, Ni Q, et al. Disulfiram accelerates diabetic
foot ulcer healing by blocking NET formation via suppressing the NLRP3/Cas-
pase-1/GSDMD pathway. Trans| Res. 2023;254:115-27.

Liu T, Wang L, Liang P, Wang X, Liu Y, Cai J, et al. USP19 suppresses inflammation
and promotes M2-like macrophage polarization by manipulating NLRP3 function
via autophagy. Cell Mol Immunol. 2021;18:2431-42.

Pereira AC, De Pascale J, Resende R, Cardoso S, Ferreira |, Neves BM, et al. ER-
mitochondria communication is involved in NLRP3 inflammasome activation
under stress conditions in the innate immune system. Cell Mol Life Sci.
2022;79:213.

Li N, Zhou H, Wu H, Wu Q, Duan M, Deng W, et al. STING-IRF3 contributes to
lipopolysaccharide-induced cardiac dysfunction, inflammation, apoptosis and
pyroptosis by activating NLRP3. Redox Biol. 2019;24:101215.

Sbai O, Djelloul M, Auletta A, leraci A, Vascotto C, Perrone L. AGE-TXNIP axis drives
inflammation in Alzheimer’s by targeting A to mitochondria in microglia. Cell
Death Dis. 2022;13:302.

Billingham LK, Stoolman JS, Vasan K, Rodriguez AE, Poor TA, Szibor M, et al.
Mitochondrial electron transport chain is necessary for NLRP3 inflammasome
activation. Nat Immunol. 2022;23:692-704.

Basit F, van Oppen LM, Schockel L, Bossenbroek HM, van Emst-de Vries SE,
Hermeling JC, et al. Mitochondrial complex | inhibition triggers a mitophagy-
dependent ROS increase leading to necroptosis and ferroptosis in melanoma
cells. Cell Death Dis. 2017;8:2716.

Cameron AM, Castoldi A, Sanin DE, Flachsmann LJ, Field CS, Puleston DJ, et al.
Inflammatory macrophage dependence on NAD+ salvage is a consequence of
reactive oxygen species-mediated DNA damage. Nat Immunol. 2019;20:420-32.
Kleih M, Bopple K, Dong M, GaiBler A, Heine S, Olayioye MA, et al. Direct impact of
cisplatin on mitochondria induces ROS production that dictates cell fate of
ovarian cancer cells. Cell Death Dis. 2019;10:851.

Wang Y, Jasper H, Toan S, Muid D, Chang X, Zhou H. Mitophagy coordinates the
mitochondrial unfolded protein response to attenuate inflammation-mediated
myocardial injury. Redox Biol. 2021;45:102049.

Madreiter-Sokolowski CT, Thomas C, Ristow M. Interrelation between ROS and
Ca2+ in aging and age-related diseases. Redox Biol. 2020;36:101678.
Demidchik V, Shabala S, Isayenkov S, Cuin TA, Pottosin I. Calcium transport across
plant membranes: mechanisms and functions. New Phytol. 2018;220:49-69.
Oslowski CM, Hara T, O'Sullivan-Murphy B, Kanekura K, Lu S, Hara M, et al.
Thioredoxin-interacting protein mediates ER stress-induced B cell death through
initiation of the inflammasome. Cell Metab. 2012;16:265-73.

Verfaillie T, Rubio N, Garg AD, Bultynck G, Rizzuto R, Decuypere JP, et al. PERK is
required at the ER-mitochondrial contact sites to convey apoptosis after ROS-
based ER stress. Cell Death Differ. 2012;19:1880-91.

van der Harg JM, van Heest JC, Bangel FN, Patiwael S, van Weering JR, Scheper W.
The UPR reduces glucose metabolism via IRE1 signaling. Biochim Biophys Acta
Mol Cell Res. 2017;1864:655-65.

Gaidt MM, Ebert TS, Chauhan D, Ramshorn K, Pinci F, Zuber S, et al. The DNA
Inflammasome in Human Myeloid Cells Is Initiated by a STING-Cell Death Pro-
gram Upstream of NLRP3. Cell. 2017;171:1110-24.

Hou Y, Wang Q, Han B, Chen Y, Qiao X, Wang L. CD36 promotes NLRP3 inflam-
masome activation via the mtROS pathway in renal tubular epithelial cells of
diabetic kidneys. Cell Death Dis. 2021;12:523.

Liang J, Gao Y, Feng Z, Zhang B, Na Z, Li D. Reactive oxygen species and ovarian
diseases: antioxidant strategies. Redox Biol. 2023;62:102659.

Wang Z, Yin F, Xu J, Zhang T, Wang G, Mao M, et al. CYT997 (Lexibulin) induces
apoptosis and autophagy through the activation of mutually reinforced ER stress
and ROS in osteosarcoma. J Exp Clin Cancer Res. 2019;38:44.

Saaoud F, Liu L, Xu K, Cueto R, Shao Y, Lu Y, et al. Aorta- and liver-generated
TMAO enhances trained immunity for increased inflammation via ER stress/
mitochondrial ROS/glycolysis pathways. JCI Insight. 2023;8:e158183.

Wang B, Zhang Y, Niu H, Zhao X, Chen G, Zhao Q, et al. METTL3-mediated STING
upregulation and activation in Kupffer cells contribute to radiation-induced liver
disease via pyroptosis. Int J Radiat Oncol Biol Phys. 2023:50360-3016(23)08046-X.
Hu Z, Teng XL, Zhang T, Yu X, Ding R, Yi J, et al. SENP3 senses oxidative stress to
facilitate STING-dependent dendritic cell antitumor function. Mol Cell.
2021;81:940-52.

Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of
BiP and ER stress transducers in the unfolded-protein response. Nat Cell Biol.
2000;2:326-32.

Ye J, Rawson RB, Komuro R, Chen X, Davé UP, Prywes R, et al. ER stress induces
cleavage of membrane-bound ATF6 by the same proteases that process SREBPs.
Mol Cell. 2000;6:1355-64.

Cell Death and Disease (2024)15:217



71. Aarreberg LD, Esser-Nobis K, Driscoll C, Shuvarikov A, Roby JA, Gale M Jr. Inter-
leukin-1B Induces mtDNA Release to Activate Innate Immune Signaling via cGAS-
STING. Mol Cell. 2019;74:801-05.€6.

72. Anders HJ. Of inflammasomes and alarmins: IL-1B and IL-1a in kidney disease. J
Am Soc Nephrol. 2016;27:2564-75.

73. Zheng M, Kanneganti TD. The regulation of the ZBP1-NLRP3 inflammasome and
its implications in pyroptosis, apoptosis, and necroptosis (PANoptosis). Immunol
Rev. 2020;297:26-38.

74. Messaoud-Nacer Y, Culerier E, Rose S, Maillet I, Rouxel N, Briault S, et al. STING
agonist diABZI induces PANoptosis and DNA mediated acute respiratory distress
syndrome (ARDS). Cell Death Dis. 2022;13:269.

ACKNOWLEDGEMENTS

This work was supported by grants from the National Natural Science Foundation of
China (Nos. 82100704, 81500516, 82160135 and 82300768), Hainan key research and
development projects (ZDYF2022SHFZ016) and Hainan Province Clinical Medical Center.

AUTHOR CONTRIBUTIONS

ZC and YC conceived and designed the experiments. YC, XC, ZZ, ZL, YH, XY, JF, ZZ, JH,
JZ and YJ performed the experiments and analyzed the data, drafted and critically
revised the manuscript. ZC and WL read and revised the final version of the
manuscript. All authors have read and approved the final manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

Cell Death and Disease (2024)15:217

Y. Cao et al.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-06600-1.

Correspondence and requests for materials should be addressed to Wei Liang or
Zhaowei Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

13


https://doi.org/10.1038/s41419-024-06600-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	STING contributes to lipopolysaccharide-induced tubular cell inflammation and pyroptosis by activating endoplasmic reticulum stress in acute kidney�injury
	Introduction
	Materials and methods
	Animals
	Cell culture and treatment
	Cell transfection
	Histological analysis
	Western blot analysis
	Immunohistochemistry�(IHC)
	Immunofluorescence (IF)�assay
	mtROS generation, mitochondrial membrane potential (MMP), and adenosine triphosphate (ATP) production analyses
	Flow cytometry
	Quantitative real-time�PCR
	Bulk RNA-sequencing (RNA-seq) analysis
	Statistical analyses

	Results
	Activation of the STING/TBK1/IRF3 pathway in LPS-treated tubular�cells
	STING knockout attenuated tubular damage in LPS-induced�AKI
	Effects of STING knockout on LPS-induced tubular inflammation and NLRP3 inflammasome activation
	Effects of STING knockout on LPS-induced tubular STING/mtROS/NLRP3 inflammasome axis activation and apoptosis
	Effects of STING knockout on LPS-induced tubular ER�stress
	STING contributed to LPS-induced inflammation, pyroptosis and mtROS overproduction in an NLRP3-independent manner by activating ER�stress

	Discussion
	Conclusion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




