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Background: Acute kidney injury (AKI) is a common clinical condition resulting in a rapid decline in renal function, and requires
improvement in effective preventive measures. Ferroptosis, a novel form of cell death, is closely related to AKI. Shenshuaifu granule
(SSF) has been demonstrated to prevent AKI through suppressing inflammation and apoptosis.

Objective: This study aimed to explore whether SSF can inhibit ferroptosis in AKI.

Methods: Active ingredients in SSF were detected through HPLC-MS/MS, and their binding abilities with ferroptosis were evaluated
by molecular docking. Then, male C57/BL/6J mice were randomly divided into control, cisplatin, and cisplatin+SSF groups. In the
latter two groups, mice were intraperitoneally injected with 20 mg/kg of cisplatin. For five consecutive days prior to cisplatin injection,
mice in the cisplatin+SSF group were gavaged with 5.2 g/kg of SSF per day.

72 h after cisplatin injection, the mice were sacrificed. Serum creatinine (SCr) and blood urea nitrogen (BUN) were measured to
evaluate renal function. H&E and PAS staining were used to observe pathological damage of kidney. Cell death was observed by
TUNEL staining, and iron accumulation in kidneys of mice was detected by Prussian blue staining. Western blotting, immunobhis-
tochemistry, and immunofluorescence were used to investigate the presence of inflammation, oxidative stress, mitochondrial dysfunc-
tion, iron deposition, and lipid peroxidation in mouse kidneys.

Results: Active ingredients in SSF had strong affinities with ferroptosis. SSF reduced SCr (p<0.01) and BUN (p<0.0001) levels,
pathological damage (p<0.0001), dead cells in the tubular epithelium (»p<0.0001) and iron deposition (»p<0.01) in mice with cisplatin
induced AKI. And SSF downregulated macrophage infiltration (»p<0.01), the expressions of high mobility group box 1 (HMGBI,
p<0.05) and interleukin (IL)-17 (»<0.05), upregulated superoxide dismutase (SOD) 1 and 2 (p<0.01), and catalase (CAT, p<0.05), and
alleviated mitochondrial dysfunction (p<0.05). More importantly, SSF regulated iron transport and intracellular iron overload and
reduced the expression of ferritin (p<0.05). Moreover, it downregulated the expressions of cyclo-oxygenase-2 (Cox-2, p<0.001), acid
CoA ligase 4 (ACSL4, p<0.05), and solute carrier family 7, member 11 (SLC7A11, p<001), upregulated glutathione peroxidase 4
(GPX4, p<0.01) and p53 (p<0.01), and decreased 4-hydroxynonenal (4-HNE) level (»<0.001).

Conclusion: SSF attenuates AKI by inhibiting ferroptosis mediated by p53/SLC7A11/GPX4 pathway.

Keywords: acute kidney injury, cisplatin, ferroptosis, shenshuaifu granule, p53/SLC7A11/GPX4 pathway

Introduction

Acute kidney injury (AKI), which could be triggered by rhabdomyolysis, sepsis, ischemia/reperfusion (IR) injury, and
nephrotoxic drugs, is a prevalent and severe pathological condition characterized by a sudden decrease in renal function
within a brief period." About 13 million people are reported to have AKI each year, of whom about 1.7 million die from
AKI or its complications.” However, it is disturbing to note that while the causes of AKI are diverse, effective prevention
and treatment measures are still lacking.
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Figure | The appearance diagram of SSF. The appearance diagram of SSF is from Shenzhen Traditional Chinese Medicine Hospital (Shenzhen, Guangdong Province, China,
518000). Reprinted with permission from Shenzhen Traditional Chinese Medicine Hospital.

Cisplatin is one of the most effective chemotherapy drugs for treating solid tumors.® But it is the common drugs that
induce AKI. Approximately 20-30% of individuals treated with cisplatin experience AKI.* Hydration and forced diuresis
are the main interventions for cisplatin induced AKI (cis-AKI), but these interventions may increase the risk of
dehydration and electrolyte abnormalities.” Therefore, it is very necessary and urgent to find safe and effective drugs
to protect kidneys. Studies have shown that boric acid can reduce oxidative stress, apoptosis and inflammatory response
in the kidneys of I/R-AKI rats, thereby protecting renal function®’

Ferroptosis, a lately reported novel cell death mechanism, is characterized by intracellular lipid hydro-peroxidation
and iron accumulation.® The cystine/glutamate antiporter (system Xc ), iron metabolism, lipid peroxidation reaction, and
p53 transcription factor have been shown to play essential roles in the occurrence of ferroptosis.”'' Glutathione
peroxidase 4 (GPX4) has been currently regarded as the core regulator of ferroptosis, which utilizes reduced glutathione
(GSH) to convert phospholipid hydroperoxide to lipid alcohols, thereby removing overloaded reactive oxygen species
(ROS).'? Ferroptosis is closely associated with AKI, and studies have shown that the proximal tubule-specific ferritin
heavy chain-1 (FTH1) knockout mice suffered significant renal structural and functional impairment and higher mortality
than mice with conventional AKI."

Shenshuaifu granule (SSF, Figure 1) is an in-hospital preparation approved by Guangdong Food and Drug
Administration and has been widely used in treating various acute and chronic renal disorders. Our previous research
found that SSF has anti-inflammatory activity and decreases apoptosis in cis-AKI by inhibiting the TRL4/MyD88/NF-«kB
pathway.'* Notably, SSF reduced the expression of cyclo-oxygenase-2 (Cox-2), a core enzyme catalyzing lipid perox-
idation and the key downstream factor for GPX4. Further studies have shown that the knockdown of Cox-2 affects lipid
peroxidation and iron metabolism.'® Therefore, this study aimed to investigate the effect of SSF in alleviating cis-AKI by
possibly inhibiting ferroptosis.

Materials and Methods
Drugs

SSF was obtained from the Pharmaceutical Preparation Center of Shenzhen Traditional Chinese Medicine Hospital
(Shenzhen, China). Executive standard: Guangdong Province ZB20111557. Approval number: Yueyaozhizhi
720070565. Each dose of SSF weighs 20 g. Preparation method: 8 herbs in SSF (Table 1) were identified as
authentic medicinal herbs by Professor Chen Jianping of Shenzhen Traditional Chinese Medicine Hospital, and the
specimens of the herbs were kept in the Pharmacy Department of Shenzhen Traditional Chinese Medicine
Hospital. The above herbs were decocted twice according to the proportion, each time for 2 h. After the filtrate
was cooled, added 1000 mL of ethanol, stirred, filtered, and recovered the ethanol, finally added sucrose and
dextrin (3:1) made granules and dried. According to the Chinese Pharmacopoeia (2020 edition), the moisture
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Table | The Herbal Compositions and Corresponding Dosages of SSF

Latin Name English Name Plant species Grams (g)
Astragalus membranaceus (Fisch.) Bge. Radix Astragali Leguminosae (Fabeceae) 25
Alisma orientale (Sam.) Juzep. Alismatis Rhizoma Alismataceae 15
llex asprella (Hook. et Am.) Champ. ex Benth | Radix llicis Asprellae Aquifoliaceae 15
Salvia miltiorrhiza Bge. Salvia Labiatae 7.5
Miltiorrhiza
Poria cocos (Schw.) Wolf Poria Polyporaceae 75
Lycium barbarum L. Lycii Fructus Solanaceae 7.5
Leonurus japonicus Houtt. Leonuri Herba Lamiaceae 7.5
Rheum officinale Baill. Rhubarb Polygonaceae 5

content of granules should not exceed 8%, The moisture content of SSF is about 1.2%, which complies with the
provisions. 52 g of SSF granule was dissolved in 100 mL of normal saline and prepared into a 52 mg/mL SSF

solution for use in mice.

SSF Active Ingredients Profiling

The active ingredients screening of SSF was done using HPLC-MS/MS. Briefly, 0.1 g SSF was accurately weighed
and dissolved in 10 mL of methanol, sonicated for 30 min, and centrifuged at 4500 rpm for 10 min, followed by
filtration using a 0.22 pm membrane filter. The standards were Calycosin 7-O-glucoside (111920-201606, Purity:
97.6%), Rosmarinic acid (111871-201706, Purity: 90.5%), Astragaloside IV (110781-201717, Purity: 96.9%),
Rhein (110757-201607, purity: >98%), Tanshinone ITA (110766-202022, Purity: 99.3%), which were purchased
from China Institute of Food and Drug Verification (Beijing, China). Formononetin (WKQ18022412, Purity: >98%),
Calycosin (WKQ19013002, Purity: >98%) were purchased from Scvictory Biotech Co., Ltd. (Chengdu, China).
Salvianolic acid A (JOT-10011, purity: >98%) was purchased from Pufei De Biotech Co., Ltd. (Chengdu, China).
The chromatographic conditions comprised Hypersil GOLD (150x4.6 mm, 3 pum, Thermo Scientific, China) as
a column thermostatically maintained at 35°C at a flow rate of 0.50 mL/min. The mobile phase consisted of
acetonitrile (A) and water containing 0.1% formic acid (B), while elution was carried out under gradient conditions
of 0-20 min (28-40% A), 20-25 min (40-70% A), 25-26 min (70-90% A), 26-36 min (90-90% A), and 36-37 min
(90-28% A). The pre-equilibration period between each run was 8 min between each run, and MS spectra were
obtained in MRM mode. The collision, aerosol, and heater gas used were argon, nitrogen, and air, respectively. The
MS conditions were optimized with a detector voltage of 1.74 kV, source temperature of 300°C, supply voltage of 4
kV, spray gas flow rate of 3 L/min, dry gas flow rate of 10 L/min, and heater gas flow rate of 10 L/min. Settings like
precursor ions, product ions, and collision energies (CE) were adjusted to obtain the highest abundance for each

analyte.

Detection of the Content of Active Ingredients in SSF

SSF was accurately weighed 5.5242 g, 10 mL of water and 30 mL methanol was added, sonicated for 30 min, cooled,
and then an appropriate amount of methanol was added to set the volume to 50 mL. HPLC injection volume is 20 pL.
The concentration of standards: Calycosin 7-O-glucoside: 0.0198 mg/mL, Rosmarinic acid: 0.0354 mg/mL, Salvianolic
acid A: 0.0297 mg/mL, Calycosin: 0.0283 mg/mL, Formononetin: 0.0283 mg/mL, Rhein: 0.0196 mg/mL, Tanshinone
ITA: 0.0137 mg/mL. The HPLC column: Welch Ultimate XB-C18 (4.6x250 mm, 5 pm, Welch Technology Co., Ltd,
China). The mobile phase: (A) 0.3% phosphoric acid; (B) acetonitrile. Detection wavelength: 260 mm. Elution was
carried out under gradient conditions of 0—-30 min (80% A, 20% B), 30—40 min (40%A, 60%B), 40—45 min (5% A, 95%
B). Flow rate: 1 mL/min.
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Molecular Docking
The PubChem IDs and 2D structures of Astragalus IV, Rhein, and Tanshinone ITA were downloaded from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/), followed by using Chem 3D software to minimize the 2D structures

energy, and Auto Dock (https://autodock.scripps.edu/) to process molecular cyclic peptides. Moreover, the 3D structures
of GPX4, SLC7AL1l, and ferritin light (FTL) were downloaded from the RSCB database (https://www.rcsb.org/) to
remove water molecules and add non-polar hydrogen and electric charge. Auto Dock (https://vina.scripps.edu/) was used

to perform molecular docking to obtain the binding force between the ligand and acceptor. Finally, PyMOL software was
used to visualize the results.

Animal Experimental Design

Male C57/BL/6J mice (weighing 18-22 g, aged 6—8 weeks) were obtained from Zhuhai Bestest Biotechnology Co., Ltd
(Zhuhai, China). Animal use permit: SYXK Guangdong Province 2020-0230. Mice were acclimatized for 7 days under
12-hour light/dark cycles and housed under controlled humidity levels between 45 to 55%, and temperature between 20
to 25°C. All animal experimentations were carried out following National Institutes of Health’s guidelines for treating
and using laboratory animals. The study was approved by Shenzhen TopBiotech Co., Ltd.’s Laboratory Animal Ethics
and Compliance Committee. (Approval Number: TOP-IACUC-2-22-0185).

18 mice were randomly divided into control, cisplatin, and cisplatin+SSF groups, with 6 mice in each group. The daily
dose of SSF for an adult with a standard body weight of 70 kg is 40 g. Based on body surface area conversion, the dose for mice
should be 5.2 g/kg. The cisplatin+SSF group received 5.2 g/kg of SSF continuously by oral gavage for five days. At the same
time, mice in control and cisplatin groups were administered the same volume of normal saline.'* On 6th day of experimenta-
tion, the mice in cisplatin and cisplatin+SSF groups received intraperitoneal injection of 20 mg/kg of cisplatin (Sigma Aldrich,
USA, P4394),'® while mice in control group received the same volume of normal saline injected intraperitoneally. All mice
were then anesthetized with isoflurane gas and euthanized after 72 h. Blood samples were withdrawn via rapid cardiac
puncture, followed by excising kidneys. A position of kidneys was fixed in paraffin for histological analysis, while the
remainder was snap-frozen in liquid nitrogen and stored at —80°C for subsequent experiments.

Blood Biochemical Analysis

The blood samples were centrifuged at 4°C and 3000 rpm/min for 15 min to separate the serum from the supernatant.
Serum creatinine (SCr) was detected via the creatine oxidase method using the SCr detection kit (StressMarq
Biosciences, Canada), while blood urea nitrogen (BUN) was analyzed via urease method using the BUN detection kit
(StressMarq Biosciences, Canada), respectively.

Hematoxylin-Eosin (H&E) Staining

H&E staining follows previous practices.'” Following the fixation of fresh kidney samples in formalin solution for 72 h,
the samples were embedded in standard paraffin, and 4 um sections were prepared. The sections were first dewaxed with
water, placed in three different tanks of fresh xylene for 10 min, followed by gradient ethanol (100%, 95%, 85%, and
75%) chambers for 5 min each, and finally rinsed with 1% PBS for 5 min. The sections were stained dropwise with
hematoxylin staining solution for 5 min, followed by three washing with 1% PBS for 5 min each time. The sections were
then subjected to eosin staining solution added dropwise, allowed to stain at room temperature for 1 min, followed by
thrice washing again with 1% PBS for 5 min each time using H&E staining kit (Beyotime, China, C0105S). Finally, the
sections were dehydrated in 75%, 85%, 95%, and 100% ecthanol for 1 min each and washed in xylenes three times for 5
min. After sealing with neutral resin and drying, the sections were observed under a microscope (Nikon, Japan, Ts2R-FL)
, and respective sections were photographed and analyzed using Image J.

Periodic Acid Schiff (PAS) Staining

The PAS kit (Solaibao, China) was used. Following conventional dewaxing in water. First, Schiff solution was added
dropwise to the renal tissue, infected for 15 min, and rinsed with running water for 10 min. Then, hematoxylin staining
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solution was added dropwise, the nucleus was stained for 1 min, and rinsed with running water for 5 min. Finally, acidic
ethanol differentiation solution was differentiated and washed with Scott reagent reverse blue water for 3 min.
Conventional transparency and sealing were performed.

TdT-Mediated dUTP Nick-End Labeling (TUNEL) Staining

The TUNEL assay kit (Beyotime, China, C1086) was used. Following conventional dewaxing in water, 20 pg/mL
protease K was added dropwise to the sections, allowed to act for 20 min at 37°C, and then washed three times with 1%
PBS for 5 min each time.'” Following that, TUNEL detection solution (TdT enzyme: fluorescent marker solution=1:9)
was added dropwise to the sections and washed with 1% PBS three times for 5 min each time after incubation at 37°C for
1 h. Finally, the nucleus was counterstained with a mounting medium with DAPI (Abcam, UK, ab104139).

Immunohistochemistry (IHC) Staining

Following conventional dewaxing in water, paraffin sections were boiled in 2% sodium citrate (Beyotime, China, PO081)
for 20 min. 3% hydrogen peroxide solution was then added dropwise onto the sections and incubated at room
temperature for 20 min to quench endogenous catalase. It was then preceded by adding 10% goat serum (Maixin,
China, Kit-5020) dropwise and incubated for 20 min, followed by dropwise adding of antibody and incubation at 4°C for
12 h. The sections were washed with 1% PBS, followed by applying a secondary antibody, and allowed to act for 15 min.
After staining with DAB solution, the nuclei were stained with hematoxylin solution (Solarbio, China, G1080). The
antibodies and their concentrations used were as follows: anti-SOD2 (1:400, Abcam, UK, ab13533), OPA1 polyclonal
(1:200, Proteintech, China, 27733-1-AP), rabbit anti-4 hydroxynonenal polyclonal (1:200, Bioss, China, bs-6313R), and
p53 mouse monoclonal antibody (1:400, Beyotime, China, AF0255).

Immunofluorescence (IF) Staining

Following conventional dewaxing in water and antigen retrieval, 0.5% Triton®™ X-100 (bioFroxx, Germany, 1139ML100) was
applied to sections as permeating agent for 10 min. After that, 5% BSA solution was applied for 2 h to initiate blocking under
ambient conditions. Sections were then incubated with primary antibody at 4°C overnight. After PBS washing, the sections were
incubated again by applying a secondary antibody in the dark for 2 h under ambient conditions and sealed with mounting medium
with DAPI. The antibodies and their concentrations used were as follows: DMT1 (1:200, Abmart, China, Ps-3577s), anti-
glutathione peroxidase-4 (1:100, Abcam, ab125066), goat anti-rat IgG (H+L) cross-adsorbed secondary, Alexa Fluor™ 488
(1:500, Thermo Fisher, USA, A-11006), and goat anti-rabbit IgG H&L (Alexa Fluor™ 594) (1:500, Abcam, ab150080) antibody.

Prussian Blue Staining

Prussian blue staining was performed using a Perl’s staining kit (Rongbai, China, RS-40471). Briefly, after conventional
dewaxing in water, the sections were washed thrice with 1% PBS for 3 min each time. The sections were stained with
Perl’s solution (A: B=1:1) for 15 min and rinsed under running water for 5 min, followed by staining with eosin solution
for 3 min, rinsed with distilled water for 5 min, and sealed with neutral resin.

Western Blotting (WB)

The RIPA lysis and extraction buffer (Thermo Fisher, USA, 89900) containing 1% protease inhibitor was used to lyse
kidney tissues. Briefly, the kidneys were ground and centrifuged to collect supernatant for obtaining protein homogenate.
The BCA kit (Beyotime, China, P0011) was used to homogenize the protein concentration. Proteins were separated by
using 10% or 15% sodium lauryl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, biosharp, China, BL522A) and
transferred to the polyvinylidene fluoride (PVDF) membrane (Millipore, USA, ISEQ00010). After blocking with 5%
skimmed milk for 1.5 h. The PVDF membrane were then incubated with primary antibodies for 12 h at 4°C. After
washing in 1XTBST; secondary antibodies were added and incubated again for 1.5 h under ambient conditions. Finally,
enhanced chemiluminescence substrates (ECL) (Merck Millipore, Germany, WBKLS0500) and high-sensitivity chemi-
luminescence imagers (Bio-Rad, USA, Chemi Doc) were used for detection, and protein expression was semi-quantified
using Image J. The antibodies used were as follows: Anti-lipocalin-2/NGAL (1:1000, Abcam, ab125075), mouse TIM-1/
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KIM-1/HAVCR (1:5000, biotechne, USA, AF1817), F4/80 (1:1000, Santa, USA, sc-377009), anti-HMGB1 (1:1000,
Abcam, ab18256), IL-17 (1:1000, Santa, sc-374218), anti-SOD2/MnSOD (1:1000, Abcam, ab13533), anti-superoxide
dismutase 1 (1:1000, Abcam, ab13498), anti-catalase (1:1000, Abcam, ab52477), OPA1 polyclonal (1:1000, Proteintech,
China, 27733-1-AP), PGCla monoclonal (1:1000, Proteintech, 66369-1-Ig), SIRT3 polyclonal (1:1000, Proteintech,
10099-1-AP), transferrin receptor (CD71) (1:1000, Abmart, China, T56618), DMT1 (1:1000, Abmart, Ps-3577s), ferritin
light chain polyclonal (1:1000, Proteintech, 10727-1-AP), anti-ferritin heavy chain (1:1000, Abcam, ab183781),
SLC40A1 (1:500, Abmart, TD13561), Cox-2 (1:1000, Santa, sc-19999), anti-FACL4 (ACSL4) (1:1000, Abcam,
ab155282), anti-glutathione peroxidase-4 (1:1000, Abcam, ab125066), rabbit anti-4 hydroxynonenal polyclonal (1:500,
Bioss, USA, bs-6313R), p53 mouse monoclonal (1:1000, Beyotime, China, AF0255), GAPDH rabbit mAb (1:1000, CST,
USA, #2118), goat anti-rabbit IgG (1:2000, Abcam, ab6721), and goat anti-mouse IgG (1:2000, Abcam, ab6789)
antibody.

Statistical Analysis

The data in the study was represented by mean £ SEM and subjected to normality testing. When the data follows
a normal distribution, one-way ANOVA and Tukey’s post hoc test are used to compare the groups. Alternatively, for data
deviating from the normal distribution, Kruskal Wallis test and Dunn’s post test are used to compare the groups. Each
experiment conducted three independent replicates. GraphPad Prism 9.0 was used for statistical analysis and subsequent
graphic construction. When p<0.05, the difference is statistically significant.

Results

Analysis of Active Ingredients in SSF

The qualitative analysis was conducted on 8 active ingredients in SSF using HPLC-MS/MS (Figure 2, Table 2), and
subsequently, the concentrations and contents of 7 active ingredients in SSF were determined using HPLC (Figure 3,
Table 3). The results revealed that SSF contained isoflavones (Calycosin, Calycosin-7-O-glucoside, and Formononetin),
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Figure 2 The HPLC-MS/MS chromatogram of active ingredients in SSE. The HPLC-MS/MS chromatogram of active ingredients in SSF. (A) Calycosin 7-Oglucoside. (B)
Rosmarinic acid. (C) Salvianolic acid A. (D) Calycosin. (E) Astragaloside IV. (F) Formononetin. (G) Rhein. (H) Tanshinone IIA.
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Table 2 The Qualitative Analysis of Active Ingredients in SSF by HPLC-MS/MS

Active Ingredient Reaction lonization Precursor Product Collision
Time (min) Mode lon (m/z) lon (m/z) Energy (eV)
Calycosin 7-O-glucoside 6.37 ESI(+) 447.15 285.05 19
Rosmarinic acid 8.68 ESI(-) 359.15 161.15 17
Salvianolic acid A 10.59 ESI(-) 493.15 295.10 16
Calycosin 13.29 ESI(-) 283.15 268.15 18
Astragaloside IV 22.62 ESI(-) 829.40 119.20 37
Formononetin 23.90 ESI(-) 267.20 223.10 32
Rhein 28.17 ESI(-) 283.10 239.15 12
Tanshinone IIA 33.61 ESI(+) 295.05 249.10 23

natural phenolic acid compounds (Rosmarinic acid and Salvianolic acid A), saponin (Astragaloside 1V), anthraquinone
(Rhein), and Tanshinone (Tanshinone IIA) components. The content of Calycosin 7-O-glucoside is the highest in SSF,
followed by Rosmarinic acid. Astragaloside IV is the major evaluating component for the quality standard of Astragalus
membranaceus (Fisch.) Bge., Rhein is a major ingredient in Rheum officinale Baill. Tanshinone IIA is widely found in

Salvia miltiorrhiza Bge.

Molecular Docking

Molecular docking involves recognizing two or more molecules by matching their geometric or energy properties for
drug screening and action prediction. Astragaloside IV, Rhein, and Tanshinone IIA were selected as ligands for
preliminary assessing the SSF ability to inhibit ferroptosis, and GPX4, SLC7A11, and FTL as receptors. The binding
energy was used to evaluate the affinity between the ligand and the receptor, where <-5 kcal/mol indicated good affinity,
while <-7 kcal/mol binding energy demonstrated strong affinity. The molecular docking revealed that the above active
ingredients in SSF generally have strong affinities for the core targets of ferroptosis (Table 4). In addition, the optimal
binding sites and optimal conformations of ligands and receptors are shown in Figure 4.
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Figure 3 The HPLC chromatogram of active ingredients in SSF. The HPLC chromatogram of active ingredients in SSF. |. Calycosin 7-O-glucoside. 2. Rosmarinic acid. 3.
Salvianolic acid A. 4. Calycosin. 5. Formononetin. 6. Rhein. 7. Tanshinone lIA.
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Table 3 The Quantitative Analysis of Active Ingredients in SSF by HPLC

Number Active Ingredient Reaction Time Peak Concentration Content (%)
(min) area (mg/mL)
| Calycosin 7-O-glucoside 11.46 644.59 0.0179 0.0162
2 Rosmarinic acid 16.41 63.63 0.0032 0.0029
3 Salvianolic acid A 19.15 450.53 0.0152 0.0138
4 Calycosin 20.80 155.92 0.0024 0.0022
5 Formononetin 27.93 24.25 0.0005 0.0005
6 Rhein 31.46 117.00 0.0048 0.0043
7 Tanshinone IIA 44.15 5.08 0.0001 0.0001

Table 4 The Binding Energies of Active Ingredients in SSF and Core Targets of
Ferroptosis

MOL ID Active Ingredient Binding Energies(kcal/mol)

GPX4 FTL SLC7AIlI
MOL000408 Astragaloside |V —8.0 -82 —-10.1
MOL002268 Rhein —6.9 75 -9.7
MOLO007154 Tanshinone IIA -75 =75 —-10.3

SSF Protects Renal Function and Reduces Pathological Damage of Kidneys in Cis-AKI
Mice

The renal function in mice was assessed by measuring the levels of SCr and BUN. The results showed that SCr and BUN
levels in the cisplatin group were 5.96 and 5.56 folds higher than the control group. However, in the cisplatin+SSF group,
they were found to decrease by 1.49 and 2.64 folds compared to the cisplatin group, respectively (Figure SA and B).
Simultaneously, mice in the cisplatin+SSF group exhibited a significant reduction in the kidney/body weight ratio compared
to the cisplatin group (p<0.01, Figure 5C), implying that SSF mitigated the kidney swelling and boosted the body weight of
mice in cis-AKI. Furthermore, compared to the control group, the renal pathological changes of mice like cell deformation,
necrosis, swelling, brush border damage, and inflammatory cell infiltration were evident in the cisplatin group (»p<0.0001),
which were mitigated in the cisplatin+SSF group with reduced tubular injury score (p<0.0001, Figure 5D and E). Neutrophil
gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) are considered tubular injury markers and
rarely expressed in normal kidneys. Compared to the control group, the expressions of NGAL and KIM-1 was significantly
increased in the cisplatin group (p<0.0001), suggesting the occurrence of severe renal injury. However, it was clear that SSF
reduced the expressions of NGAL (p<0.001) and KIM-1(p<0.0001) in the kidneys of cis-AKI mice (Figure SF-H).

SSF Increases the Antioxidant Ability and Alleviates Mitochondrial Dysfunction in Cis-AKI
Mice

Elevated oxidative stress level is the primary element in triggering ferroptosis, whereby unsaturated fatty acids react with
oxygen free radicals following an increase in oxidative stress, known as lipid peroxidation. The risk of ferroptosis
increases by mitochondrial malfunction caused by cellular oxygen deprivation. The kidneys of mice in the cisplatin group
showed a significant decrease in the levels of superoxide dismutase 1 (SOD1, p<0.0001), superoxide dismutase 2 (SOD2,
p<0.0001), catalase (CAT, p<0.01), optic atrophy-1 (OPAl, p<0.01), sirtuin-3 (SIRT3, p<0.001), and peroxisome
proliferator-activated receptor-y coactivator (PGC)-la (p<0.0001), compared to the control group as shown in
Figure 6A-H. In contrast, SOD1 (p<0.01), SOD2 (p<0.01), CAT (p<0.05), OPA1 (»p<0.05), STRT3 (p<0.05), and
PGC-la (p<0.05) were significantly elevated in the cisplatin+SSF group, with an evident antioxidant potential confirmed
via SOD2 and OPA1 by IHC (control vs cisplatin, p<0.0001, cisplatin vs cisplatin+SSF, p<0.05, Figure 61-K).
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Figure 4 The optimal binding sites and conformations of active ingredients in SSF and core targets of ferroptosis.

SSF Reduces the Inflammatory Response in Cis-AKI Mice

The inflammatory response is a crucial pathological factor in AKI. F4/80 was used to label macrophages. As shown in
Figure 7, compared to the control group, the expressions levels of F4/80, high mobility group box 1 (HMGB1), and
interleukin (IL)-17 were significantly increased in the cisplatin group (p<0.001). However, F4/80 (p<0.01), IL-17
(»<0.05), and HMGB1(p<0.05) were found significantly decreased in the cisplatin+SSF group.

SSF Reduces Renal Tubular Cell Death in Cis-AKI Mice

Ferroptosis occurs with the activation of DNA endonuclease in cells, translating into DNA breakage, where TUNEL
staining could serve as an important marker of ferroptosis. TUNEL staining revealed minimal cell death in the
control group, compared to the cisplatin group, where a substantial amount of cell death was observed, primarily in
renal tubular cells (p<0.0001). However, after SSF intervention, the number of dead cells significantly decreased
(»<0.0001, Figure 8).

SSF Attenuates Abnormal Iron Metabolism in Cis-AKI Mice

The imbalance in iron homeostasis result in increased cellular Fe**, which oxidizes lipids through Fenton reaction,
thereby inducing ferroptosis. Prussian blue staining demonstrated SSF could decrease surplus iron accumulation of
kidneys in mice of cis-AKI (control vs cisplatin, p<0.0001, cisplatin vs cisplatin+SSF, p<0.01, Figure 9A and B). The
expression of DMT]1 (control vs cisplatin, p<0.001, cisplatin vs cisplatin+SSF, p<0.01) by IF confirmed that SSF played
the important role in the iron transport process (Figure 9C and D). Compared to the control group, the expressions of iron
transport-related proteins, including transferrin receptor-1 (TFRI, p<0.01), divalent metal transporter-1 (DMTI,
»<0.001), and ferroportin (FPN, p<0.01) were significantly decreased in the cisplatin group. Compared to the cisplatin
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Figure 5 SSF protects renal function and reduces pathological damage of kidneys in cis-AKI mice. SSF protects renal function and reduces pathological damage of kidneys in
cis-AKI mice. (A and B) Quantitative analysis of SCr and BUN (n=6 in each group). (C) The ratio of kidney weight to body weight when mice were sacrificed. (D)
Representative images of kidneys in mice by H&E and PAS staining. Magnification: 400x. (E) Tubular injury score by H&E staining, no injury=0; <25% injury=1; 25%~50%
injury=2; 50%~75 injury=3; 75%~100% injury=4. (F) The expressions of NGAL and KIM-I by WB (n=4 in each group). (G and H) The quantitative analysis of NGAL and
KIM-1 by WB. All data are shown as mean + SEM (one-way ANOVA). *#5<0.01, ***p<0.001, ****<0.0001.

group, the expressions of TFRI1 (p<0.05), DMT1 (p<0.01), and FPN (p<0.05) in the cisplatin+SSF were markedly
elevated. However, the expressions of ferritin, including ferritin heavy chain-1 (FTH1, p<0.01) and ferritin light (FTL,
p<0.001) were found to be significantly reduced in cis-AKI mice after pre-treatment with SSF (Figure 9E-J).
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Figure 6 SSF increases the antioxidant capacity and alleviates mitochondrial dysfunction in cis-AKI mice. SSF increases the antioxidant capacity and alleviates mitochondrial
dysfunction in cis-AKI mice. (A) The expressions of SODI, SOD2, and CAT by WB (n=4 in each group). (B) The expressions of OPAI, SIRT3, and PGCI-a by WB (n=4 in
each group). (C-H) The quantitative analysis of SODI, SOD2, CAT, OPAI, SIRT3, and PGCl-a by WB. (I) Representative images of SOD2 and OPAI by IHC. Magnification:
400x. (J and K) The quantitative analysis of SOD 2 and OPAI by IHC. All data are shown as mean + SEM (one-way ANOVA). *5<0.05, **p<0.01, **¥<0.001, ****p<0.0001.
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Figure 7 SSF reduces the inflammatory response in cis-AKI. SSF reduces the inflammatory response in cis-AKI. (A) The expressions of F4/80, IL-17, and HMGBI| by WB
(n=4 in each group). (B-D) The quantitative analysis of F4/80, IL-17, and HMGBI by WB. All data are shown as mean + SEM (one-way ANOVA). *p<0.05, **p<0.01,
ook

p<0.001.

SSF Inhibits Lipid Peroxidation in Cis-AKI Mice

The lipid peroxidation of cell membranes directly induces ferroptosis. Thus, it was also investigated whether SSF
intervention would alter the key enzyme responsible for lipid peroxidation and its end-product, ie, 4-hydroxynonenal
(4-HNE). The detection of 4-HNE (control vs cisplatin, p<0.0001, cisplatin vs cisplatin+SSF, p<0.001, Figure 10A and B)
by IHC and GPX4 (control vs cisplatin, p<0.01, cisplatin vs cisplatin+SSF, p<0.05, Figure 10C and D) by IF confirmed the
lipid peroxidation inhibition ability of SSF. Compared to the control group, the expressions of Cyclo-oxygenase-2 (Cox-2,
p<0.0001), fatty acid CoA ligase 4 (ACLS4, p<0.001), and 4-hydroxynonenal (4HNE, p<0.0001) were significantly
increased and Glutathione peroxidase 4 (GPX4, p<0.001) was reduced in the cisplatin group. Compared to the cisplatin
group, the expressions of Cox-2 (p<0.001) and ACLS4 (p<0.05) decreased in the cisplatin+SSF group while significantly
increasing the expression of GPX4 (p<0.01), with decreased 4-HNE production (p<0.001). No significant expression
changes were observed in ferroptosis suppressor protein-1 (FSP1, p>0.05) (Figure 10E-J), which inhibits lipid peroxidation
without dependence on GPX4.

SSF Affects the Expression of p53 and System Xc in Cis-AKI Mice

System Xc is a heterodimer composed of SLC7A11 and SLC3A2 that takes up cystine in a 1:1 ratio and excretes
glutamate, an important cellular antioxidant system. The p53 participates in ferroptosis as a transcriptional inhibitor of
SLC7AL11, inhibits cysteine uptake, and reduces GSH synthesis. Therefore, the expression of p53 was also examined in
the AKI. The results of IHC showed that p53 expression was almost undetectable in the control group, significantly
expressed in the cisplatin group (p<0.001), while significantly decreased in the cisplatin+SSF group (p<0.01 Figure 11A
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Figure 8 SSF reduces renal tubular cell death in cis-AKI mice. SSF reduces renal tubular cell death in cis-AKI. (A) Representative images of dead tubular cells by TUNEL
staining. Magnification: 400%. (B) Counting statistics of dead tubular cells in different groups. All data are shown as mean + SEM (one-way ANOVA). ¥**¥5<0.0001.

and B). This was also confirmed by WB detection of p53. Simultaneously, WB detection showed that SSF activated the
Xc  system, manifested by the upregulations of SLC7A11 (p<0.01) and SLC3A2 (p<0.0001, Figure 11C-F).

Discussion

The prevalence of AKI has escalated to a global public health concern, imposing a significant medical burden on
developing countries due to higher mortality rates and costly management,'® and has been regarded as an important risk
factor for chronic kidney disease.'” However, currently, no effective preventive measures are available, making it
imperative to explore novel renal protective agents.

Renal protection has always been highly valued in Traditional Chinese Medicine (TCM), offering the benefits of
treating diseases through multi-component compounds acting on multiple targets via multiple mechanisms.** Rosmarinic
acid, being identified as one of active ingredients in SSF, can inhibit NLRP3 inflammasomes and HMGB1-TLR4
/MyD88, thereby reducing cis-AKI.>' Similarly, Astragaloside IV has been found to exert preventive effects in
AKI.?2?? 1t is thus envisaged that SSF could alleviate AKI, which was further confirmed by molecular docking results
indicating that ferroptosis could be the key mechanism of SSF in mitigating AKI, thereby laying the foundation to
investigate the effect of SSF on AKI.

The experiments confirmed that SSF alleviated renal dysfunction and pathological manifestations in cis-AKI mice
and inhibited the expressions of NGAL and KIM-1. Previous findings have reported that Calycosin can lower the level of
SCr and tubular pathological damage in I/R-AKI and suppress the KIM-1 expression,”* which was consistent with the
role of SSF in cis-AKI in our study. Similarly, Formononetin was shown to prevent methotrexate-induced AKI in rats by
decreasing SCr and BUN levels.” Since Calycosin and Formononetin are known active ingredients of SSF, thus, it is
envisaged that SSF might also have a preventive effect on I/R and other drug-induced AKI.

The excessive accumulation of ROS results in oxidative stress, which proceeds to ferroptosis. ROS include highly
chemically active oxygen-containing substances such as superoxide anion (02-), hydrogen peroxide (H,0,), and
hydroxyl radical (OH-).?® Excessive accumulation of ROS in mitochondria is an important feature of ferroptosis,”’
where SOD and CAT are commonly regarded as the most effective antioxidants.*® The former facilitates the conversion
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Figure 9 SSF attenuates abnormal iron metabolism in cis-AKI mice. SSF attenuates abnormal iron metabolism in cis-AKI mice. (A and B) Representative images of iron
deposition by Prussian blue staining and its quantitative analysis. Magnification: 400%. (C and D) Representative images of DMT | expression by IF and its quantitative analysis.
Magnification: 400%. (E) The expressions of TFRI, DMTI, FTL, FTHI, and FPN by WB (n=4 in each group). (F-J) The quantitative analysis of TFRI, DMTI, FTL, FTHI, and
FPN by WB. All data are shown as mean + SEM (one-way ANOVA). *p<0.05, **p<0.01, ***p<0.001, ****p <0.0001.
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Figure 10 SSF inhibits lipid peroxidation in cis-AKI mice. SSF inhibits lipid peroxidation in cis-AKI mice. (A and B) Representative images of 4-HNE expression by IHC and
its quantitative analysis. Magnification: 400%. (C and D) Representative images of GPX4 expression by IF and its quantitative analysis. Magnification: 400%. (E) The
expressions of Cox-2, GPX4, FSPI, ACSL4, 4-HNE, and FSP| by WB (n=4 in each group). (F-J) The quantitative analysis of Cox-2, GPX4, ACSL4, 4-HNE, and FSP| by WB.
All data are shown as mean + SEM (one-way ANOVA). ns: represents no statistical significance, *p<0.05, **p<0.01, **¥p<0.001, ****p<0.0001.
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Figure 11 SSF affects the expression of p53 and the Xc- system. SSF affects the expression of p53 and the Xc~ system. (A and B) Representative images of p53 by IHC and
its quantitative analysis. Magnification: 400%. (C) The expressions of p53, SLC7Al I, and SLC3A2 by WB (n=4 in each group). (D-F) The quantitative analysis of p53,
SLC7Al1, and SLC3A2 by WB. All data are shown as mean * SEM (one-way ANOVA). ¥¥p<0.01, **¥p<0.001, ***¥5<0.0001.

of superoxide into oxygen and peroxide,”® while the latter initiates hydrogen peroxide breakdown into water and
molecular oxygen. Numerous studies have found that oxidative stress is an important pathway to alleviate sepsis induced
AKI.%'739 Tetrahydrocurcumin reduces oxidative stress by activating SOD and CAT, thereby preventing sepsis induced-
AKL>° The levels of SOD1, SOD2, and CAT were found to decrease in cis-AKI, where SSF intervention significantly
improved antioxidant activity, indicating a successful reduction in the excessive accumulation of ROS, thereby reducing
the occurrence of ferroptosis. Moreover, in AKI, an overabundance of ROS may cause mitochondrial dysfunction and
changes in its dynamic.>' SIRT3 is a mitochondrial NAD+-dependent deacetylase that maintains mitochondrial home-
ostasis, while PGC-1a is the critical regulator of mitochondrial biogenesis activated by ROS. Previous studies have
shown that the expression of SIRT3 in the kidney of AKI mice induced by cisplatin is significantly reduced.** OPAL1 is an
essential protein for mitochondrial intimal fusion, and it is also involved in maintaining mitochondrial crista structure and
protecting cells from death stimuli.®> Matrine can alleviates cis-AKI by inhibiting mitochondrial dysfunction via SIRT3/
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OPA1 pathway.** In cisplatin and I/R-induced AKI, excessive accumulation of ROS decreases the expression of OPA1
and PGC-10.>>® Consistent with previous research, SSF intervention may reverse mitochondrial dysfunction in cisplatin
induced AKI, which may be related to SIRT3/OPA1.

During ferroptosis, dead cells recruit macrophages and release HMGBI, and advanced glycation end-products
(AGER), which interact with HMGBI1 to release inflammatory factors such as IL-6, IL-1B, and TNF-a, inducing
a potent inflammatory reaction.’” Our results showed that SSF reduced the expression of the macrophage marker F4/
80, HMGBI and the cytokine IL-17 in AKI mice. Additionally, ferroptosis is also driven by M1 macrophage-released IL-
6, where M1 conversion is stimulated by the iron buildup in macrophages, which promotes lipid peroxidation and
triggers ferroptosis.”® Studies have shown that in AKI caused by ischemia/reperfusion, damaged tubular epithelial cells
secrete HMGBI1, which also triggers ferroptosis by stimulating ACSL4, further exacerbating inflammatory damage. Our
findings demonstrated that SSF intervention resulted in reduced expression of activated ACSL4.

Iron overload is a prerequisite for ferroptosis, where under stress, TFR1 on the cell membrane binds with iron,
thereby causing its endocytosis into the cell. Once inside the cell, Fe** is converted to Fe’*, where an excessive
accumulation of Fe*" promotes the production of ROS.>* Moreover, DMT1 mediates the binding of divalent gold to

1,*° while excess iron is exported into the blood by FPN to participate in iron recycling.*' A-

ferritin and stores it in the cel
Lipic acid can chelate excess iron in cells through FPN, mediating iron turnover in the renal tubules of AKI induced by
folic acid.*? SSF enhances the expression of FPN, playing a similar role. Iron metabolism disruption results in excessive
ROS production through Fenton reaction due to excess Fe*, ultimately resulting in ferroptosis.*> However, the down-
regulation of TFR1 and the up-regulation of DMT1 or FTH1 suggest that the ability of cells to uptake, transport, and
store iron is reduced, thus enhancing the sensitivity of ferroptosis. Our cis-AKI model yielded opposite results, and this

1.4 This is because when the cell iron accumulation is

anomaly also occurred in the 5/6 nephrectomy induced CKD mode
too high, the cell selectively inhibits iron absorption and increases iron storage to reduce the iron level. The intervention
of SSF reversed this phenomenon to some extent in cis-AKI.*’

Ferroptosis is characterized by lipid peroxidation, which results from the accumulation of ROS in lipids and the
disruption of the antioxidant system,*® translating into irreversible proteins, nucleic acids, and lipids damage.*’” GPX4
functions as a key controller of ferroptosis, eliminating lipid H,O, by relying on GSH to transform harmful lipid
hydroxides into harmless lipid alcohols, thereby acting as a protective mechanism against lipid peroxidation reactions.*®
ACSLA4 is a vital lipid biosynthetase that can increase peripheral insulin resistance and produce large amounts of lipid
peroxides, thereby promoting ferroptosis.*> ACSL4 as a key component of lipid metabolism reprogramming, can also
exacerbate renal fibrosis by activating endogenous ferroptosis mechanisms.>® Furthermore, 4-HNE can induce cell
membrane structural damage and is a significant second messenger in controlling ferroptosis.’’>* The inhibitory effect
of the FSP1 pathway on ferroptosis is parallel to that of the GPX4, acting as a NAPDH-dependent coenzyme
Q oxidoreductase, and the reduced coenzyme Q acts as a free radical scavenging antioxidant, thereby inhibiting lipid
peroxidation and ferroptosis.>>->*

The Xc¢ -GSH-GPX4 axis is an important cellular antioxidant defense system, maintaining equal levels of extra-
cellular cystine and intracellular glutamate. The cystine that enters the cell is converted to cysteine by GSH, promoting
GSH synthesis and preventing lipid peroxidation, thus inhibiting ferroptosis. The function and sensitivity of Xc to
ferroptosis are influenced by the level of SLC7A11 expression, a functional subunit of Xc-,>> which affects the activity of
Xc and sensitivity to ferroptosis.’® p53 plays a pivotal role in tumor suppression, but emerging evidence suggests that
the process of ferroptosis can be regulated by p53. Activated p53 can inhibit SLC7A11, and reduce the production of
cysteine, thereby reducing the expression of GPX4, leading to excessive accumulation of ROS and promoting the
ferroptosis onset.”’ At the same time, inhibition of p53 can reduce the expression of FTH1 and maintain iron home-
ostasis. Our findings are consistent with previous studies that SSF regulates the expressions of crucial lipid peroxidation
enzymes (Cox-2, GPX4, and ACSL4), and decreases 4-HNE. Bavachin induces deionization of osteosarcoma cells
through STAT3/p53/SLC7AL1l axis, pifithrin- a pretreatment (p53 inhibitor) saved the iron induced death of OS cells
induced by Bavacin.’® Consistent with previous research, the expressions of p53 and SLC7A11 were also up- and down-
regulated by SSF pre-intervention, cementing that SSF might have played a key role in resisting lipid peroxidation and
alleviating ferroptosis through the p53/SLC7A11/GPX4 pathway, independent of FSP1 axis.
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Figure 12 The mechanism of SSF attenuates AKI by inhibiting ferroptosis.

Conclusion

In conclusion, SSF exerts a protective effect in cis-AKI via its anti-inflammatory and antioxidant effects, reducing
mitochondrial dysfunction, and inhibiting ferroptosis, which might be related to the regulation of the p53/SLC7A11/
GPX4 pathway (Figure 12). However, our findings are preliminary since all active ingredients of SSF have not been fully

elucidated, and further investigation is warranted to explore other pathways involved in the inhibition of ferroptosis by SSF.
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