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Cisplatin-induced nephrotoxicity is the main adverse effect of cisplatin-based chemother-
apy and highly limits its clinical use. DMXAA, a flavonoid derivative, is a promising vascu-
lar disrupting agent and known as an agonist of STING. Although cGAS-STING activation
has been demonstrated to mediate cisplatin-induced acute kidney injury (AKI), the role of
DMXAA in this condition is unclear. Here, we defined an unexpected and critical role of
DMXAA in improving renal function, ameliorating renal tubular injury and cell apoptosis, and
suppressing inflammation in cisplatin-induced AKI. Moreover, we confirmed that DMXAA
combated AKI in a STING-independent manner, as evidenced by its protective effect in
STING global knockout mice subjected to cisplatin. Furthermore, we compared the role of
DMXAA with another STING agonist SR717 in cisplatin-treated mice and found that DMXAA
but not SR717 protected animals against AKI. To better evaluate the role of DMXAA, we per-
formed transcriptome analyses and observed that both inflammatory and metabolic path-
ways were altered by DMXAA treatment. Due to the established role of metabolic disorders
in AKI, which contributes to kidney injury and recovery, we also performed metabolomics
using kidney tissues from cisplatin-induced AKI mice with or without DMXAA treatment.
Strikingly, our results revealed that DMXAA improved the metabolic disorders in kidneys of
AKI mice, especially regulated the tryptophan metabolism. Collectively, therapeutic admin-
istration of DMXAA ameliorates cisplatin-induced AKI independent of STING, suggesting a
promising potential for preventing nephrotoxicity induced by cisplatin-based chemotherapy.

Introduction
Cisplatin is a chemotherapy drug that is used in cancer therapy. It is widely utilized in many kinds of
solid neoplasm treatments, such as those for testicular, lung, ovarian and breast cancer [1]. However,
the deleterious side effects of cisplatin limit its use in clinical practice. To date, numerous side effects of
cisplatin therapy have been reported, including nephrotoxicity, gastrointestinal toxicity, ototoxicity and
neurotoxicity [2]. Among these side effects, nephrotoxicity is the main dose-limiting one. Kidney is an
organ that is sensitive to cisplatin because cisplatin can be transported into renal epithelial cells and ac-
cumulates within the kidney, which makes the concentrations of cisplatin in the kidney exceed those in
the blood [3]. Cisplatin nephrotoxicity has several manifestations, but one of the most serious and rela-
tively common presentations is acute kidney injury (AKI), which has an incidence of 20–30% in patients
[4,5]. Clinically, the current treatment strategy is symptomatic without significant effectiveness, and there
remains an unmet need for effective therapies to prevent cisplatin-induced AKI.
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DMXAA (also known as vadimezan or ASA404), a flavonoid derivative, is considered one of the most promis-
ing vascular disrupting agents that displays remarkable antitumor properties [6]. Knowledge of DMXAA developed
through two phases: before and after the stimulator of interferon genes (STING) was discovered [7]. Initially, studies
of DMXAA focused on its antitumor activity and the underlying mechanism. After STING was identified in 2008,
DMXAA was demonstrated to be a murine agonist of STING and could trigger STING–TBK1–IRF3 signaling [8–10].
Although the species differences in STING restrict the clinical use of DMXAA, its sensitivity to murine STING makes
DMXAA an outstanding agonist and has been applied in STING-related studies [11,12].

Recently, Hiroshi Maekawa et al. reported that the STING pathway is a critical regulator in cisplatin-induced
AKI [13]. STING knockout (KO) mice showed less kidney injury when subjected to cisplatin, and STING in-
hibitors significantly ameliorated tubular injury and inflammation in cisplatin-induced AKI mice [13,14]. It is pos-
tulated that DMXAA, an agonist of STING, would aggravate cisplatin-induced AKI in mice. However, our results
suggested that DMXAA could ameliorate cisplatin-induced kidney injury, as demonstrated by the improved renal
function, reduced tubular injury score and other mitigated tubular injury markers. Using STING global knock-
out mice and another STING agonist, SR717 [15], we found that DMXAA protected against cisplatin-induced AKI
mainly in a STING-independent manner. Transcriptome analyses using RNA-seq data from DMXAA-treated mice
combined with an available dataset in cisplatin-induced AKI indicated that inhibiting inflammation and reversing
metabolic disorders might be involved in the mechanism by which DMXAA combated cisplatin-induced AKI. Fur-
ther metabolomics performed on kidney tissues from cisplatin-induced AKI mice with or without DMXAA treatment
revealed that DMXAA improved the metabolic disorders, especially the tryptophan metabolism in kidneys of AKI
mice, Based on these findings, we report that DMXAA can ameliorate cisplatin-induced AKI in a STING-independent
manner and has promising therapeutic potential for combating cisplatin nephrotoxicity.

Materials and methods
Reagents and antibodies
DMXAA (HY-10964) and SR717 (HY-131454) were purchased from MedChemExpress (Princeton, NJ, U.S.A.).
Dimethyl sulfoxide (DMSO, V900090) was purchased from Sigma–Aldrich (St. Louis, MO, U.S.A.). Q-PCR Master
Mix (q111-02/03) and a TUNEL staining kit (A112-01/02/03) were obtained from Vazyme (Nanjing, China). ELISA
kits for mouse TNF-α (1217202) and IL-6 (1210602) were ordered from Dakewe (Beijing, China). The primary an-
tibodies for western blots or immunofluorescence were as follows: anti-STING (19851-1-AP, Proteintech, Wuhan,
China), anti-neutrophil gelatinase-associated lipocalin (NGAL, ab63929, Abcam, Cambridge, U.K.), anti-kidney in-
jury molecule 1 (KIM-1, R&D systems, Minneapolis, MN, U.S.A.), anti-cleaved caspase-3 (9664, Cell Signaling Tech-
nology, Beverly, MA, U.S.A.), anti-β-actin (AP0060, Bioworld, Shanghai, China), and anti-F4/80 (GB11027, Service-
bio, Wuhan, China). The secondary antibodies labeled with horseradish peroxidase were purchased from Beyotime
(Shanghai, China), and Alexa Fluor 532-labeled goat anti-rabbit IgG was obtained from Invitrogen (A-11009, Rock-
ford, U.S.A.).

Mice and in vivo studies
Wild-type mice (C57BL/6J) and global STING knockout mice (TMEM173−/−) were purchased from GemPharmat-
ech (Nanjing, China) and maintained under standard environmental conditions. The mice were allowed free access
to water and food. All animal experiments were performed in the Animal Core Facility of Nanjing Medical University
and all procedures were approved by the Nanjing Medical University Institutional Animal Care and Use Committee.

A single intraperitoneal injection of cisplatin (25 mg/kg) was used to induce AKI, as previously reported [14]. To
assess the effect of DMXAA, the mice were injected intraperitoneally with DMXAA (10 mg/kg) or vehicle 1 h be-
fore cisplatin injection and continued once daily. Another STING agonist, SR717 (15 mg/kg) was administered in the
same manner. The mice were killed by exsanguination under isoflurane 72 h after cisplatin injection. Blood samples
and kidney tissues were collected for further analysis. Besides, for detecting the potential toxic effect of DMXAA
on organs, another separate experiment was performed by treating mice with DMXAA (10 mg/kg, intraperitoneal
injection) or vehicle for three consecutive days. Similarly, blood samples and kidney tissues were collected after ad-
ministration.

Assessment for the functions of kidney, heart, and liver
Renal function is usually assessed by blood urea nitrogen (BUN) and serum creatinine (Scr) levels. Meanwhile, we
detected the serum levels of lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB) to evaluate the cardiac
injury, and the level of aspartate aminotransferase (AST) to evaluate the liver function. Briefly, serum samples were
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obtained from the full blood samples through centrifugation at 4000 rpm for 15 min. A serum biochemical autoana-
lyzer (Hitachi 7600, Tokyo, Japan) at the biochemistry laboratory of Nanjing Children’s Hospital was used to measure
the concentrations of BUN, Scr, LDH, CK-MB, and AST in each serum sample.

Histological analyses
For histological analysis, kidney tissues were fixed in 4% formaldehyde solution overnight and then dehydrated and
embedded into paraffin blocks. Sections with a thickness of 3 μm were stained with hematoxylin and eosin (H&E).
The levels of tissue damage and inflammation were scored as previously described [16].

Immunofluorescence
The mice kidney tissues were fixed in 4% paraformaldehyde overnight for subsequent paraffin embedding and then
sectioned into 3μM using a Leica microtome (Leica Microsystems, Buffalo Grove, Germany). After deparaffinization,
rehydration, and antigen retrieval by heating in citrate buffer (pH 6.0), the sections were blocked with normal serum,
and then were incubated with rabbit polyclonal antibody against F4/80 overnight at 4◦C. The sections were washed
with PBS and incubated with anti-rabbit Alexa Fluor 532 (1:500) secondary antibody for 1 h. Finally, the sections were
washed with PBS and mounted with mounting medium with DAPI (Zhong Shan Golden Bridge, Beijing, China).
Images was acquired with confocal microscopy (LSM 710, Carl Zeiss, Germany) and the number of F4/80-positive
cells in each kidney section was counted.

Western blotting analysis
The western blot assay was carried out according to a previously reported method [17]. Briefly, kidney tissues were
lysed in RIPA buffer (P0045, Beyotime, Shanghai, China) containing protease inhibitors (04693132001, Roche, Laval,
Canada). After extraction, the concentration of protein solution was measured by a bicinchoninic acid (BCA) protein
assay kit (P0012, Beyotime). About 50 μg protein samples were mixed with loading dye, boiled and then separated
by SDS–PAGE gel, and then transferred on to PVDF membranes at 300 mA for 60 min. After blocking with 5%
non-fat milk, the membranes were incubated with specific antibodies against the proteins of interest at 4◦C overnight
and then with the secondary antibodies for 2 h at room temperature. The images of the blots were recorded by the
ChemiDoc XRS+ imaging system (Bio–Rad) and analyzed using ImageJ software. β-Actin was used as the internal
reference.

Apoptosis assay via TUNEL staining
Tubular cell apoptosis was detected by TUNEL staining according to the manufacturer’s instructions. For details, the
renal paraffin sections were deparaffinized and rehydrated and then incubated with proteinase K. After washing with
PBS, the sections were cultured with TUNEL reaction solution. Images were displayed by laser scanning confocal
microscopy (Carl Zeiss) and the number of TUNEL-positive apoptotic cells was counted.

Cytokine assays using ELISA
The concentrations of TNF-α and IL-6 in the mouse serum were measured by ELISA kits following the manufacturer’s
instructions. The absorbance of each sample was analyzed by Synergy-H1 fluorimeter from Bio-Tek (Winooski, VT,
U.S.A.).

RNA-seq
C57BL/6J mice were treated with DMXAA (10 mg/kg) or vehicle through intraperitoneal injection daily for 3 days. Af-
ter administration, kidney tissues were harvested, from which the total RNA was isolated using Trizol regent. Illumina
TruSeq RNA Sample Prep Kit (FC-122-1001) was used with 0.4 ug of total RNA for the construction of sequencing
libraries and HISAT2 was used to align the clean reads to the reference genome. The expression of each gene was
calculated with the featureCounts tool in subread.

Bioinformatics analysis
Differential expression analysis was performed using the DESeq2 R package (1.16.1). DESeq2 provides statistical
routines for determining differential expression in digital gene expression data using a model based on the negative
binomial distribution. The resulting P-values were adjusted using Benjamini and Hochberg’s approach for controlling
the false discovery rate (FDR). Genes with an adjusted P-value <0.05 found by DESeq2 were considered differentially
expressed genes (DEGs).
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In addition, the RNA-seq datasets GSE153625, which were performed on the kidney tissues from control (n=8) and
cisplatin-treated mice (n=4), were downloaded from the Gene Expression Omnibus (GEO) database (GSE153625,
[18]). DESeq2 was used to identify the DEGs with an FDR P-value <0.05 and a log2 (FC)≥1.5. The DEGs in the
DMXAA-treated profile and the cisplatin-treated profile were subjected to Venn diagram analysis to identify the
overlapping genes between cisplatin-induced/decreased DEGs and DMXAA-decreased/induced DEGs, respectively.
Then, the overlapping genes were subjected to biochemical pathway analysis using Kyoto Encyclopedia of Genes and
Genomes (KEGG) and visualized in R software.

Quantitative real-time PCR analysis
Total RNA from kidney tissues was extracted and reverse transcribed for quantitative real-time PCR (qRT-PCR).
qRT-PCR was performed to detect the target gene expression in kidney tissues of mice [19]. Relative
amounts of mRNA were calculated using delta delta Ct method as normalized to the 18S control. The
sequences of the primers were as follows: CXCL1, forward 5′-TAGGGTGAGGACATGTGTGG-3′ and re-
verse 5′-AAATGTCCAAGGGAAGCGT-3′; CXCL2, forward 5′-TGCCAAGGGTTGACTTCAAGA-3′ and re-
verse 5′-ACTTTTTGACCGCCCTTGAGA-3′; TNF-α, forward 5′-TGATCGGTCCCCAAAGGGAT-3′ and re-
verse 5′-TTTGCTACGACGTGGGCTAC-3′; IL-6, forward 5′-TAGTCCTTCCTACCCCAATTTCC-3′ and re-
verse 5′-TTGGTCCTTAGCCACTCCTTC-3′; COX2, forward 5′-AGGACTCTGCTCACGAAGGA-3′ and re-
verse 5′-TGACATGGATTGGAACAGCA-3′; 18S, forward 5′-TTCGGAACTGAGGCCATGATT-3′ and reverse
5′-TTTCGCTCTGGTCCGTCTTG-3′.

Untargeted metabolomics analysis
About 30 mg of kidney tissues was homogenized in 400 μl ice-cold extracting solution and then centrifuged at 12000
rpm for 15 min. Equal amounts of samples were concentrated and dried bi vacuum, then dissolved in 50% methanol.
After ultrasonic treatment and centrifugation, the supernatant was used for the following metabolomics study.

Samples were put at the auto-sampler whose temperature was set at 4. Chromatographic separation was carried out
using an ACQUITY UPLC® HSS T3 (Waters, 1.7 μm, 150 × 2.1 mm) column maintained at 40◦C and the injection
volume was 2 μl. Mobile phase A and B were 0.1% formic acid in water and in methanol, respectively. The gradient
conditions were as follows: positive model: 0–0.5 min, B/D: 2%; 0.5–6 min, B/D: 2–50%; 6–10 min, B/D: 50–98%;
10–14 min, B/D: 98%; 14–16 min, B/D: 98–2%; 16–21min, B/D: 2%. Metabolites were assayed separately in positive
and negative electrospray ionization (ESI) models. Five quality control (QC) samples from mixed samples were run
throughout the analytical process to assure stability and reliability of the assays.

Metabolites identification was carried out using Compound Discovery software. The ropls R package imple-
ments multivariate analysis including the PCA, PLS-DA and OPLS-DA. Significantly altered metabolites were iden-
tified based on a Student’s t-test with a P-value<0.05 and |FC (fold change)|>2, then labeled with KEGG ID us-
ing Thermo Scientific™ Compound Discoverer™ 3.1 software for further metabolic pathway enrichment analysis in
KEGG databases.

Statistical analysis
GraphPad Prism 7 was used to perform statistical tests and to generate graphs. Data are expressed as the mean +− SEM.
Statistical analysis was performed using Student’s t test or one-way ANOVA followed by Bonferroni’s comparison test.
P-values of <0.05 were considered significant.

Results
Treatment with DMXAA ameliorated cisplatin-induced AKI
C57BL/6J mice were treated with DMXAA or vehicle for 1 h and then administered cisplatin for another 72 h
(DMXAA treatment was continued once daily, Figure 1A). Serum biochemical measurement showed that Scr and
BUN levels were both decreased after DMXAA treatment, indicating an improvement in renal function (Figure 1B).
Cisplatin-induced AKI is pathologically manifested by renal tubular lesions [4]; thus, we evaluated the pathologic
manifestations in the mouse model. Our results of H&E staining displayed a significantly profound tubular injury,
including tubular dilatation, cast formation, loss of brush border and tubular epithelial damage induced by cisplatin;
however, these pathological changes were ameliorated by DMXAA treatment (Figure 1C,D). Consistently, the kidney
injury markers KIM-1 and NGAL were also dramatically decreased after DMXAA administration (Figure 1E,F). Of
note, the current dose of DMXAA used in mice experiments had no significant toxic effect on kidney morphology
or the functions of kidney, heart, and liver (Figure 2A–D).
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Figure 1. DMXAA treatment ameliorated renal dysfunction and tubular injury induced by cisplatin

(A) The chemical structure of DMXAA and the schematic representation of the experimental design for administration with DMXAA

or SR717 in a mouse model of cisplatin-induced AKI. (B) Serum levels of creatinine (Scr) and blood urea nitrogen (BUN) were

assessed, n=13–16 per group. (C) Representative images of H&E-stained kidney sections. (D) Analysis of tubular injury score, n =
5 per group. (E) Representative Western blot images for KIM-1, NGAL, and cleaved cas-3. (F) Densitometry analysis of the Western

blots (n = 7–8 per group). Data are expressed as the mean +− SEM, and each significant P-value is labeled in the indicated place.
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Figure 2. Assessment for the toxicity of DMXAA in mice

C57BL/6J mice were administered with DMXAA or vehicle for three consecutive days and serum levels of BUN and Scr (A), LDH and

CK-MB (B) and AST (C) were measured, n = 5 per group. Data are expressed as the mean +− SEM, and each P-value is labeled in

the indicated place. (D) Representative images of H&E-stained kidney sections from mice receiving injection of DMXAA or vehicle.

DMXAA inhibited renal tubular cell apoptosis and inflammation in
cisplatin-induced AKI mice
Next, we used TUNEL staining and Western blotting analysis to compare tubular cell apoptosis after DMXAA admin-
istration. We found that renal tubular cell apoptosis was attenuated, as evidenced by the decreased TUNEL-positive
cell counts (Figure 3A,B) and cleaved caspase-3 expression (Figure 1E,F). Besides, F4/80 staining to detect
macrophages in the kidneys revealed a prominent infiltration after cisplatin treatment, while DMXAA-treated mice
showed lower macrophage numbers (Figure 3C,D). In addition, we examined the serum levels of TNF-α and IL-6,
which are the main upregulated inflammatory factors in cisplatin nephrotoxicity. Figure 3E,F showed that DMXAA
reduced the serum levels of TNF-α and IL-6, indicating a significant relief of systemic inflammation. Overall, these
results indicated that DMXAA protected against cisplatin-induced AKI by preserving renal tubular function, pre-
venting cell apoptosis and reducing inflammation.

The renoprotective effect of DMXAA in cisplatin-induced AKI is not
dependent on STING
Recently, DMXAA is well known as a selective activator of murine STING that has been shown to induce the activa-
tion of STING-related pathways [11,12]. In our mouse model, cisplatin induced STING expression in kidney tissues
(Figure 4A,B), which is consistent with the previous study [13,14]. However, the expression of STING was signif-
icantly reduced by DMXAA treatment in the presence of cisplatin (Figure 4A,B). To determine whether DMXAA
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Figure 3. DMXAA treatment ameliorated renal tubular cell apoptosis and inflammation induced by cisplatin

(A) Representative images of TUNEL staining of kidney sections. (B) The column shows the TUNEL-positive cell counts, n = 6 per

group. (C) Representative images of F4/80 staining of kidney sections. (D) The number of F4/80 positive cells in each field was

counted, n = 5 per group. (E,F) Serum levels of TNF-α and IL-6, n = 8 per group. Data are expressed as the mean +− SEM, and

each significant P-value is labeled in the indicated place.
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Figure 4. The protective effect of DMXAA in cisplatin-induced AKI also showed in STING KO mice

(A) Representative Western blot images for STING. (B) Densitometry analysis of the Western blots of STING (n = 7–8 per group).

(C) Representative western blot images for STING protein isolated from the kidneys of wild-type and STING knockout (KO) mice,

respectively. (D) Serum levels of Scr and BUN were assessed, n = 8–9 per group. (E) Representative images of H&E staining are

shown. (F) Analysis of tubular injury score, n = 5 per group. (G) Representative Western blot images for KIM-1, NGAL, cleaved cas-3,

and STING. Scatter plot graph showed the densitometry analysis of the Western blots (n = 7–8 per group). Data are expressed as

the mean +− SEM, and each significant P-value is labeled in the indicated place.
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exerts its protective effect through STING signal pathway in cisplatin-treated mice, we utilized global STING knock-
out (STING KO) mice. First, the knockout efficiency of STING was demonstrated by Western blot and there was no
STING expression in STING knockout mice (Figure 4C). The STING knockout mice were divided into two groups,
and were administered cisplatin with or without DMXAA treatment. The serum levels of Scr and BUN were decreased
after DMXAA treatment (Figure 4D), together with the down-regulated tubular injury score (Figure 4E,F) and the
expression of KIM-1, NGAL, and cleaved caspase-3 (Figure 4G). Of course, the expression of STING was not detected
at this condition (Figure 4G). The existing therapeutic effects of DMXAA in STING knockout mice suggested that
STING is not required for AKI amelioration by DMXAA.

To confirm this point, we used another STING agonist, SR717, in cisplatin-induced AKI mice. As shown in Figure
5, SR717 did not alleviate cisplatin-induced kidney injury, as the serum levels of Scr and BUN (Figure 5A), the
pathologic damage in renal tubules (Figure 5B,C), most of kidney injury markers and STING expression (Figure
5D,E) were not altered after SR717 treatment, whereas these indicators were improved in the DMXAA-treated group
(Figure 5, XAA+Cis group). These results indicated that DMXAA protected against cisplatin-induced AKI through
STING-independent manner.

Renal transcriptome analysis in DMXAA-treated mice
To explore the molecular mechanism, whole transcriptome RNA-seq was performed in kidney samples from mice
with or without DMXAA treatment (2–3 biological replicates). The volcano plot (Figure 6A) showed all 25,589 de-
tected genes, of which 605 up-regulated genes and 388 down-regulated genes were identified with an FDR-corrected
P-value <0.05. The top 10 up-regulated and down-regulated genes are displayed in Figure 6B. Among the most
down-regulated genes, aryl hydrocarbon receptor repressor (AHRR, a repressor of AHR) has been reported to be
involved in kidney disease. Particularly, inhibiting AHRR protected against cisplatin-induced AKI [20]. Meanwhile,
among the most up-regulated genes, serum amyloid A protein (SAA) and matrix metalloproteinase-7 (MMP7) have
been demonstrated to promote renal recovery and tubule regeneration after acute renal failure and ameliorate AKI
[21,22].

To further determine the pathways involved in the protective effect of DMXAA against AKI, a published gene
expression profile representing the cisplatin nephrotoxicity mouse model in the GEO database was analyzed. Eight
kidney samples of sham control mice and three kidney samples of mice with cisplatin treatment were extracted from
this profile (GSE153625). Following data preprocessing, 3041 DEGs were detected, among which 1700 genes were
up-regulated and 1341 genes were down-regulated in the cisplatin-treated group (relative to the sham control group).
Then, Venn diagram analysis was performed between cisplatin-regulated DEGs and DMXAA-regulated DEGs. The
Venn diagram in Figure 6C showed that 77 DEGs were overlapped between up-regulated DEGs by cisplatin and
down-regulated DEGs by DMXAA. KEGG enrichment analysis of these overlapped DEGs was then performed to
identify the potentially relevant pathways involved in the protective role of DMXAA. As shown in Figure 6D, the
top two pathways that were significantly enriched were the IL-17 and TNF signaling pathways, which have been
reported to aggravate the development of AKI [23,24]. DEGs enriched in the IL-17 signaling pathways were positively
regulated by cisplatin while negatively regulated by DMXAA, indicating a transcriptional-regulated effect of DMXAA
in anti-inflammation. In accordance with this speculation, we determined the relative inflammatory factors in IL-17
signaling pathway in kidney tissues from cisplatin-challenged mice with or without DMXAA treatment. As shown in
Figure 6E, CXCL1, CXCL2, IL-6, and COX2 were significantly induced by cisplatin while decreased upon DMXAA
treatment. In addition, although TNF-α did not reach a statistically significant difference between cisplatin versus
DMXAA+cisplatin group, it still showed a same pattern. Besides, 151 DEGs were overlapped between down-regulated
DEGs by cisplatin and up-regulated DEGs by DMXAA (Figure 7A), and enrichment of these overlapping DEGs
was displayed to be related to multiple metabolic pathways (Figure 7B), suggesting that DMXAA might regulate
metabolism in AKI.

Furthermore, to find more potential regulated pathways by DMXAA, we performed the Venn diagram analysis
again between down-regulated DEGs by cisplatin and the total DMXAA-regulated DEGs, and between downregu-
lated DEGs by DMXAA and the total cisplatin-regulated DEGs as well (Figure 8A,C). KEGG enrichment analysis
was then performed based on the respective overlapped DEGs (shown in Figure 8A,C). We found that metabolism,
IL-17 and TNF signaling pathways were also significantly enriched based on this analysis pattern (Figure 8B,D),
which suggested again that the regulated metabolism and inflammatory pathways might be involved in the protective
mechanism of DMXAA combating AKI.
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Figure 5. Another STING agonist, SR717, did not affect cisplatin-induced kidney injury

C57BL/6J mice were administered DMXAA or SR717 as described before and then challenged with cisplatin. Seventy-two hours

after cisplatin injection, the mice were euthanized and the kidneys were harvested. (A) Serum levels of Scr and BUN were assessed,

n = 5 per group. (B) Representative images of H&E staining are shown. (C) Analysis of tubular injury score, n = 4–5 per group. (D)

Representative Western blot images for KIM-1, NGAL, cleaved cas-3, and STING. (E) Densitometry analysis of the Western blots

(n = 3 per group). Data are expressed as the mean +− SEM, and each significant P-value is labeled in the indicated place.
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Figure 6. Renal transcriptome analysis

(A) Volcano plots showing genes whose expression was significantly regulated by DMXAA treatment. (B) Graphical depiction of the

top up- and downregulated genes in the DMXAA-treated model. (C) Venn diagram depicting common differentially expressed genes

(DEGs) in DMXAA-treated model and cisplatin-treated model. (D) KEGG pathway enrichment analysis of Cluster A (shown in panel

C). (E) Relative expressions of inflammatory factors involved in IL-17 signaling pathway in kidney tissues from cisplatin-induced

mice with or without DMXAA treatment (n = 7–8 per group). Data are expressed as the mean +− SEM, and each significant P-value

is labeled in the indicated place.
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Figure 7. DMXAA restored the metabolic disturbance in cisplatin-challenged kidney tissues

(A) Venn diagram depicting common differentially expressed genes in the two RNA-seq profiles mentioned above. (B) KEGG path-

way enrichment analysis of Cluster B (shown in panel A). (C–G) Metabolic profiles of AKI kidneys after DMXAA treatment were

performed via LC-MS/MS. (C) The scatter plots of PCA model; QC, quality control. (D) Heat maps of averaged metabolite con-

centrations in kidneys of different groups. (E,F) Metabolite pathway enrichment analysis of significantly disturbed metabolites in

cisplatin versus control groups (E) as well as DMXAA+cisplatin versus cisplatin groups (F). (G) Changed levels of metabolites in-

volved in kynurenine pathway-mediated tryptophan metabolism (n = 5 per group). Data are expressed as the mean +− SEM, and

each significant P-value is labeled in the indicated place.

DMXAA restored metabolic disorder in kidneys from cisplatin-induced
AKI mice
To confirm whether DMXAA affected metabolism during AKI, a non-targeted metabolomic analysis of kidney tissues
from cisplatin-induced mice with or without DMXAA treatment was performed. The principal component analysis
(PCA) score plots showed that the three groups had good reproducibility and separation (Figure 7C). Significantly
altered metabolites between cisplatin versus control groups and DMXAA+cisplatin versus cisplatin groups were iden-
tified (P-value<0.05 and |FC (fold change) |>2) and shown in the heatmap (Figure 7D). Many metabolites of kidney
samples from cisplatin group were significantly changed compared with control, indicating a metabolic disorder in
kidney during AKI. However, these metabolites were largely normalized in DMXAA-treated group, which suggested
that DMXAA could partially reverse the disturbed metabolism in AKI.

Thereafter, KEGG analysis was performed based on the significantly changed metabolites and displayed in Figure
7E,F. The most significantly altered pathways in both cisplatin versus control groups and DMXAA+cisplatin ver-
sus cisplatin groups were tryptophan metabolism. Tryptophan is an essential amino acid, which is obtained only
by the food intake. Tryptophan and its metabolites are associated with numerous physiological functions. Over
95% tryptophan is catabolized through kynurenine pathway (KP) [25,26]. Previous studies suggested that trypto-
phan catabolism by KP was remarkably disturbed during diverse kinds of AKI, and its catabolic metabolites, such as
kynurenine, 5-hydroxyindoleacetic acid and kynurenic acid were significantly elevated in urine, plasma, or kidney
tissues [27–29]. In accordance with literatures, KP-catalyzed main metabolites, including L-kynurenine, kynurenic
acid, 3-hydroxykynurenine, xanthurenic acid, and 3-hydroxyanthranilic acid were significantly elevated in cisplatin
group while decreased by DMXAA treatment. Accordingly, the level of tryptophan was upregulated by DMXAA
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Figure 8. Extended analysis of Venn diagram and KEGG pathway enrichment based on the renal transcriptome

(A) Venn diagram analysis was performed between down-regulated DEGs by cisplatin and the total DMXAA-regulated DEGs, and

the common DEGs (183) were then enriched by KEGG pathway (B). (C) Venn diagram analysis was performed between the to-

tal cisplatin-regulated DEGs and down-regulated DEGs by DMXAA, and the common DEGs (109) were then enriched by KEGG

pathway (D).

treatment (Figure 7G). These data suggested that DMXAA could restore tryptophan metabolism and maintain the
level of tryptophan in kidney during AKI.

Discussion
DMXAA is a promising vascular-disrupting agent that can cause irreversible destruction of tumor vessels and com-
pletely halt tumor blood flow [30]. Interestingly, DMXAA can specifically induce the shutdown of blood flow in
tumors without destroying normal tissues, and for this reason, DMXAA has been widely investigated in cancer ther-
apeutic studies and has obtained remarkable results not only in the laboratory but also in phase I/II clinical trials [7].
Studies have indicated that DMXAA can induce cell apoptosis or necrosis, the activation of the innate immune sys-
tem and the production of inflammatory cytokines and nitric oxide [31–33]. Additionally, it can affect tumor energy
homeostasis [34]. The exact mechanism underlying the antitumor effect of DMXAA, however, is still unknown. The
discovery of STING provided theoretical evidence for the excellent antitumor activity of DMXAA. DMXAA can serve
as an agonist of STING and trigger the activation of STING signaling pathways, which then promote the antitumor
immune response [7,33]. Researchers have also found that DMXAA failed in phase III clinical trials because it binds
only to murine STING but not human STING [11]. Nevertheless, based on this theoretical evidence, it was speculated
that DMXAA aggravates AKI because STING deficiency or inhibitor attenuates cisplatin-induced tubular injury and
renal dysfunction [13,14]. In fact, DMXAA has been demonstrated to induce sterile shock and aggravate cecal liga-
tion perforation-induced abdominal sepsis without showing its effect on the related kidney injury [35]. Our findings
unexpectedly demonstrated that DMXAA exerts a renoprotective effect in AKI, as evidenced by the improved renal
function, reduced tubular injury score and other mitigated tubular injury markers in cisplatin-induced AKI, and this
effect even occurred in STING-deficient mice. Of note, in our study, STING depletion seems to be unable to protect
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against cisplatin-induced AKI, which was different from the report by Maekawa et al. [13] Such a discrepancy could
be due to the differences in the approach of gene manipulation and/or the strain origin. There are some other exam-
ples that the same gene knockout generated from different groups displayed different phenotypes in the same disease
model [36,37].

To explore the underlying mechanism, we prepared RNA samples from kidney tissues of control and
DMXAA-treated mice without cisplatin challenge, and then performed a transcriptomic analysis together with a
published profile in the GEO database that represented a cisplatin nephrotoxicity mouse model [18]. Among the top
DEGs in DMXAA (relative to the normal control), several AKI-related genes were altered for the better, including
the down-regulated AHRR and the up-regulated SAA and MMP7. Moreover, the overlapping DEGs between the
DMXAA-treated model and cisplatin-treated model were mainly enriched in inflammatory factor signaling path-
ways and some metabolic pathways. In detail, the IL-17 and TNF signaling pathways that were up-regulated in the
cisplatin model were down-regulated in DMXAA-treated model, suggesting that DMXAA treatment might induce an
anti-inflammatory effect in the kidney. Correspondingly, we tested the effect of DMXAA in cisplatin-treated kidney
tissues and found that DMXAA significantly inhibited several inflammatory factors induced by cisplatin. However,
previous reports showed that DMXAA could promote the production of inflammatory cytokines [38]. These findings
indicated that the anti-inflammatory effect of DMXAA might occur through comprehensive action in vivo.

Furthermore, the metabolic pathways that were inhibited in cisplatin-treated model were up-regulated in
DMXAA-treated model. Previous studies demonstrated that metabolic profiles changed during AKI and that these
metabolic disorders may mediate potential injury in the kidney [39–42]. To further explore the effect of DMXAA on
metabolism during AKI, we analyzed the changes of metabolic profiles in kidney tissues of cisplatin-induced AKI mice
with or without DMXAA treatment by metabolomics assay. Our results showed that the altered metabolites in cis-
platin group were largely normalized after DMXAA treatment, indicating a regulatory effect of DMXAA on maintain-
ing metabolism homeostasis during AKI. KEGG analysis showed that the pathways being most regulated by DMXAA
was tryptophan metabolism. The level of tryptophan in the body is maintained not only by the food intake but the
catabolic pathways [43]. Kynurenate pathway (KP)-mediated tryptophan metabolism is involved in pathological pro-
cesses including inflammation, cancer, neuronal, and intestinal diseases [26,44]. Although most of the metabolites in
kynurenine pathway have not been studied in AKI, previous studies including clinical data have demonstrated that the
abnormality of KP-mediated tryptophan metabolism was closely related to AKI and has been suggested as a promis-
ing target in the diagnosis and prognosis of AKI [27–29,45–48]. For example, in the urine from AKI patients with
cardiac surgery under cardiopulmonary bypass, the ratios of kynurenine metabolites to tryptophan were highly pre-
dictive for AKI [45]. The key inflammatory metabolite of tryptophan degradation, kynurenic acid, was significantly
increased and associated with clinical outcomes in ICU patients with AKI [46,47]. In ischemia–reperfusion, cisplatin
and sepsis-induced AKI animal models, there was a remarkably disturbed tryptophan metabolism and the metabo-
lites catabolized by KP abnormally accumulated in kidney, urine or plasma [28,29,49]. The results in our present study
were consistent with the previous studies, displaying a metabolic imbalance in tryptophan, while DMXAA signifi-
cantly reduced the levels of kynurenine metabolites and upregulated tryptophan content in AKI mice, which reflected
its regulatory effect on the tryptophan metabolism. Therefore, we speculate that the renoprotective of DMXAA func-
tions through reversing the disturbance of tryptophan metabolism to some degree. Of course, extensive further stud-
ies are needed to clarify the exact role of tryptophan and its metabolites and their relationship between kynurenine
metabolites and DMXAA.

DMXAA is an agonist of murine STING according to many references including the binding experiments [50–54].
In our study, we found that STING expression was significantly reduced by DMXAA in cisplatin-challenged wild-type
mice. This phenomenon was consistent with the previous studies that STING agonist, such as dsDNA, HSV and
DMXAA could trigger STING activation and induce its degradation [12,55,56]. The degradation of STING could
serve as a negative regulation for STING signal pathway [55,56]. In agreement with this notion, our results showed
that DMXAA could activate STING signaling along with the induction of STING degradation. However, the pro-
tective role of DMXAA was still observed in STING-deficient mice, which suggested that DMXAA could protect
against cisplatin-induced AKI in a STING-independent manner in the present experimental setting. We speculated
that DMXAA might have some other targets besides STING.

Some limitation of our study should be noted. First, we did not detect the role of DMXAA in other kinds of AKI
mice models, which would expand the clinical application of DMXAA in the future. In addition, further studies
are needed to clarify the exact role of DMXAA in metabolism, especially in tryptophan metabolism. On the other
hand, there was a rising trend in AST level, which indicating a potential in liver injury following DMXAA treatment.
Therefore, a special attention is suggested to be paid for liver function once DMXAA is used for treating diseases in
clinic.
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In summary, our study revealed a renoprotective role of DMXAA in cisplatin-induced AKI, including improved
renal function and amelioration of renal tubular injury, cell apoptosis and inflammation. And this protective role of
DMXAA was performed in a STING-independent manner. In fact, previous studies indicated that DMXAA enhanced
the tumor cell killing of cisplatin, and co-administration of DMXAA produced a large enhancement of tumor growth
delay with most of the cytotoxic drugs [57,58]. As our findings suggested that DMXAA can reduce cisplatin-induced
nephrotoxicity, it is reasonable that the combination of DMXAA and cisplatin is a potential therapeutic strategy to
combat certain cancers and cisplatin-induced AKI.

Clinical perspectives
• Although DMXAA is unable to bind human STING, it is still a prospective tumor-vascular disrupting

agent and displays high efficiency for combination therapy with a wide spectrum of antitumor
agents, including cisplatin.

• DMXAA markedly alleviated acute kidney injury induced by cisplatin possibly via suppressing in-
flammation and improving metabolic disorders, especially the tryptophan metabolism.

• Combination of DMXAA and cisplatin may be a potential therapeutic strategy to combat certain
cancers and cisplatin-induced nephrotoxicity.
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