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Background: Shenqi Fuzheng Injection (SQFZ) is a traditional Chinese medicine injection consists of extracts of Codonopsis
pilosula and Astragalus mongholicus. Combining SQFZ with conventional chemotherapy may improve the therapeutic efficacy and
reduce side-effects of chemotherapy. However, the mechanisms of SQFZ reducing cisplatin-induced kidney injury are still unclear.
Methods: The main compounds of SQFZ were identified via UPLC-Q-TOF-MS technique. Using multiple databases to predict
potential targets for SQFZ. We established a breast cancer model by injecting 4T1 cells into mice. Tumor growth and body weight
were observed. Serum blood urea nitrogen (BUN), creatinine (CRE), and glutathione (GSH) levels were measured. The extent of their
kidney injury was measured by hematoxylin-eosin staining (HE). Cell apoptosis was identified using Hoechst33258 staining, flow
cytometry and TUNEL. We evaluated H2AX and stimulator of interferon genes (STING) expression by immunohistochemistry (IHC),
and assessed apoptosis-associated proteins by Western blotting analysis. We also evaluated mitochondrial function. The secretion of
the inflammatory cytokines in serum was observed using ELISA assay. The effect of the STING pathway in HK-2 renal tubular
epithelial cells exposed to cisplatin alone or combined with SQFZ.

Results: The potential targets of SQFZ on kidney injury mainly related to inflammatory responses, oxidation and antioxidant,
apoptosis as well as IFN signaling pathway. Cisplatin significantly reduced animal weight, while there were no changes in the
combination SQFZ and cisplatin. SQFZ counteracted cisplatin-induced BUN and CRE elevation. SQFZ ameliorated the oxidative
stress induced by cisplatin. It diminished cisplatin-induced apoptosis and mitochondrial DNA damage and reversed cisplatin-induced
cyclic guanosine monophosphate-adenosine monophosphate synthase (¢cGAS)/STING signaling pathway activation. It also improved
the mitochondrial dysfunction induced by cisplatin.

Conclusions: The results of the present study suggested that SQFZ effectively reduced cisplatin-induced kidney injury by inhibiting
cGAS/STING signaling pathway.
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Introduction

Breast cancer is a serious threat to women’s health. Breast cancer has the highest incidence rate and the second largest
mortality rate after lung cancer among women in several countries.'* Moreover, the incidence of breast cancer is predicted to
increase.”® Age, family history and obesity are all linked to breast cancer.”* Common chemotherapeutic agents used for breast

cancer include cyclophosphamide, doxorubicin, tamoxifen, paclitaxel, and cisplatin.”

Cisplatin is effective as
a chemotherapeutic agent that works primarily by eliciting a DNA damage response and can be used to against various

solid tumors including breast cancer.'®'> However, cisplatin chemotherapy is associated with severe adverse reactions and
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may be nephrotoxic,'? neurotoxic,'* ototoxic,'> hepatotoxic,'® and cardiotoxic.'” The nephrotoxicity of cisplatin has been
widely investigated. This drug is a major cause of common clinical acute kidney injury (AKI).'®!® Cisplatin-induced AKI
(cAKI) affects mainly the renal tubular epithelial cells.” Ameliorating cAKI and attenuating the side effects of cisplatin
chemotherapy are key clinical issues in cancer treatment and remain to be resolved.

The mechanism of cAKI is complex and comprises mitochondrial and DNA damage, oxidative stress, apoptosis, and
inflammation.'® Mitochondria are vital organelles in eukaryotic cells and regulate ATP production, cellular metabolism,
redox homeostasis,”' apoptosis, and necrosis. They initiate intrinsic apoptosis via mitochondrial outer membrane
permeabilization (MOMP) and the latter is elicited by the pro-apoptotic Bcl2 family proteins Bax and Bakl.*
Cisplatin caused Bax and Bakl accumulation and oligomerization in mitochondria which resulted in renal tubular
epithelial cell apoptosis. However, Bcl2 overexpression ameliorated cisplatin-induced apoptosis.”> SQFZ has been
found to inhibit the expression of anti-apoptotic Bcl2 in lung cancer.”* Whether SQFZ has an effect on the ratio of
Bax/Bcl2 in renal tubular epithelial cell is worth exploring. Mitochondria are abundant in renal tubular epithelial cells,
and mitochondrial dysfunction is an integral part of the development of renal injury.”' For these reasons, maintaining
mitochondrial homeostasis is essential for normal kidney function.

In a healthy body, the oxidant and antioxidant levels are in equilibrium. However, when this balance is disrupted, oxidative
stress occurs, which is one of the mechanisms of cisplatin induced kidney injury.>> Mitochondria may be important sources of
intracellular reactive oxygen species (ROS).?® They produce excessive ROS in response to cisplatin-mediated injury, attenuate or
downregulate antioxidants such as glutathione (GSH), superoxide dismutase (SOD), and catalase, and exacerbate existing
mitochondrial damage.?’*® Excessive ROS production and accumulation caused renal tubular epithelial cell apoptosis in
mice.?*°

Cisplatin elicits a DNA damage response (DDR) by inhibiting DNA replication and transcription.*’ Mitochondrial DNA
(mtDNA) is relatively more susceptible to oxidative stress than nuclear double-stranded (ds) DNA. Cisplatin-induced
oxidative stress may damage mtDNA, cause mitochondrial dysfunction, and aggravate kidney injury already present.**?
Oxidative stress activates the cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)
and stimulator of interferon genes (STING) (cGAS-STING) signaling pathways.>* The cGAS-STING signaling pathway
senses innate immune responses and is activated in cAKI.>®> Both dsDNA and mtDNA activate the cGAS-STING signaling
pathway. As cisplatin disrupts the mitochondria in renal tubular epithelial cells, it causes mtDNA to leak into the cytoplasm. In
response, the cGAS- STING signaling pathway is activated, inflammation occurs, and kidney injury is worsened.* It has been
shown that maintaining mitochondrial homeostasis can prevent DNA leakage and exert anti-tumor effects.’”** Based on the
downstream signaling pathways that can be activated by DNA to affect the occurrence and development of tumors, the latest
research has demonstrated the use of ultra-sensitive DNA origami plasmonic sensors for precise detection of circulating tumor
DNA (ctDNA), providing a new tool for early diagnosis and treatment decision-making of lung cancer.*® Our research on
DNA damage can further reveal the mechanism of alleviating the side effects of cisplatin and enhancing its anti-tumor effect.

Several studies showed that Shenqi Fuzheng Injection (SQFZ) can alleviate the adverse reactions associated with cancer
chemotherapy.*® SQFZ consists of extracts of Codonopsis Radix (CR) and Astragali Radix (AR).*' CR has the effect of
nourishing the middle and gi, while AR can enhance yang and qi.*** The combination of the two drugs can supplement the
center and boost qi, achieving the effect of supporting the body’s positive energy to fight against cancer.***> Therefore, SQFZ
can alleviate the toxic effects of chemotherapy while improving its therapeutic efficacy.*®

In an earlier study, we demonstrated that SQFZ reversed M2 macrophage-mediated cisplatin resistance in breast cancer via
the phosphoinositide 3-kinase (PI3K) signaling pathway.”® We also discovered that SQFZ attenuated cisplatin toxicity in
breast cancer treatment. However, we have not yet elucidated the underlying mechanisms involved. The present study aimed
to link mitochondrial function with the putative efficacy of SQFZ against cisplatin-induced nephrotoxicity.

Materials and Methods
UPLC-Q-TOF-MS

The samples of SQFZ were analyzed by ultra-high performance liquid chromatography-high-resolution mass spectrometry
(UPLC-Q-TOF-MS). The main compounds of SQFZ were identified according to the multistage mass spectrometry
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information of the samples, combined with the high-resolution mass spectrometry database of natural products and related
literature. The data acquisition software was Analyst TF1.7.1, and the data processing software was Peakviewl.2. During
identification, mass spectrometry data were first matched with Natural Products HR-MS/MS Spectral Library 1.0 database.

Network Pharmacology

Potential Targets of Main Components of SQFZ

According to the mass spectrometry results, based on TCMSP (https://tcmsp-e.com/load intro.php?id=29), HERB
(http://herb.ac.cn/Detail/?v=HBIN026630&label=Ingredient), HIT (http://hit2.badd-cao.net/), PubChem (https:/pub
chem.ncbi.nlm.nih.gov/), Swiss Target Prediction Database (http://www.swisstargetprediction.ch/) to retrieve main

ingredients of potential target point. Use the UniProt (https://www.uniprot.org/), STRING (https://string-db.org/cgi/

input?sessionld=bWts2URU97qvandinput page show search=on), the potential targets of SQFZ were screened and

sorted in a unified format.

Potential Targets of Kidney Injury
Based on online Mendelian genetic database (OMIM, https://omim.org/), the genome database (GeneCards, https:/www.
genecards.org/) and therapeutic targets database (TDD,http://db.idrblab.net/ttd/), the potential targets of “kidney injury”

were observed. Venny (https://bioinfogp.cnb.csic.es/tools/venny/) was used to observe the intersection targets of SQFZ

and kidney injury.

Protein- Protein Interaction Network (PPI) Analysis of Potential Targets of SQFZ for Kidney Injury
The common potential targets of SQFZ and kidney injury were imported into the STRING platform (https://string-db.org/),

and the protein species was set as “Homo sapiens”, the lowest interaction threshold was set as “medium confidence”. The
protein interaction network data of potential targets were obtained. Then, the preliminary network topology analysis was
carried out on Cytoscape 3.9.1 software. Based on the Average Shortest Path Length, Betweenness Centrality and other
nodal topological indexes, the key targets of SQFZ in the treatment of kidney injury were obtained.

KEGG Analysis on Key Targets

Using ClusterProfiler, Gene Ontology (GO) and Kyoto Encyclopedia of Gene and Genome (KEGG) enrichment analysis
were performed under the condition of P<0.05, and relevant histograms were drawn to explore the key signaling
pathways and related protein enrichment of SQFZ in the treatment of kidney injury.

Cell Culture and Treatment

Mouse breast cancer cell line (4T1) and renal tubular epithelial cell line (HK-2) were purchased from Shanghai Fuheng
Biotechnology (Shanghai, China). The 4T1 cells were revived in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS). The HK-2 cell lines were revived in DMEM/F12
supplemented with 10% (v/v) FBS. Both cell lines were cultured under 5% CO, and at 37 °C. The HK-2 cells were
loaded into 96-well and six-well plates. The next day, the cells were separated into treatment groups and incubated in
various drug-containing media for 24 h. The treatments included 50 mL/L SQFZ, 10 uM cisplatin, 20 uM cisplatin, 80
pM cisplatin, 50 mL/L SQFZ + 10 pM cisplatin, 50 mL/L SQFZ + 20 pM cisplatin, and 50 mL/L SQFZ + 80 pM
cisplatin. SQFZ (pharmaceutical factory batch No. 180820) was obtained from Lizhu Group Limin Pharmaceutical Co.
Ltd. (Guangdong, China).

Tumor Growth and Treatment

Female BALB/c mice aged 7 weeks were obtained from Vital River Laboratory Animal Technology (Shanghai, China).
The 4T1 cells were resuspended in serum-free medium and injected into the mouse breast fat pads. Palpable tumors
appeared after ~1 week and then the mice were randomly divided into the Control (n=7), 40 mL/kg SQFZ (n=9), 80 mL/
kg SQFZ (n=9), 40 mL/kg SQFZ + 2 mg/kg cisplatin (n=9), 80 mL/kg SQFZ + 2 mg/kg cisplatin (n=9), and 2 mg/kg
cisplatin (n=9) groups. Healthy uninoculated mice served as the Normal (n=7). All mice were injected daily with
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physiological saline. The SQFZ and cisplatin were injected daily and every 3 d, respectively. Tumor size was determined
every 3 d by vernier calipers. and tumor volume was calculated as shown in Eq. (1) below:

V(mm3)= L(major axis)x W2 (minor axis)/2(1)

After 18 d treatment, blood was collected from the eyes of the mice, the animals were sacrificed by neck dislocation,
and their tumors and kidney tissues were excised. The blood stood at room temperature (20-25 °C) for 1 h and was then
centrifuged at 1200 g 4 °C for 15 min to collect the supernatants. All experimental procedures complied with animal
welfare guidelines and were approved by the Ethics Committee of Shanghai Traditional Chinese Medicine under
Approval No. PZSHUTCM220919006.

Histological Examination

The kidney tissues were fixed in 4% (v/v) paraformaldehyde (PFA), embedded in paraffin, cut into 5-um sections
(CM3050 S, Leica, Wetzlar, Germany), stained with hematoxylin-eosin (HE), and visualized under an optical microscope
(IX73, Olympus, Tokyo, Japan).

3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyl-2H-Tetrazolium Bromide (MTT) Assay

The HK-2 cells were loaded into 96-well plates and exposed to various drug-containing cell culture media for 24 h. Cell

viability was assessed by the MTT assay (Beyotime, Nanjing, China) according to the manufacturer’s instructions.

Cytotoxicity was determined based on the proportions of surviving cells as shown in Eq. (2) below:
ODsample/ODcontrol x 100%(2)

Blood Urea Nitrogen (BUN), Creatinine (CRE), and Glutathione (GSH)

Measurements
The serum BUN, CRE, and GSH levels were separately determined with a multimode microplate reader according to the
manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Mitochondrial Reactive Oxygen Species (ROS) and Mitochondrial Membrane Potential
(Aym; MMP) Assessments

The HK-2 cells were loaded into six-well plates, exposed to various drug concentrations for 24 h, collected, and
subjected to probes (Beyotime, Nanjing, China) according to the manufacturer’s instructions. ROS generation was
evaluated with dichlorodihydrofluorescein diacetate (DCFH-DA) and Rosup served as a positive control. The probes
were loaded and incubated at 37 °C for 30 min and analyzed in a multimode fluorescence microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA). Aym was determined using JC-1 probes that were loaded and incubated at 37 °C
for 30 min and detected in a multimode fluorescence microplate reader. Aym was expressed in terms of the JC-1
monomer/JC-1 aggregate ratio.

Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL)
Staining

Kidney tissue sections were deparaffinized, treated with proteinase K, and incubated at 37 °C for 20 min. The TUNEL
reaction mixture was then added and incubated in the dark at 37 °C for 60 min. Then 4°,6-diamidino-2-phenylindole
(DAPI) nuclear stain was added, the mixture was incubated at room temperature (20-25 °C) for 10 min, and the sections
were observed under a fluorescence microscope and photographed (IX73, 200 x, Olympus, Tokyo, Japan).

Hoechst 33258 Staining

The HK-2 cells were loaded into six-well plates and subjected to various drug-containing media for 24 h. The cells then
underwent Hoechst 33258 staining according to the manufacturer’s instructions, were incubated at 37 °C for 30 min, and
were observed under a fluorescence microscope and photographed (IX73, 100 x, Olympus, Tokyo, Japan).
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Flow Cytometry

The HK-2 cells were loaded into six-well plates, subjected to various drug-containing media for 24 h, and double-stained
with Annexin V-FITC and propidium iodide (PI) according to the manufacturer’s protocol (Beyotime, Nanjing, China).
The data were collected with a fluorescence activating cell sorter (FACS) (CytoFLEX, Beckman Coulter, Brea, CA,
USA) and analyzed with CytExpert (Beckman Coulter).

Immunohistochemical (IHC) Assay

IHC was used to detect H2A.X and STING expression in the mouse kidney specimens. The sections were deparaffinized
and dehydrated in an ethanol gradient, immersed in 0.01 M citrate buffer (pH 6.0), microwaved for 10 min, incubated in
deionized water with 3% H,O, at room temperature (20-25 °C) for 10 min, and rinsed thrice with phosphate-buffered
saline (PBS) for 3 min each time. The PBS was then removed and replaced with non-immune serum and the sections
were incubated at room temperature (20-25 °C) for 10 min. Primary antibodies (anti-Histone H2A.X, anti-STING) were
then added and the sections were incubated at 4 °C overnight and rinsed thrice with PBS for 3 min each time. Secondary
antibodies (anti-Rabbit IgG, #A10040, 1:1,000, Thermo Fisher Scientific) were then sequentially added to the sections
and the latter were incubated at room temperature (2025 °C) for 10 min and rinsed thrice with PBS for 3 min each time.
Then 3.3 -diaminobenzidine (DAB) color development solution was added to the sections. The latter were then subjected
to hematoxylin re-staining, ethanol gradient dehydration, drying, and sealing. The nuclei were then stained with DAPI.
The anti-Histone H2A. X (#7631, 1:100) and anti-STING (#13647, 1:100) monoclonal antibodies were purchased from
Cell Signaling Technology (CST), Danvers, MA, USA.

Western Blot Analysis

A mixture of lysate and protease inhibitor was added to the cells and their total protein was extracted. The protein was
quantified with a bicinchoninic acid (BCA) reagent kit (Beyotime, Nanjing, China). Loading buffer was added to the
mixture and the latter was then boiled to denature the protein therein. The mixture was then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF)
membrane. The latter was blocked with bovine serum albumin (BSA) for 1 h, primary antibody (1:1,000) was added
to it, and the membrane was incubated 6 h. Then secondary antibody (1:1,000) was added and the membrane was
incubated at room temperature (20-25 °C) for 2 h. The membrane was then exposed to immobilon western chemilumi-
nescence horseradish peroxidase (HRP) substrate and the protein bands were detected by luminescence imaging (Tanon,
Shanghai, China). The Western blots were quantified with ImageJ (National Institute of Health [NIH], Bethesda, MD,
USA). The anti-H2A.X, anti-cGAS, anti-STING, anti-Bax, and anti-Bcl2 monoclonal antibodies were purchased
from CST.

ATP Measurement

HK-2 cells were loaded into six-well plates and subjected to various drug-containing media for 24 h. Their ATP levels were
measured with an ATP Assay Kit (Beyotime, Nanjing, China) according to the manufacturer’s instructions. The cell lysis
supernatants and ATP assay solutions were loaded into a white 96-well plate and their fluorescence was measured with
a multimode fluorescence microplate reader (Thermo Fisher Scientific). The ATP levels were expressed as nmol/mg protein.

RNA Extraction and Quantitative Real-Time PCR
Extract RNA according to the instructions of the UNIQ-10 column Trizol total RNA extraction kit, and performed RNA
concentration and quality testing according to the instructions of the One Step RT-qPCR Kit (dye method) kit (Sangon
Biotech). Relative gene expression levels were calculated with the comparative cycle threshold (CT; 2 *2Ct) method.
Primer sequences are listed:

IL-6 Forward- TTCGGTCCAGTTGCCTTCTCC, Reverse- TCTGAAGAGGTGAGTGGCTGTC; IL-8 Forward-
CTCTTGGCAGCCTTCCTGATTTC, Reverse- GGGTGGAAAGGTTTGGAGTATGTC; CCLS Forward- CGCTGTCATC
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CTCATTGCTACTG, Reverse- GCCACTGGTGTAGAAATACTCCTTG; NO Forward- TCATTTCTGTCCGTCTCT
TCAA, Reverse- ATCAGATCTGAGATGATCACCG.

RNA Interference

The expression of STING was suppressed with a siRNA (si-STING1 sense: CCCGGAUUCGAACUUACAATT, si-STING1
antisense: UUGUAAGUUCGAAUCCGGGCC). Results were compared with a control siRNA. The siRNAs were transfected
into HK-2 cells using Lipofectamine RNAIMAX transfection reagent (Thermo Fisher Scientific).

Enzyme Linked Immunosorbent (ELISA) Assay

Serum was harvested and quantified by the Bradford method (Bio-Rad, Hercules, CA; n = 6 per group). The levels of IL-6,
IL-8, CCL5 and NO were quantified using an ELISA kit according to the manufacturer’s directions (eBioscience, San
Diego, CA).

Statistical Analysis
Data was means + standard deviation (SD). Student’s #-test was run to identify differences between group pairs. One-way
ANOVA was run to identify differences among > three groups. Differences were considered significant at P < 0.05.

Results
|dentification of Main Components and Target Prediction of SQFZ

Based on UPLC-Q-TOF-MS, multistage mass spectrometry information of samples, high-resolution mass spectrometry database
of natural products and related literatures, 20 main compounds were identified from SQFZ (Supplemental Figure 1).

By integrating the obtained targets through STRING and UniProt databases, 282 potential targets for SQFZ were
selected. OMIM, GeneCards and TTD databases were used to find 816 potential target genes of kidney injury. Finally, 65

potential targets of SQFZ were found for the treatment of kidney injury (Supplemental Table 1), and obtained the Venn

diagram showing the correlation between SQFZ and kidney injury (Figure 1A).

The PPI network based on the common potential targets of SQFZ and kidney injury showed that there were 65 nodes
and 894 edges (Figure 1B). Kidney injury, main ingredients of SQFZ and 65 selected important targets were integrated
and analyzed by Cytoscape software to generate the network between SQFZ and kidney injury (Figure 1C). It showed
that there were multiple interaction relationships between SQFZ and kidney injury. The associated potential genes were
Bax, Bcl2, oxidative stress, inflammatory mediators and IFNG. The main compounds of SQFZ were Astragaloside IV,
Azelaic Acid, Calycosin 7-O-glucoside, Cyclocephaloside II, Guanosine, Lobetyolin, Markhamioside F, Methylnissolin-
3-O-glucoside and Saccharumoside C.

The top enrichment targets for BP, CC and MF were shown in Figure 1D. It showed 20 related functions and
pathways with high enrichment. These included proteoglycan in cancer, microRNAs in cancer, phosphatidylinositol
3-kinase/protein kinase B (PI3K/Akt) signaling pathway, breast cancer, T cell receptor signaling pathway, hypoxia
Inducing-factor-1 (HIF1) signaling pathway (Figure 1E). Therefore, we explored the mechanisms of SQFZ in alleviating
cisplatin-induced nephrotoxicity through cell apoptosis, oxidative stress, and interferon pathways.

Shengi Fuzheng Injection Alleviated Cisplatin-Induced Kidney Injury

The chemotherapeutic agent cisplatin is commonly administered in clinical practice. However, it may cause severe
kidney injury.'® Therefore, this adverse reaction must be mitigated to enhance the therapeutic efficacy of cisplatin. We
inoculated BALB/c mice with 4T1 cells to establish a mouse breast cancer model and determine the role of SQFZ in the
amelioration of cisplatin-induced renal injury during breast cancer treatment. Three days after model induction, we
intraperitoneally (IP) injected SQFZ (40 or 80 mL/kg) and cisplatin (2 mg/kg) for 18 d. The tumor volumes of the mice
treated with 40 mL/kg SQFZ, 80 mL/kg SQFZ, and 2 mg/kg cisplatin were 15.58%, 16.47%, and 24.63% smaller,
respectively than those of the untreated control mice. However, the tumor volumes of the mice treated with
a combination of 40 mL/kg SQFZ plus 2 mg/kg cisplatin and those treated with 80 mL/kg plus 2 mg/kg cisplatin
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Figure | Prediction of potential targets for Shenqi Fuzheng injection and kidney injury. (A) Venn Diagram of main components of Shengi Fuzheng injection and kidney injury.
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were 42.75% and 59.63% smaller, respectively than those of the untreated control mice (P< 0.05). These findings suggest
that SQFZ significantly enhanced the tumor-shrinking efficacy of cisplatin (Figure 2A and B). Compared to the untreated
control, the cisplatin treatment lowered the body weight by 34.82% but the 40 mL/kg and 80 mL/kg SQFZ treatments did
not significantly change it. However, the combinations of 40 mL/kg plus 2 mg/kg cisplatin and 80 mL/kg SQFZ plus
2 mg/kg cisplatin lowered the body weight by 26.15% and 24.08%, respectively relative to the untreated control (P<
0.05) (Figure 2C).

Serum blood urea nitrogen (BUN) and creatinine (CRE) are important renal function indices. Here, cisplatin alone
dramatically upregulated BUN and CRE whereas the combination of 40 mL/kg SQFZ plus cisplatin and especially
80 mL/kg SQFZ plus cisplatin significantly reversed these changes (Figure 2D and E). The serum BUN levels following
the 40 mL/kg SQFZ plus cisplatin and 80 mL/kg SQFZ plus cisplatin treatments were 24.02% and 28.84% lower,
respectively than that following the cisplatin treatment alone. The serum CRE levels following the 40 mL/kg SQFZ plus
cisplatin and 80 mL/kg SQFZ plus cisplatin treatments were 26.73% and 36.63% lower, respectively than those
following the cisplatin treatment alone (P< 0.05).

Hematoxylin-eosin staining (HE) showed that the mice subjected to cisplatin alone presented renal tubular injury
characterized by renal tubular epithelial cell vacuolation, swelling, and necrosis. However, renal tubular injury was
significantly less severe in response to the SQFZ-cisplatin combinations than cisplatin alone (Figure 2F).

We performed in vitro proliferation assays on renal tubular epithelial cells HK-2 to demonstrate the protective
effect of SQFZ. Figure 2G showed that SQFZ alone had no negative effect on HK-2 cell proliferation even at high
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concentrations. Figure 2H showed the protective efficacy of SQFZ against cisplatin-induced renal injury. Cisplatin
markedly inhibited HK-2 cell proliferation (ICso = 20.17 uM) whereas SQFZ significantly reversed this inhibition
(ICso = 70.84 pM).

Shengi Fuzheng Injection Improved Oxidative Damage in vitro and in vivo

Oxidative stress injury is an important indicator of cisplatin-induced renal injury.?® Disruption of the redox balance led to
reactive oxygen species (ROS) accumulation which, in turn, caused mitochondrial dysfunction.”’ The antioxidant
glutathione (GSH) cleared intracellular ROS and mitigated the intracellular damage caused by oxidative stress.’” In
the mice, cisplatin alone downregulated GSH by 73.16% relative to the untreated control whereas 40 mL/kg SQFZ plus
cisplatin and 80 mL/kg SQFZ plus cisplatin significantly reversed GSH reduction (P< 0.05) (Figure 3A). We measured
the ROS levels in HK-2 cells to investigate the relationship between oxidative stress and kidney injury in vitro. Cisplatin
alone substantially increased the ROS levels compared with the untreated control. The ROS level was positively
correlated with the cisplatin concentration. In the cells subjected to 80 uM cisplatin, the ROS level was 1.99-fold higher
than that in the untreated control. Nevertheless, SQFZ addition reversed these changes (P< 0.05) (Figure 3B).

Shengi Fuzheng Injection Reduced Cisplatin-Induced Apoptosis in vitro and in vivo
We then measured terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining in mouse
kidneys and Hoechst 33258 staining in HK-2 cells to determine the roles of SQFZ in cisplatin-induced apoptosis in vitro
and in vivo. The TUNEL staining revealed that the renal tubular epithelial cells of the mice treated with 40 mL/kg SQFZ
plus cisplatin or 80 mL/kg SQFZ plus cisplatin exhibited less apoptosis than those of the mice treated with cisplatin alone
(Figure 4A). The Hoechst 33258 staining disclosed that the HK-2 cells exposed to SQFZ plus cisplatin presented
significantly fewer fragmented, densely stained nuclei than those treated with cisplatin alone (Figure 4B). We also stained
HK-2 cells with Annexin V-FITC and propidium iodide (PI) and used flow cytometry to detect apoptosis. The Annexin
V-FITC assay showed that treatment with 10 pM, 20 uM, or 80 uM cisplatin significantly increased the number of
apoptotic and necrotic cells relative to the untreated control. However, the combined SQFZ-cisplatin treatments reversed
these effects to a certain degree (Figure 4C). Compared to the 80 uM cisplatin treatment, the combined SQFZ-cisplatin
treatment reduced apoptosis and necrosis from 75.87% to 54.76%.
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Figure 3 Shenqi Fuzheng Injection improved oxidative damage in vivo and in vitro. (A) GSH levels in the serum of mice. (B) Results of ROS assay in HK-2 cells after SQFZ
and cisplatin treatment for 24 h. Data are presented as mean * SD. ns, not significant. *P < 0.05 as compared to Cisplatin alone.
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Shengi Fuzheng Injection Mitigated Cisplatin-Induced DNA Damage in vitro and in vivo
DNA damage is associated with cisplatin-induced kidney injury. The histone H2A variant H2A.X is phosphorylated at
Ser 139 (H2A.X) and may be used to detect DNA damage.’® We evaluated H2A.X expression to examine the effects of
SQFZ on cisplatin-induced DNA damage in renal tubular epithelial cells. An immunohistochemical (IHC) analysis of
mouse kidney tissues showed that while the cisplatin treatment strongly upregulated H2A.X, the 40 mL/kg SQFZ plus
cisplatin and the 80 mL/kg SQFZ plus cisplatin treatments only slightly increased H2A.X expression (Figure 5A). The
SQFZ treatment alone did not affect H2A. X expression. Western blotting showed that H2A.X expression had signifi-
cantly increased in HK-2 cells exposed to 80 uM cisplatin for 24 h while the combined SQFZ plus cisplatin treatment
reversed this trend (Figure 5B and C). Whereas 10 uM and 20 uM cisplatin alone did not upregulate H2A.X, the SQFZ
plus 10 uM cisplatin and SQFZ plus 20 uM cisplatin treatments downregulated H2A . X in the HK-2 cells (P< 0.05).

Shengi Fuzheng Injection regulated the cGAS/STING signaling pathway in
cisplatin-treated mouse kidney and HK-2 cells

Acute kidney injury is associated with mitochondrial damage, mitochondrial DNA (mtDNA) leakage into the cytosol, cGAS/
STING signaling pathway activation, and tubular inflammation.’® We measured the expression levels of cGAS/STING-related
proteins in mouse kidney and HK-2 cells to determine the modes of action of SQFZ in cisplatin-induced renal injury. The mouse
kidney IHC analysis indicated that STING was significantly upregulated in response to cisplatin alone but was downregulated
following the 40 mL/kg SQFZ plus cisplatin and the 80 mL/kg SQFZ plus cisplatin treatments (Figure 6A). Moreover, the cGAS
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Figure 5 Shengi Fuzheng Injection decreased cisplatin-induced DNA damage in vitro and in vivo. (A) Immunohistochemical results of H2AX in kidney tissues of mice in each
treatment group. (Scale bar =50 pm) (B) Expression of H2AX protein in HK-2 cells was analyzed by immunoblotting after 24 h of cisplatin and/or SQFZ treatment. (C)
Quantitative results of B. Quantitative data represent the relative ratio to GAPDH. Values are shown as mean * SD in three independent experiments. * P < 0.05 as
compared to Cisplatin alone.
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Figure 6 Shengi Fuzheng Injection inhibited the activation of cGAS/STING signaling pathway in cisplatin-treated mouse kidneys and HK-2 cells. (A) Immunohistochemical
results of cGAS and STING in kidney tissues of mice in each treatment group. (Scale bar =50 pm) (B) Expression of cGAS and STING protein in HK-2 cells was analyzed by
immunoblotting after 24 h of cisplatin and/or SQFZ treatment. (C and D) Quantitative results of B. Quantitative data represent the relative ratio to B-Actin. Values are

shown as meant SD in three independent experiments. *P < 0.05 as compared to Cisplatin alone.
Abbreviation ns, not significant.

and STING protein expression levels were elevated in HK-2 cells subjected to cisplatin treatment for 24 h. In contrast, SQFZ plus
cisplatin treatment had the opposite effects (P< 0.05) (Figure 6B and C). The cGAS and STING protein expression levels did not
significantly increase with cisplatin concentration. They were highest in response to 20 uM cisplatin.

The protective effects of Shengi Fuzheng Injection are associated with mitochondrial

function in HK-2 cells

Mitochondrial homeostasis is vital to kidney function. Mitochondrial dysfunction is a key factor in the development of kidney
injury.”*> Mitochondria undergo aerobic respiration to generate the ATP that is essential for driving multiple metabolic and
physiological processes. Hence, mitochondrial function may be evaluated by measuring the ATP levels.*® Here, the HK-2 cells
treated with cisplatin for 24 h presented significant reductions in ATP compared to the untreated control. This effect was
partially reversed by the combined SQFZ-cisplatin treatments. Moreover, SQFZ alone increased ATP expression relative to
the untreated control (P< 0.05) (Figure 7A). A JC-1 probe revealed that the HK-2 cells treated with cisplatin for 24 h presented
with lower MMP and a higher proportion of JC-1 monomers than the untreated control (Figure 7B). The ratio of pro-apoptotic
Bax to anti-apoptotic Bcl2 reflects the extent of mitochondria-mediated apoptosis.”” Bax-mediated mitochondrial outer
membrane permeabilization (MOMP) increased membrane permeability and, consequently, mtDNA effluxed into the
cytosol.”® A Western blot assay disclosed that the HK-2 cells subjected to cisplatin for 24 h exhibited higher percentages of
Bax than the untreated control. However, the combined SQFZ-cisplatin treatment had the opposite effect (Figure 7C). The
combined SQFZ-cisplatin treatment did not reverse the changes in the Bax/Bcl2 ratio caused by 80 uM cisplatin.
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Figure 7 The protective effect of Shengi Fuzheng Injection on HK-2 cells is associated with mitochondrial function. (A-D) HK-2 cells were treated with cisplatin and SQFZ
for 24 h. (A) Results of ATP level assay in HK-2 cells. (B) Monomer/aggregates values were used to represent JC-| assay. (C) Expression of Bax and Bcl-2 protein in HK-2
cells was analyzed by immunoblotting. (D) Quantitative results of C. Quantitative data represent the relative ratio of Bax to Bcl-2. Values are shown as mean * SD in three
independent experiments. * P < 0.05 as compared between the two groups.

Abbreviation ns, not significant.

Shengi Fuzheng Injection Ameliorates Cisplatin-Induced Tubular Inflammation
Through STING

To address the molecular mechanism by which the STING pathway contributed to tubular inflammation in cisplatin-
induced kidney injury treated with SQFZ, we evaluated the secretion of the inflammatory cytokines in serum and the
effect of the STING pathway in immortalized HK-2 proximal tubular cells exposed to cisplatin alone or combined with
SQFZ. We found that cisplatin-induced tubular damage was associated with an increase in cisplatin-induced expression
of inflammatory molecules IL-6, IL-8§, CCL5 and NO in serum (Figure 8A). Importantly, HK-2 cells knocked down the
STING by small interfering RNA (siRNA) showed that the increased expression and secretion of IL-6 and IL-8, as well
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Figure 8 Shengi Fuzheng Injection ameliorates cisplatin-induced the secretion of the inflammatory cytokines through STING. (A) BALB/c mice inoculated with 4T cells in the fat
pads were treated with daily intraperitoneal injections of saline or SQFZ 40, 80 mL /kg, cisplatin 2 mg/kg, SQFZ 40 mL /kg + cisplatin (injected every three days), and SQFZ 80 mL /kg
+ cisplatin (injected every three days) for 18 days. Levels of IL-6, IL-8, CCL5 and NO in serum were analyzed by ELISA assay (n = 6 per group). (B) siRNA-mediated STING
knockdown reversed the upregulation of IL-6, IL-8, CCLS5, and NO in cisplatin-treated HK-2 cells in presence of SQFZ by quantitative real-time PCR. * P < 0.05 as compared to
Cisplatin alone.

as other inflammation-related molecules CCL5 and NO by cisplatin, were markedly reversed by STING knockdown in
the presence of SQFZ (P< 0.05), as determined with quantitative real-time PCR (Figure 8B).

Discussion

Kidney injury is a toxic effect of cisplatin and may negatively impact the quality of life and survival in cancer
patients.””*® Kidney injury induced by cisplatin could be minimized by combining with Chinese herbs.®'*> Here, we
postulated that the traditional Chinese medicine (TCM) known as SQFZ could ameliorate cisplatin-induced kidney
injury. Serum BUN and CRE, the secretion of inflammatory cytokines and pathological changes of kidney were observed
to evaluate the kidney injury effect of SQFZ. We found that SQFZ enhanced the therapeutic efficacy of cisplatin, reduced
the tumor size and alleviated cisplatin toxicity to a significantly greater extent than cisplatin alone (Figure 2A—C).
Furthermore, SQFZ also protected HK-2 cells against cisplatin toxicity (Figure 2G and H). Due to individual differences
in experimental mice, there are significant variations in tumor weight, which may be improved by increasing the number
of experimental mice. These results suggested that SQFZ attenuated cisplatin-induced renal tubular epithelial cell
apoptosis both in vivo and in vivo (Figure 4A-C).

Mitochondrial dysfunction played an integral role in the mechanism of cisplatin-induced kidney injury.”> When
mitochondria produced excessive intracellular ROS, they triggered oxidative stress, inflammatory response, and, by
extension, kidney injury.** Cisplatin induced excessive ROS accumulation in renal tubular epithelial cells.®® It also
downregulated the vital antioxidant GSH.°® We found that cisplatin increased the ROS levels in HK-2 cells and
decreased the serum GSH levels in mice (Figure 3A and B). Hence, SQFZ could ameliorate cisplatin-induced
mitochondrial dysfunction-related oxidative stress both in vivo and in vitro.
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Mitochondrial dysfunction was also associated with decreases in ATP production and mitochondrial membrane potential
(MMP).%7%8 Here, we empirically demonstrated that cisplatin lowered both ATP production and the MMP whereas SQFZ had
the opposite effects (Figure 7A and B). In cisplatin-induced kidney injury, Bax-mediated MOMP increased membrane
permeability and, consequently, mtDNA was effluxed.*® In the present work, we observed that cisplatin upregulated Bax in
the HK-2 cells whereas SQFZ plus cisplatin treatment downregulated it (Figure 7C and D). However, SQFZ failed to lower the
proportion of Bax in the presence of 80 uM cisplatin as this high dosage might had severely damaged the HK-2 cells.
Decreased drug accumulation is an important mechanism of platinum resistance in clinic.'"*” Low concentrations of platinum
caused solid tumors (squamous cell carcinoma and non-small cell lung cancer ect.) to become chemoresistant while higher
concentrations of platinum are effective.””’" In high-risk breast cancer patients, they are also treated with high doses of
platinum.”” Therefore, it is necessary to refine the cisplatin concentration in subsequent experiments to further determine the
optimal concentration for combination therapy. The preceding findings suggested that SQFZ protected HK-2 cells against
cisplatin-induced injury by preserving their mitochondrial function.

H2A.X is a DNA damage marker.>®> Here, we discovered that SQFZ lowered the cisplatin-induced H2A.X levels in
both mouse kidney tissue and HK-2 cells (Figure SA—C). These discoveries implied that SQFZ protected against
cisplatin-induced DNA damage both in vitro and in vivo. Cytosolic dsSDNA and mtDNA leakage activated the cGAS/
STING signaling pathway’® which, in turn, caused an inflammatory response and exacerbates kidney injury.*> We
observed that SQFZ significantly inhibited cisplatin-induced STING activation in vivo (Figure 6A). In vitro, SQFZ
counteracted cGAS upregulation in response to cisplatin exposure (Figure 6B and C). SQFZ also opposed STING
upregulation induced by low (10 puM or 20 uM) cisplatin concentrations. However, SQFZ could not reverse STING
upregulation induced by 80 uM cisplatin (Figure 6B-D). Thus, cisplatin-induced kidney injury damaged mitochondria
and caused cytosolic mtDNA leakage which activated the cGAS/STING signaling pathway.’® Whereas SQFZ partially
reversed Bax-induced mtDNA leakage, it could not effectively negate the toxic effects of high cisplatin concentrations.
The results of this work indicated that SQFZ protected against cisplatin-induced kidney injury by mitigating mitochon-
drial DNA damage and inhibiting cGAS/STING signaling pathway activation. Moreover, STING knockout reversed the
effect of SQFZ. SQFZ ameliorated cisplatin-induced tubular inflammation through STING pathway.

The present study showed that SQFZ improved cisplatin-induced renal injury by mitigating mitochondrial damage,
mitochondrial DNA leakage, and cGAS/STING signaling pathway activation. This result provided a new option to
ameliorate cisplatin-induced toxicity in clinic. SQFZ is an herbal compound with good antitumor efficacy and it improves
the effectiveness and attenuates the toxicity of cisplatin.”* Nevertheless, the mechanisms of SQFZ remained in tumor
treatment to be clarified. In an earlier study, we investigated the mechanism by which SQFZ improved cisplatin
resistance in breast cancer chemotherapy.”® Here, we investigated the mode of action of SQFZ in ameliorating the
kidney injury that could occur during the treatment of breast cancer with cisplatin. However, the pathways through which
SQFZ acted on the mitochondrial and cGAS/STING signaling pathways and how it subsequently acted on the kidney
need to be further explored. Combinations of SQFZ plus cisplatin have demonstrated promising therapeutic efficacy
against breast cancer. The best dosage and interval of giving the combination of drugs also need to be further determined
for better application to the clinic. It is also possible to try to explore what effects can be obtained by combining SQFZ
with other chemotherapeutic agents. Future investigations will endeavor to elucidate the pharmacological mode of action
of SQFZ as a co-treatment for various cancers by establishing other cancer models.

Conclusions

The study found that Shenqi Fuzheng Injection (SQFZ) improved cisplatin-induced mitochondrial dysfunction and
inhibited apoptosis in renal tubular epithelial cells by reducing mitochondrial oxidative stress, preventing mtDNA
leakage, and increasing ATP levels and mitochondrial membrane potential (MMP). Additionally, SQFZ inhibited the
cGAS/STING signaling pathway, which is associated with the inflammatory response in kidney injury. These findings
suggested that SQFZ could protect the kidneys from cisplatin-induced damage by preventing apoptosis related to
mitochondrial dysfunction and suppressing the cGAS/STING pathway. The study highlights SQFZ as a potential
therapeutic option to reduce cisplatin’s nephrotoxicity, though further research is needed to fully understand its
mechanism, optimal dosing, and potential use with other chemotherapeutic agents (Figure 9).
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Figure 9 SQFZ was able to protect against cisplatin-induced renal injury by reducing oxidative stress, improving mitochondrial dysfunction, blocking mtDNA leakage, and
inhibiting activation of the cGAS/STING pathway.
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