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Abstract

Stimulator of interferon genes (STING) is an important adaptor in cytosolic DNA-sensing pathways. A recent study found
that the deletion of STING ameliorated cisplatin-induced acute kidney injury (AKI), suggesting that STING could serve as a
potential target for AKI therapy. Up to now, a series of small-molecule STING inhibitors/antagonists have been identified.
However, none of the research was performed to explore the role of human STING inhibitors in AKI. Here, we investigated
the effect of a newly generated covalent antagonist, H151, which targets both human and murine STING, in cisplatin-induced
AKI. We found that H151 treatment significantly ameliorated cisplatin-induced kidney injury as shown by the improvement of
renal function, kidney morphology, and renal inflammation. In addition, tubular cell apoptosis and increased renal tubular
injury marker neutrophil gelatinase-associated lipocalin induced by cisplatin were also effectively attenuated in H151-treated
mice. Moreover, the mitochondrial injury caused by cisplatin was also reversed as evidenced by improved mitochondrial
morphology, restored mitochondrial DNA content, and reversed mitochondrial gene expression. Finally, we observed
enhanced mitochondrial DNA levels in the plasma of patients receiving platinum-based chemotherapy compared with
healthy controls, which could potentially activate STING signaling. Taken together, these findings suggested that H151 could
be a potential therapeutic agent for treating AKI possibly through inhibiting STING-mediated inflammation and mitochondrial
injury.

NEW & NOTEWORTHY Although various stimulator of interferon genes (STING) inhibitors have been identified, no research was
performed to investigate the role of human STING inhibitors in AKI. Here, we evaluated the effect of H151 targeting both human
and murine STING on cisplatin-induced AKI and observed a protection against renal injury possibly through ameliorating inflam-
mation and mitochondrial dysfunction.

acute kidney injury; cisplatin; H151; mitochondrial dysfunction; stimulator of interferon genes

INTRODUCTION

Acute kidney injury (AKI) comprises a group of clinical
syndromes characterized by the sudden or continued
decrease of renal function as shown by rapidly increased se-
rum creatinine and reduced estimated glomerular filtration
rates (1). AKI usually happens in hospitalized patients with
high morbidity and mortality. According to data in clinical
observations, a 2�7% incidence of AKI occurred in hospital-
ized patients, and the mortality in patients in the intensive
care unit was up to 50% (2). More seriously, surviving patients
of AKI have higher risks of progressing into chronic kidney
disease and end-stage renal disease compared with patients

without AKI (3), bringing heavy burdens to families and soci-
ety. However, specific and satisfactory therapies for AKI are
still absent because of the incomplete understanding of the
complex pathogenesis.

Recently, a study from Maekawa et al. (4) demonstrated
that the cytosolic DNA-sensing adaptor stimulator of inter-
feron genes (STING) participated in AKI and regulated tubu-
lar inflammation. STING is an important adaptor in the
cytosolic DNA-induced signaling pathway. In brief, cytosolic
double-strain (ds)DNA, which is mainly pathogen-derived
dsDNA or cyclic self-DNA, could be recognized by cyclic
cGMP–AMP synthase and then catalyzed to cGAMP. Binding
of cGAMP activates STING, which then translocates to the
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Golgi and activates TANK-binding kinase 1 (TBK1). TBK1
then phosphorylates transcriptional factors including inter-
feron regulatory factor 3 and NF-κB, which initiate the tran-
scription of innate immune genes and inflammatory factors
(5–8). Besides exogenous DNA and endogenous nuclear
DNA, DNA from damaged mitochondria is also a trigger for
activity of the STING signaling pathway (9–11).

Up to now, STING activity has been reported to be involved
in many pathological events, including host defense against
infection, tumor, inflammation, autoimmune, and diseases
(12–16). Moreover, targeting STING is considered as a poten-
tially effective strategy for the treatment of inflammation-
associated diseases, such as AKI, sepsis, colitis, and nonalco-
holic steatohepatitis (4, 11, 17, 18). H151 is a covalent small
molecule inhibiting STING palmitoylation and thus block-
ing STING-mediated signaling pathways. H151 was identi-
fied as a more advanced antagonist targeting human
STING than other related derivatives such as C-176, as
H151 had a highly potent and selective inhibitory effect on
human STING. Interestingly, H151 also dramatically inhib-
ited STING activity in mice (19), which provided the oppor-
tunity to test the effect of H151 in mouse models. However,
none of researches has been performed to explore the role of
human STING inhibitors including H151 in experimental
models in vivo. Here, we investigated the effect of H151 using
a mouse model of AKI induced by cisplatin. Our results sug-
gested that H151 could strikingly ameliorate cisplatin-induced
renal dysfunction, tubular injury, renal inflammation, and
mitochondrial dysfunction. These findings suggested that
H151 could serve as a potential therapeutic agent for AKI.

MATERIALS AND METHODS

Patients and Study Approval

Blood samples from patients with tumor who were under-
going diagnostic evaluation in the Affiliated Hospital of
Nanjing Medical University (Nanjing, China) and treated
with platinum-based chemotherapy were collected for the
analysis of plasma mtDNA. The information of patients is
shown in Table 1. The agreement describing the use of
human samples and the clinical information in this study
was approved by the Human Subjects Committee of Nanjing
Medical University. Informed consent was obtained from all
participants.

Plasma mtDNA Isolation and Assessment

Blood samples were collected into EDTA-containing tubes
and centrifuged initially at 3,000 rpm for 10 min. The

plasma was separated and centrifuged for another 10 min at
10,000 rpm to obtain cell-free plasma. Whole DNA in plasma
was isolated using the QIAmp DNA Blood Midi kit (Qiagen,
Valencia, CA) following themanufacturer’s instructions.

mtDNA in the whole DNA from plasma was assessed using
quantitative real-time PCR (qRT-PCR). Mitochondrial genomic
regions ofmitochondrially encodedNADH:ubiquinone oxidor-
eductase core subunit 1 (mt-ND1), mitochondrially encoded
cytochrome c oxidase III (mt-CO3), and mitochondrially
encoded cytochrome b (mt-CYTB) were selected to quantify
mtDNA levels. mtDNA was expressed as threshold cycle (Ct)
values as previously described (20); higher Ct values indicated
lower levels ofmtDNA in plasma.

Animals

Pathogen-free, male C57BL/6J mice (8–10 wk) were pur-
chased from GemPharmatech (Nanjing, China). All mice were
maintained under standard environmental conditions at 19–
21�C on a 12:12-h light-dark cycle. They were allowed free
access to drinking water and a standard rodent diet. All experi-
ments in animals were in accordancewith guidelines approved
by the Institutional Animal Care and Use Committee of
NanjingMedical University (IACUC 14030112-2).

Animal Experiments

Mice were randomly assigned to the following three
groups: the control group and cisplatin-induced groups with
or without H151 (Cat. No. HY-112693, MedChemExpress)
treatment. A single intraperitoneal injection of cisplatin was
used to induce AKI at a dose of 25mg/kg. H151 [7mg/kg/day,
according to the previous study (19)] was administrated in-
traperitoneally to the mice at 1 h before cisplatin injection
and continually administration at the same time every day
after cisplatin treatment. Seventy-two hours after the cispla-
tin injection, all mice were euthanized, and blood samples
and kidney tissues were collected. Cross sections of the
left kidneys were fixed in 4% paraformaldehyde for histolog-
ical examination, and the rest of the kidney tissue was im-
mediately frozen in liquid nitrogen and stored at �80�C.
Concentrations of blood urea nitrogen (BUN) and creatinine
were measured by a serum biochemical autoanalyzer at the
biochemistry laboratory of Nanjing Children’s Hospital. In a
separate experiment, mice in the same conditions were
monitored for survival.

Immunohistochemistry

Mouse STING immunohistochemistry staining was per-
formed in paraffin-embedded renal tissues according to pre-
viously described methods (21). After treatment, sections

Table 1. General data of the patients

Sex Age, yr Pathological Diagnosis Platinum-Based Chemotherapy Drug

Male 44 Nasopharyngeal carcinoma Cisplatin
Female 44 Cervical carcinoma Nedaplatin
Female 52 Cervical carcinoma Carboplatin
Male 15 Nasopharyngeal carcinoma Nedaplatin
Female 65 Cholangiocarcinoma Oxaliplatin
Male 62 Small cell lung carcinoma Cisplatin
Female 46 Cervical carcinoma Cisplatin
Female 45 Cervical carcinoma Cisplatin
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were incubated with anti-STING antibody (Cat. No. 19851-1-
AP, Proteintech, Wuhan, China) overnight at 4�C. Color reac-
tion was performed using diaminobenzidine and visualized
using microscopy.

Histological Analysis

Sections (3μm) that were embedded in paraffinwere stained
with hematoxylin and eosin. A pathologist analyzed these sec-
tions in a blind manner. A minimum of five fields at �200
magnification for each kidney were examined and scored for
tubular injury. Histopathological changes were evaluated by
the percentage of renal tubules that displayed cell lysis, loss of
the brush border, and cast formation. Each sample was scored
from 0 to 4, where 0=no abnormalities; 1þ = <25%, 2þ =
25%–50%, 3þ = 50%–75%, and 4þ = >75% (22). The average
histological score for each sample was calculated.

Transmission Electron Microscopy

Mitochondrial structures of renal tubular cells were examined
by standard transmission electron microscopy as previously

described (23). Ultrathin sections were observed in a transmis-
sion electronmicroscope (JEOL JEM-1010, Tokyo, Japan).

RNA Isolation and qRT-PCR Analysis

Total RNA from kidney tissues was extracted by RNAiso
reagent (Cat. No. 9108, Takara Bio, Dalian, China) following
the manufacturer’s instructions. Quantitative real-time PCR
was performed to detect target gene expression using an ABI
7300 Real-Time PCR Detection System with SYBR Green
PCR Master Mix (Cat. No. q111-02/03, Vazyme, Nanjing,
China). The cycling conditions were 95�C for 10min followed
by 40 repeats of 95�C for 15 s and 60�C for 1 min. Relative
amounts of mRNA were calculated using the DCt method as
normalized to the GAPDH control or normalized to 18S in
the analysis of mitochondrial genome-encoded gene expres-
sion. The sequences of the primers are shown in Table 2.

Mitochondrial Genome Quantification

Total DNA of renal tissues was extracted using a DNA
Extraction kit obtained from TIANGEN (Beijing, China).

Table 2. Primer sequences for quantitative RT-PCR

Gene Symbol Primer Sequences (5 0–3 0) Official Full Name

Murine
mt-ND1 F: ACACTTATTACAACCCAAGAACACAT NADH dehydrogenase 1, mitochondrial

R: TCATATTATGGCTATGGGTCAGG
mt-ND2 F: CCATCAACTCAATCTCACTTCTATG NADH dehydrogenase 2, mitochondrial

R: GAATCCTGTTAGTGGTGGAAGG
mt-ND4 F: GCTTACGCCAAACAGAT NADH dehydrogenase 4, mitochondrial

R: TAGGCAGAATAGGAGTGAT
mt-CO1 F: CAGACCGCAACCTAAACACA Cytochrome c oxidase I, mitochondrial

R: TTCTGGGTGCCCAAAGAAT
mt-CO2 F: GCCGACTAAATCAAGCAACA Cytochrome c oxidase II, mitochondrial

R: CAATGGGCATAAAGCTATGG
mt-CO3 F: CGTGAAGGAACCTACCAAGG Cytochrome c oxidase III, mitochondrial

R: ATTCCTGTTGGAGGTCAGCA
mt-ATP6 F: CCATAAATCTAAGTATAGCCATTCCAC ATP synthase 6, mitochondrial

R: AGCTTTTTAGTTTGTGTCGGAAG
mt-CYTB F: GAGGTTGGTTCGGTTTTGG Cytochrome b, mitochondrial

R: GTTTTGAAAGGGTGGGTGAC
Chr6 F: ATGGAAAGCCTGCCATCATG Mouse chromosome 6

R: TCCTTGTTGTTCAGCATCAC
18S rRNA F: TTCGGAACTGAGGCCATGATT 18S rRNA

R: TTTCGCTCTGGTCCGTCTTG
GAPDH F: GGTGAAGGTCGGTGTGAACG Glyceraldehyde-3-phosphate dehydrogenase

R: CTCGCTCCTGGAAGATGGTG
STING F: CTACATTGGGTACTTGCGGTT Stimulator of interferon genes

R: GCACCACTGAGCATGTTGTTATG
TNF-a F: TCCCCAAAGGGATGAGAAG Tumor necrosis factor-a

R: CACTTGGTGGTTTGCTACGA
IL-6 F: ACAAAGCCAGAGTCCTTCAGAGAG Interleukin-6

R: TTGGATGGTCTTGGTCCTTAGCCA
MCP-1 F: TTAAAAACCTGGATCGGAACCAA Chemokine (C-C motif) ligand 2

R: GCATTAGCTTCAGATTTACGGGT
IL-1b F: ACTGTGAAATGCCACCTTTTG Interleukin-12b

R: TGTTGATGTGCTGCTGTGAG
IL-12b F: AGGTGCGTTCCTCGTAGAGA Interleukin-1b

R: AAAGCCAACCAAGCAGAAGA
Human

mt-ND1 F: ATACCCATGGCCAACCTCCT NADH dehydrogenase 1, mitochondrial
R: GGGCCTTTGCGTAGTTGTAT

mt-CO3 F: ATGACCCACCAATCACATGC Cytochrome c oxidase III, mitochondrial
R: ATCACATGGCTAGGCCGGAG

mt-CYTB F: ATGACCCCAATACGCAAAAT Cytochrome b, mitochondrial
R: CGAAGTTTCATCATGCGGAG

F, forward; R, reverse.
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Mitochondrial genome (mtDNA) content was detected by
qRT-PCR using specific primers for mt-ND1 and mt-CO1 and
analyzed using the DCt method as normalized to nuclear
DNA content, which was represented by a specific locus on
mouse chromosome 6 (24).

Western Blot Analysis

Western blot analysis was performed to detect protein
expression in kidney tissues. In brief, frozen kidneys
were lysed using protein lysis buffer (50 mM Tris, 150 mM
NaCl, 10 mM EDTA, 1% Triton X-100, and 200 mM sodium
fluoride supplemented with 1� protease inhibitor cock-
tail, ThermoFisher Scientific, Waltham, MA). Proteins
from the tissues were separated by SDS-PAGE, trans-
ferred to polyvinylidene difluoride (PVDF) membranes,
and then incubated with antibodies against the protein of
interest, including STING (Cat. No. 19851-1-AP, Protein-
tech), neutrophil gelatinase-associated lipocalin (Cat. No.
ab63929, Abcam, Cambridge, UK), cleaved caspase-3 (Cat.
No. 9664, Cell Signaling Technology), and b-actin (Cat. No.
AP0060, Bioworld) followed by an incubationwith horseradish
peroxidase-labeled secondary antibodies (Beyotime, Shanghai,
China). Blots were visualized using ECL Plus Western blotting
detection reagents (Millipore, Bedford,MA). Protein quantifica-
tion was analyzed by measuring the density of band using
ImageJ software and was normalized to the expression of
b-actin.

ELISA

The level of IL-6 in plasma was measured by ELISA kits
(Cat. No. 12–2060, Dakewe Biotech, Beijing, China). In brief,

blood was collected from the postcaval ureter of anesthetized
mice using anticoagulant tubes and centrifuged at 3,000rpm.
The obtained plasma samples were analyzed for IL-6 accord-
ing to themanufacturer’s instructions.

TUNEL Staining

For apoptosis assay, TUNEL staining was performed on
paraffin-fixed kidney sections to detect in situ cell death
according to the manufacturer’s instruction (Cat. No. A112-
01/02/03, Vazyme). Sections were examined under micros-
copy, and images were acquired by laser scanning confocal
microscopy (LSM710, Carl Zeiss). Five randomly visual fields
of blinded samples were checked, and the number of apopto-
tic cells was counted.

Statistical Analysis

Data were analyzed using GraphPad Prism 7 software
and presented as means ± SE. Statistical analyses were per-
formed using a Student’s t test or ANOVA followed by
Bonferroni’s comparison test. P values of <0.05 were con-
sidered significant.

RESULTS

STING Expression Was Increased in the Kidneys of
Cisplatin-Treated Mice

First, we examined the expression of STING in kidney tis-
sues from cisplatin-treatedmice. As shown in Fig. 1, cisplatin
noteworthy increased STING expression at both mRNA (Fig.
1D) and protein levels (Fig. 1, A–C), suggesting an activation
of renal STING in cisplatin-induced AKI.

A B

C D

Figure 1. Stimulator of interferon genes (STING) expression in renal tissues from cisplatin (Cis)-treated mice. A: representative blots of STING. B: relative
densitometry of STING normalized to b-actin (n =8). C: STING immunohistochemistry staining in renal tissues. Arrows indicate the increased staining of
STING in tubes. Scale bars = 50μm. D: quantitative RT-PCR analysis of STING mRNA levels in renal tissues (n = 7–8). Data are shown as means ± SE. P
values of<0.05 were considered significant.

H151 AMELIORATES CISPLATIN-INDUCED AKI

AJP-Renal Physiol � doi:10.1152/ajprenal.00554.2020 � www.ajprenal.org F611
Downloaded from journals.physiology.org/journal/ajprenal at Univ of Michigan Dearborn (141.215.093.107) on April 14, 2021.

http://www.ajprenal.org


H151 Improved Renal Function and Survival in Mice With
Cisplatin-Induced AKI

H151, the specific inhibitor of STING, was used to explore
the effect on cisplatin-induced AKI in mice. Figure 2, A and
B, shows that H151 treatment significantly reduced the
levels of BUN and creatinine in cisplatin-treated mice.
Furthermore, we detected the effect of H151 on the survival
rate at 96 h after cisplatin challenge. As shown in Fig. 2C,
H151 treatment improved the survival rate of cisplatin-
treated mice from 30% to 70%. These data indicated that
H151 protected against cisplatin-induced renal dysfunction.

H151 Attenuated Renal Tubular Injury and Cell
Apoptosis in Cisplatin-Induced AKI

Hematoxylin and eosin staining of kidneys revealed
severe tubular dilation, tubular necrosis, and cast formation

in cisplatin-treated mice, which was strikingly ameliorated
in H151-treated mice (Fig. 3A). Semiquantitative analysis of
the tubular injury score confirmed the significant difference
(Fig. 3B). Furthermore, neutrophil gelatinase-associated lip-
ocalin, an early biomarker of renal tubular damage, was
decreased in H151-treated animals compared with animals
with cisplatin-alone treatment (Fig. 3, C andD).

Apoptosis of renal tubular cells is a major feature of cis-
platin-induced AKI and strong evidence for tubular dam-
age. Kidney tissues from cisplatin-treated mice showed
obvious apoptotic tubular cells stained with TUNEL, while
H151 treatment reduced the number of TUNEL-positive
cells (Fig. 4, A and B). These data were consistent with the
decreased level of cleaved caspase-3 in kidney tissues from
the H151-treated group (Fig. 4, C and D), suggesting that
H151 ameliorated cisplatin-induced renal tubular cell
death in mice.

μ

A B C

Figure 2. H151 alleviated renal dysfunction and survival induced by cisplatin (Cis). Mouse plasma from different groups (n = 16–17) was collected, and
blood urea nitrogen (BUN; A) and creatinine (B) were measured by the biochemical autoanalyzer. C: survival rate was monitored at 96h after cisplatin
treatment (n = 10). Data are shown as means ± SE. P values of<0.05 were considered significant.

A

C

B

D

Figure 3. H151 alleviated renal tubular injury induced by cisplatin (Cis). A: representative images of hematoxylin and eosin staining. Arrows indicate
injured tubes. Scale bars =20μm. B: tubular injury scores in mice were analyzed (n =5). C: representative blots of neutrophil gelatinase-associated lipo-
calin (Ngal). D: relative densitometry of Ngal normalized to b-actin (n = 7–8). Data are shown as means ± SE. P values of <0.05 were considered
significant.
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H151 Suppressed Renal Inflammation Induced by
Cisplatin

To examine the effect of H151 on inflammatory cyto-
kine production in cisplatin-challenged mice, we ana-
lyzed the inflammatory cytokine IL-6 in the plasma and
inflammatory factors in kidney tissues. Figure 5 shows
that H151 treatment significantly decreased IL-6 in the
circulation (Fig. 5A), and mRNA expression of inflamma-
tory factors, such as TNF-a, IL-6, monocyte chemoattrac-
tant protein-1, IL-1b, and IL-12b, were also reduced in
kidney tissues from H151-treated mice (Fig. 5B), indicat-
ing an anti-inflammatory effect of H151 on cisplatin-
induced AKI.

H151 Improved Renal Mitochondrial Injury in Cisplatin-
Treated Mice

Mitochondrial dysfunction of tubular cells is a crucial path-
ogenic factor in cisplatin nephrotoxicity. Ameliorating mito-
chondrial dysfunction has supposed to be an effective
therapy for AKI. Here, we tested the mitochondrial status of
renal tubules in cisplatin-treatedmice. Strikingly, the reduced
expression of multiple mitochondria-encoded genes in the
kidneys of cisplatin-treated mice was largely reversed after
H151 administration (Fig. 6A). Consistently, the decreased
mtDNA content in kidneys was reversed by H151 treatment
(Fig. 6B). In addition, we performed electron microscopical
analysis and found severe mitochondrial structure damage in

BA

DC

Figure 4. H151 alleviated apoptosis of renal tubular cells induced by cisplatin (Cis). A: representative images of TUNEL. Scale bars =50μm. B: quantifica-
tion of TUNEL-positive cells (n =4–5). C: representative blots of cleaved caspase-3 (cleaved-cas3). D: relative densitometry of cleaved caspase-3 normal-
ized to b-actin (n = 7–8). Data are shown as means ± SE. P values of<0.05 were considered significant.

α β

BA

Figure 5. H151 inhibited renal inflammation induced by cisplatin (Cis). A: plasma levels of IL-6 (n = 7–8). B: quantitative RT-PCR analysis of tumor necrosis
factor (TNF)-a, interleukin (IL)-6, monocyte chemoattractant protein (MCP)-1, IL-1b, and IL-12b mRNA from renal tissues (n =8). Data are shown as means ±
SE. P values of<0.05 were considered significant.
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renal tubular cells of the cisplatin-alone group, while such an
abnormality was obviously improved in the H151-treated
group (Fig. 6C). These data indicated that H151 treatment atte-
nuated mitochondrial impairment of tubular cells in cispla-
tin-induced AKI.

Analysis of mtDNA Levels in the Plasma of Patients
Receiving Platinum-Based Chemotherapy

Eight blood samples from patients with platinum-based
chemotherapy and nine normal controls were collected for the

analysis of mtDNA levels in plasma. Plasma mtDNA concen-
tration was quantified using qRT-PCR and expressed as Ct val-
ues by amplifying the mitochondrial genomic regions of mt-
ND1, mt-CO3, andmt-CYTB, respectively. As shown in Table 3,
all Ct values for plasma samples were below 40, which meant
an effective detection for mtDNA (20). The mtDNA concentra-
tion, which was quantified as Ct values for three selected
sequences in patients with platinum-based chemotherapy,
was significantly higher than that of normal subjects, suggest-
ing that cisplatin treatmentmay causemtDNA release.

A

B

C

Figure 6. H151 improved mitochondrial injury in cisplatin (Cis)-treated mice. A: mRNA expression of multiple genes encoded by the mitochondrial ge-
nome (n = 7–8). B: mtDNA content of renal tissues as assessed by quantitative RT-PCR (n = 7–8). Dots show the results from two pairs of primes [mito-
chondrially encoded NADH:ubiquinone oxidoreductase core subunit 1 (mt-ND1) and mitochondrially encoded cytochrome c oxidase I (mt-CO1)]. C:
representative electron micrographs of renal tubular mitochondria. Scale bars =2 μm (top lines) and 1μm (enlarged sections), respectively. Data are
shown as means ± SE. P values of<0.05 were considered significant. mt-ND2 and mt-ND4, mitochondrially encoded NADH:ubiquinone oxidoreductase
core subunits 1 and 4, respectively; mt-CO2 and mt-CO3, mitochondrially encoded cytochrome c oxidase II and III, respectively; mt-ATP6, mitochondrially
encoded ATP synthase membrane subunit 6; mt-CYTB, mitochondrially encoded cytochrome b.

Table 3. Plasma mtDNA levels in patients with platinum-based chemotherapy and controls

mtDNA Control Ct (n = 9) Patients with Platinum-Based Chemotherapy Ct (n =8) P Value

mt-ND1 21.62 ±0.3603 19.92 ±0.3221 0.0034
mt-CO3 22.09 ±0.3324 20.46 ±0.3021 0.0027
mt-CYTB 21.72 ±0.3714 19.84 ±0.3178 0.0017

Ct, threshold cycle; mt-CO3, cytochrome c oxidase III, mitochondrial; mt-CYTB, cytochrome b, mitochondrial; mt-ND1, NADH dehy-
drogenase 1, mitochondrial.
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DISCUSSION

mtDNA released from damagedmitochondria is a marker of
renal dysfunction and disease progression in AKI based on the
evidences from both animal and human studies. The level of
mtDNA in urine was positively correlated with the levels of se-
rum creatinine and BUN and negatively correlated with the
glomerular filter rate (25–28). In addition, mtDNA from dam-
aged tubular cells could serve as a ligand to activate STING and
downstream signals and thus trigger renal tubular inflamma-
tion in AKI (4). Studies have suggested that STING participates
in renal tubular inflammation and injury in AKI, and targeting
STING might be an effective therapy for the treatment of AKI.
However, the effect of STING inhibitors targeting human
STING on AKI has not been tested. Here, we report that H151, a
specific antagonist of STING targeting both human andmurine
STING, was useful to protect against cisplatin-induced AKI, as
evidenced by the improvement of renal function, kidney mor-
phology, renal inflammation, and mitochondrial injury, thus
providing a potential agent for treating AKI.

STING-mediated pathways are important parts of the innate
immune system that mainly participate in the defense of
invading pathogens (29). In recent years, STING has captured
more andmore attention as a crucial regulator in infection, tu-
mor, autoimmune diseases, and inflammatory diseases. STING
agonists are being tested in cancer therapies because of the ra-
tionale that STING activity could trigger an immunostimula-
tory response that controls tumor escape (30). Moreover,
STING inhibitors are used to treat autoimmune or autoinflam-
matory diseases in experimental models for their effect on the
innate inflammatory response (31). However, the clinical trans-
lation of molecules targeting STING is still a tough challenge
for the species-based limitation between human STING and
mouse STING (32, 33). For example, vadimezan, a specific ago-
nist for STING, was suspended in clinical testing because it
binds only to mouse STING (30, 34). Therefore, it is of impor-
tance to screen compounds targeting human STING.

H151 is a selective small-molecule antagonist of STING
that was identified using a human cell-based screening sys-
tem. A study has shown that H151 could inhibit human
STING with a more advanced effect and low background
reactivity in human embryonic kidney-293 cells. Interes-
tingly, H151 also has good bioactivity in mice, providing a
possibility of being able to translate into clinical studies
when it displays effective treatment in murine disease mod-
els (19). Since our data indicated a renoprotective effect of
H151 in a mouse model of cisplatin-induced AKI, it is reason-
able to speculate a possibility of H151 for becoming a drug in
clinical research. Another recent study also used another
STING inhibitor, C-176, to treat the AKI mouse model and
showed beneficial effects including reduced renal inflamma-
tion and attenuated tubular injury and renal dysfunction (4).
In fact, C-176 is a covalent antagonist of STING that had the
same covalent site as H151, but, unfortunately, C-176 mainly
inhibited mouse STING and had limited binding activity
with human STING, which limited the implication of C-176
in clinical trials (19).

Mitochondrial dysfunction is considered as an early event
of AKI and a contributor to acute renal tubular injury.
Strategies improving mitochondrial functions have been
demonstrated to be beneficial for AKI treatment in mice

models (35, 36). In renal tubular epithelial cells of AKI mice,
the mitochondria membrane potential was decreased and
mtDNA was released into the cytoplasm (4). Free mtDNA
induced STING pathways and thus implicated tubular cell
injury (4, 10). Interestingly, our results indicated that H151
could ameliorate renal tubular mitochondrial damage, as
shown by the improved mitochondrial morphology and
restored mtDNA content and mitochondrial gene expres-
sion. The improvement of mitochondrial dysfunction could
block further release of mtDNA and therefore suppress
STING signal-mediated inflammation and apoptosis.

However, some limitations of this study should be noted.
First, we did not evaluate the effect of H151 on AKI in STING
knockoutmice in vivo. Thus, the in vivo evidence for the speci-
ficity of H151 on STING-dependent renal injury needs further
study. Second, we did not observe the effect of H151 on tumor
growth, which could limit the understanding of the effect of
H151 on tumor pathology in clinical studies. Finally, the num-
ber of patients enrolled in this study was relatively small.
Further assessment of plasmamtDNA in a larger population of
patients with platinum-based chemotherapy is required.

In summary, this study explored the effect of the human/
murine STING inhibitor H151 against cisplatin-induced AKI
and found a protective effect of H151 on kidney function, re-
nal tubular cell injury, and mitochondrial dysfunction. Our
findings suggest a translational potential of H151 in the treat-
ment of cisplatin-induced human AKI.
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