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ARTICLE INFO ABSTRACT

Keywords: Septic acute kidney injury (AKI) is commonly associated with renal dysfunction and high mor-

Embflin ) - tality in patients. Owing to the rapid and violent occurrence of septic AKI with inflammation,

Septic acute kidney injury there are no effective therapies to clinically treat it. Embelin, a natural product, has a potential

Inflammation o . o .
regulatory role in immunocytes. However, the role and mechanism of embelin in septic AKI re-

Macrophage

mains unknown. This study aimed to elucidate the role of embelin in macrophage regulation in
lipopolysaccharide (LPS)-induced septic AKI. Embelin was intraperitoneally administered to mice
after LPS injection. And bone marrow-derived macrophages (BMDMs) were subsequently isolated
from the mice to explore the immunomodulatory role of embelin in macrophages. We found that
embelin attenuated renal dysfunction and pathological renal damage in the LPS-induced sepsis
mouse model. Molecular docking predicted that embelin could bind to phosphorylated NF-kB p65
at the ser536 site. Embelin inhibited the translocation of NF-kB p65 via phosphorylation at ser536
in LPS-induced AKI. It also reduced the secretion of IL-1p and IL-6 and increased the secretion of
IL-10 and Arg-1 of BMDMs and mice after LPS stimulation, indicating that embelin suppressed
macrophage M1 activation in LPS-induced AKI. Therefore, embelin attenuated LPS-induced septic

Phosphorylated NF-kB p65 translocation

Abbreviations: AKI, acute kidney injury; LPS, lipopolysaccharide; BMDMs, bone marrow-derived macrophages; BUN, blood urea nitrogen; Scr,
serum creatinine; DMEM, Dulbecco’s modified eagle’s medium; FBS, fetal bovine serum; HE, hematoxylin & eosin; ICU, intensive care unit; PAS,
periodic-acid Schiff; IHC, immunohistochemistry; mIF, multiplex immunofluorescent.
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AKI by suppressing NF-kB p65 at ser536 in activated macrophages. This study preclinically
suggests a therapeutic role of embelin in septic AKI.

1. Introduction

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection [1]. Acute kidney injury
(AKI) is a frequent complication of septic patients in intensive care units, and about 50% of all septic patients are likely to develop
sepsis-related AKI accompanied by a marked increase in mortality [2,3]. According to the Sepsis 3.0 guidelines, severe AKI patients are
often given multiple interventions, such as antibiotics, diuretics, fluid therapy, and avoiding the use of nephrotoxic drugs [1]. Owing to
the rapid and violent occurrence of septic AKI, which is associated with many complex inflammatory signals and cytokines, there are
no effective therapies or medications to clinically treat it [4]. Therefore, it is particularly urgent to find novel effective targets and
therapeutic molecules for septic AKI.

Natural products are one of the main sources of medications and important lead compounds for the treatment of major human
diseases. Some compounds derived from natural products have been preclinically reported to alleviate AKI by regulating renal dis-
orders [5,6]. Salidroside could protect rats against septic AKI by inhibiting inflammation and apoptosis [7], isoliquiritigenin attenuates
septic acute kidney injury by regulating ferritinophagy-mediated ferroptosis [8], and curcumin could protect against AKI by regulating
the release of immunomodulators and oxygen free radicals, and reducing apoptosis and mitochondrial dysfunction [9-11]. Although a
wide range of natural products show clinical treatment potential for septic AKI, most of them are still in the preclinical research stage
owing to problems with low solubility, low bioavailability, and inappropriate dosage. Therefore, it is urgent to find effective and
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Fig. 1. Embelin protects the kidney from LPS induced AKI. A) Embelin chemical formula. B) The levels of BUN and Scr in mice after LPS in-
jection in vivo (n = 6 per group). **p < 0.01 compared with the control group; **p < 0.01 compared with the LPS group. C) H&E and PAS staining of
renal tissues from C57BL/6 mice treated with or without LPS and/or embelin for 24 h. The images represent three independent experiments, and
data are presented as mean =+ standard deviation (SD). The scale bars shown are 20 pm or 100 pm.
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appropriate natural products for the treatment of septic AKI.

Embelin, a benzoquinone-derivative isolated from Embelia ribes, has potential antibacterial, antidiabetic, antioxidant, analgesic,
antifertility, and anti-cancer activity [12-15]. Embelin could block NF-kB signaling to suppress NF-kB regulated antiapoptotic and
metastatic gene products [16], and it possesses a potential immunocyte regulatory role in acute liver injury and allergic asthma [17,
18]. However, the role and mechanism of embelin in septic AKI remains unknown.

This study was performed to demonstrate the effect and action mechanism of embelin on septic AKI. Thus, a murine septic AKI
model and a bone marrow-derived macrophage (BMDM) cell model were established, both induced by lipopolysaccharides (LPS). To
assess the effect of embelin in septic AKI induced by LPS, we investigated the renal function, pathological changes in the kidney, serum
level of inflammatory cytokines, activation of macrophages, and immunomodulatory signaling. This study demonstrates the poten-
tially protective role of embelin against septic AKI in mice, via immunocyte regulation and immunomodulatory signal pathway.

2. Materials and methods
2.1. Compounds and reagents

Embelin was obtained from Selleck Company (S7025, Selleck Chemicals, Houston, TX, USA); its chemical formula is shown in
Fig. 1A. The NF-«B activator betulinic acid (BA, S3603) and dexamethasone phosphate disodium (DEX, S5956) were also purchased
from Selleck Company. Escherichia coli serotype 0111:B4 lipopolysaccharides were purchased from Sigma-Aldrich (L2630, Sigma,
USA). Isoliquiritigenin (ISL) was purchased from MedChemExpress (HY-N0102, Princeton, USA). The kit for nuclear and cytoplastic
extraction was purchased from Thermo Fisher Scientific (8833, Waltham, MA, USA).

2.2. Animal studies

All experiments involving mice were performed according to the Ethics Committee of the Sichuan Provincial People’s Hospital
(2020-215), and obtained approval after review by the Instructional Animal Care and Use Committee (IACUC). Male Balb/C mice, aged
4-6 weeks and weighing 14-16 g, were used for the isolation of BMDMs. Male wild-type C57BL/6 mice, aged 6-8 weeks and weighing
18-22 g were randomly allocated to the following eight groups (n = 6 per group): the control, LPS, 12.5 mg/kg embelin, 25 mg/kg
embelin, 12.5 mg/kg embelin plus LPS, 25 mg/kg embelin plus LPS, DEX plus LPS, and ISL plus LPS groups. All mice were obtained
from Dossy Experimental Animals Co. Ltd (Chengdu, China) and housed at the Animal Center of Scientific Study at Sichuan Provincial
People’s Hospital. All mice in this study drank and ate freely throughout the day and night cycles. Mice were intraperitoneally injected
with LPS at a dose of 10 mg/kg to induce septic AKI. Then, 12.5 or 25 mg/kg embelin was administered to the mice 1 h post LPS
injection. For the DEX plus LPS group, 5 mg/kg DEX was administered to the mice. For the ISL plus LPS group, the mice were treated
with 50 mg/kg ISL. Mice in the control group and LPS group received equal volumes (200 pL) of the vehicle containing 5% dimethyl
sulfoxide, 5% Tween 80, 40% PEG300, and 50% ddH»0O. Twenty-four hours after LPS injection, the mice were anesthetized and then
sacrificed to collect blood and renal tissue samples for further study.

2.3. Cell culture and pretreatment

The human renal tubular epithelial cell line HK2 was purchased from the Chinese Academy of Sciences (Wuhan, China) and
identified by Short Tandem Repeat (STR). The cells were cultured in Dulbecco’s modified eagle’s medium F12 (DMEM-F12, Gibco,
Waltham, MA, USA) containing 10% gibco fetal bovine serum, 100 mg/mL streptomycin, and 100 U/mL penicillin (Hyclone, Logan,
UT, USA) in a 5% CO, atmosphere at 37 °C. Cell passages of 7-14 were used in the experiments.

Balb/c mice were sacrificed after an intraperitoneal injection of 50 mg/kg pentobarbital. Then, the femur was isolated and cells
were extracted from the bone marrow. The isolated BMDMs were cultured in DMEM with 20% fetal bovine serum. For macrophage
differentiation, BMDMs were stimulated with GM-CSF (10 ng/mL, MEOPP-07021, Cyagen, Santa Clara, CA, USA) for 7 days [19].
Then, the BMDMs were collected for identification using flow cytometry. For the embelin treatment, the BMDMs cells were treated
with 1 or 5 pM of embelin for 24 h. Additionally, BMDMs were treated with 1 pg/mL LPS or 4 pM of the NF-«xB activator BA for 24 h.
The BMDMs were then collected using cell scrapers for further study.

2.4. ELISA assessment

We used enzyme-linked immunosorbent assay (ELISA) to detect the cytokine levels of serum or cell supernatants [20]. For murine
serum detection, mice were pretreated with 12.5 or 25 mg/kg embelin, followed by a 10 mg/kg LPS injection. BMDM supernatants
were generated by culturing 1 x 10 cells/well in 96 well plates with embelin, BA, and LPS treatment. Following the manufacturer’s
instructions, 50 pL of the samples and standards were added to the corresponding wells. Then, horseradish peroxidase (HRP)-con-
jugated antibody was added, and the samples were incubated for 60 min at 37 °C. After washing and allowing the chromogenic re-
action to occur, the absorbance at OD 450 was measured using a microplate reader (#680, Bio-Rad, USA). ELISA kits for IL-1f
(#7C37974), IL-6 (#ZC37988), Arg-1 (#ZC38342), and IL-10 (#ZC37962) were provided by the Zcibio Technology Company
(Shanghai, China).
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2.5. Cytotoxicity assay

HK2 cells were seeded in 96 well plates at a density of 1 x 10* cells/well. After incubation overnight, HK2 cells were incubated with
0, 1.25,2.5,5, 10, 20, 40, and 80 pM embelin for 24 h. Cytotoxicity in the HK2 cells was detected using cell counting kit-8 assay (CCK-
8, CK04, Dojindo, Japan). According to the manufacturer’s instructions, 10 pL of the CCK-8 reagent was added to each well, and 6 wells
were included in each concentration. The absorbance was measured at 450 nm wavelength using a microplate reader (#680, Bio-Rad)
after 3 h incubation. The concentration-dependent curve of embelin-treated HK2 cells was generated using the following formula: cell
viability = (A450 of test — A450 of blank)/(A450 of control — A450 of blank) x 100%. Then, the 50% inhibitory concentration (ICsp)
was calculated in GraphPad prism software (version 7) using the cell viability and the logarithm of the embelin concentration.

2.6. Histopathology and immunohistochemistry

After fixing with formalin and embedding in paraffin, murine renal tissues were cut into 2 pm sections. The murine renal tissue
sections were analyzed using hematoxylin and eosin (H&E) staining and periodic acid-Schiff (PAS) staining. Six randomly selected
fields of view were chosen to score necrosis according to the following criteria: “0” indicated normal renal tubules, “1” indicated <10%
necrotic renal tubules, “2” indicated 11-25% necrotic renal tubules, “3” indicated 26-75% necrotic renal tubules, and “4” indicated
>75% necrotic renal tubules [21,22]. The primary antibodies used for immunohistochemical staining were the CD68 (1:200, ab955,
Abcam, Cambridge, UK), CD206 (1:200, 87887, Cell Signaling Technology, Danvers, MA, USA), iNOS (1:100, ab115819, Abcam), and
CD163 (1:500, ab182422, Abcam) antibodies.

2.7. Multiplex immunofluorescence and confocal microscopy

After deparaffinization and rehydration, renal tissue sections underwent antigen retrieval, blocking and antibody incubation. The
primary antibodies included anti-KIM-1 (1:100, #NBP2-43761, Novus, USA), CD206 (1:200, #87887, Cell Signaling Technology), and
iNOS (1:100, ab115819, Abcam). After incubation with the three antibodies, the nuclei were stained with DAPI for 5 min at 25 °C. Each
section was observed using an Opal 4-color IHC kit (#NEL821001KT, Akoya Biosciences, MA, USA) containing Opal 520, Opal 570,
Opal 690, and spectral DAPI. The multiplex TSA immunostaining tissue sections were observed under a confocal microscope
(#LSM900, ZEISS microscopy, Germany) equipped with a digital camera.

2.8. Bioinformatics analysis

Target prediction was performed to identify the potential targets of the drug or disease. The compound SMILES were retrieved from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), and embelin targets were identified using Swiss Target Prediction
(http://www.swisstargetprediction.ch/). The AKI disease targets were obtained from the TTD and DisGeNET databases. The inter-
section of the two sets of targets was used to create a Venn diagram. The KOBAS database was employed to enrich the signal pathway.

2.9. Flow cytometry

The cells that were positive for CD68 expression could be recognized as macrophages [23,24]. To confirm that the BMDMs were
successfully isolated, we performed flow cytometry to detect CD68. BMDMs were collected, washed twice in cold stain buffer, then
stained with Viability Stain 510 (#564406, BD Biosciences, Franklin Lakes, NJ, USA) and APC anti-mouse CD68 antibody (#137007,
BioLegend, CA, USA) for 30 min. The cells were then washed with pre-cold stain buffer and resuspended in 1% paraformaldehyde for
flow cytometry analysis using a flow cytometer (#FACS Canto II, BD Biosciences). Next, the obtained data were analyzed using FlowJo
software (Tree Star, Ashland, OR, USA).

2.10. Western blotting

Murine BMDMs and kidney tissues were lysed using RIPA buffer (#P0013B, Beyotime, China) containing phenylmethanesulfonyl
fluoride (PMSF, #ST506-2, Beyotime). Proteins were separated using sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were transferred from the gel to 0.45 pm polyvinylidene fluoride (PVDF) membranes (#88518, Thermo Fisher
Scientific). The membranes were blocked with 5% albumin bovine (#A8020, Solarbio, China) at 37 °C for 60 min and then incubated
with the following primary antibodies at 4 °C overnight: phosphorylated NF-kB p65 (Ser536, 1:1000, #310013, Zen Bioscience,
China), NF-kB p65 (1:1000, #380172, Zen Bioscience), Toll-Like Receptor 4 (TLR4; 1:1000, #505258, Zen Bioscience), phosphory-
lated IxBa (1:10000, #ab133462, Abcam), IxkBa (1:1000, #380682, Zen Bioscience), and p-actin (1:5000, #380624, Zen Bioscience).
Next, they were incubated with HRP-conjugated secondary antibodies from goats against mice (1:5000, #511103, Zen Bioscience) or
rabbits (1:5000, #511203, Zen Bioscience). The enhanced chemiluminescence reagent (#1701102, Millipore, USA) was used to
perform the coloration reaction on the membranes. The chemiluminescence signal was observed using an imaging system (Fusion FX7,
Vilber Lourmat, France). The density of the bands was quantified using ImageJ software (64-bit Java 1.6.0). The total protein and
cytoplasmic protein levels were normalized to those of the beta-actin antibody (8F10) (1:10000, 700068, HRP-conjugated mouse, Zen
Bioscience), while the levels of nuclear proteins were normalized to those of PCNA (1:1000, #2009472E1, Zen Bioscience).
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Table 1

Weight and damage score in the animal model.
Group Weight (g) Damage score
Control 21.05 + 0.68 0.33 +£ 0.52
LPS 18.6 £ 0.18** 2.83 + 0.41**
LPS + embelin 12.5 19.5 + 0.37%# 1.00 + 0.63%#
LPS + embelin 25 19.28 + 0.42 0.83 + 0.75**
Embelin 12.5 20.35 + 0.15 0.33 £ 0.52
Embelin 25 20.58 + 0.29 0.17 £ 0.41

Six fields of view were randomly selected from PAS stained samples to score. Data are expressed as
means =+ standard deviation (SD). **p < 0.01 compared with the control group. *#p < 0.01 compared
with the LPS group.
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Fig. 2. Embelin, DEX, and ISL can alleviate LPS induced AKI in mice. A) The levels of BUN and Scr in LPS-treated mice (n = 6 per group). **p <
0.01 compared with the control group; *#p < 0.01 compared with the LPS group. B) H&E and PAS staining of renal tissues from mice treated with
LPS and/or embelin/DEX/ISL for 24 h. Images shown represent three independent experiments, and data are presented as mean =+ standard de-
viation (SD). The scale bars shown are 20 pm.

2.11. Molecular docking

The small molecule structure of embelin was downloaded from the Pubchem database and transformed into a pdb format. It was
then uploaded to the Autodocktool program to assign atomic types and add atomic charges, for molecular docking ligands. The 3D
model of the receptor protein was constructed using the I-tasser online server according to NF-kB (Q04206). Default values were
adopted for all parameters, and the model with the highest score was selected as the final protein model for molecular docking.
AutoDock Vina 1.1.2 software was used for molecular docking. The ligand was set to be flexible and the receptor rigid. The search
accuracy was set to 100 and default settings were used for the other parameters. The reasonable conformation was selected as the
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Fig. 3. Embelin inhibits the secretion of IL-1p and IL-6 and promotes the production of Arg-1 and IL-10 following LPS stimulation in mice.
Mouse serum was collected to detect the levels of pro-inflammatory (IL-1p and IL-6) and anti-inflammatory (Arg-1 and IL-10) cytokines using ELISA.
A) Detection of the serum levels of IL-1p and IL-6 in each group of mice. B) Assessment of the serum levels of Arg-1 and IL-10 in each group of mice.
**p < 0.01 compared with the control group; **p < 0.01 compared with the LPS group (n = 6 per group). Images shown represent three inde-
pendent experiments, and data are presented as mean + standard deviation (SD).

docking conformation for further analysis.

2.12. Statistical analysis

The data were checked for a normal distribution in GraphPad Prism version 7 and are expressed as mean + standard deviation.
Two-tailed and unpaired t-tests were performed to evaluate the differences between two groups. One-way analysis of variance was
used for multiple comparisons. P < 0.05 was considered statistically significant.

3. Results
3.1. Embelin ameliorates renal injury after LPS injection

To examine the effect of embelin on AKI pathogenesis, we measured the levels of blood urea nitrogen (BUN) and serum creatinine
(Scr), which are indicators of renal function. We determined that LPS injection could significantly increase the levels of BUN and Scr in
mice, whereas embelin decreased the levels of BUN and Scr in LPS-treated mice (Fig. 1B). We also found severe renal tubular epithelial
cell degeneration and swelling, and inflammatory cell infiltration in murine kidneys after LPS injection, and embelin substantially
alleviated such pathological damage in the kidney (Fig. 1C). PAS staining revealed a reduction in the damage scores after embelin
treatment in LPS-treated mice (Table 1). These findings indicate that embelin ameliorates renal injury in mice after LPS injection.

3.2. Embelin could alleviate acute renal injury after LPS injection equivalently to DEX and ISL

To identify the efficacy of embelin in septic AKI, we chose the clinical drug DEX and the new candidate natural drug ISL as positive
controls. We found that BUN and Scr were significantly increased in the LPS group, and embelin (12.5 and 25 mg/kg), DEX, and ISL
treatment could all reduce these levels in LPS-treated mice (Fig. 2A). Through routine renal histopathological detection using HE and
PAS staining, we observed significant injury of the renal tubular epithelial cells, including degradation, vacuole formation, and nuclei
disorganization, accompanied by tubular dilatation and the reduction or disappearance of the brush border in mice in the LPS group.
However, embelin, DEX, and ISL treatment could all significantly attenuate these typical renal tubular cell injuries in LPS-injection-
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Fig. 4. Embelin inhibits the activation of M1 macrophages in the LPS mouse model. A) M1 marker (iNOS) and M2 markers (CD163 and
CD206) were detected using IHC. B) KIM-1 (purple), CD206 (red), iNOS (green), and DAPI (blue) are illustrated through multiplex immunofluo-
rescence. All fields were captured using confocal microscope using a 60 x oil immersion lens. The images shown are representative of three in-
dependent experiments. The scale bars shown are 20 pm. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

induced septic AKI (Fig. 2B).

3.3. Embelin inhibits the levels of IL-1 and IL-6 and increases the secretion of Arg-1 and IL-10 in murine serum following LPS injection

To examine the effects of embelin on LPS-induced murine AKI, we measured the levels of inflammatory cytokines, such as IL-1p, IL-
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Fig. 5. Bioinformatics analysis. A) Venn diagram displaying overlapping genes associated with AKI and embelin. B) KEGG pathway enrichment
analysis of overlapping targets indicated that the NF-«kB signal pathway plays an important role in the embelin treatment of septic AKI.
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Fig. 6. Embelin does not inhibit HK2 cell viability in a dose-dependent manner in vitro. A) Cytotoxic effects of embelin on HK2 cells were
assessed using the CCK-8 cell viability assay. **p < 0.01 compared with the control group. B) ICso values of embelin against HK2 cells were ob-
tained. Images shown represent three independent experiments, and data are presented as the mean + standard deviation (SD).

6, Arg-1, and IL-10 in mice treated with embelin after LPS injection. We observed an increase in the secretion of IL-1p and IL-6 in
murine serum from the LPS group, whereas both the 12.5 and 25 mg/kg embelin treatments reduced the serum levels of IL-1f and IL-6
in LPS-treated mice (Fig. 3A). LPS reduced the secretion of serum Arg-1 and IL-10 in mice, whereas neither the 12.5 nor the 25 mg/kg
embelin treatment decreased the levels of Arg-1 and IL-10 in LPS-injected mice. On the contrary, the 25 mg/kg embelin treatment
significantly increased the Arg-1 levels in the serum of LPS-treated mice compared to that of LPS-treated mice that did not receive
embelin treatment (Fig. 3B).

3.4. Embelin inhibits M1 macrophage activation in LPS-induced AKI

Immunohistochemical staining of murine kidneys revealed that LPS increased the expression of CD68 and iNOS, whereas embelin
treatment decreased the expression of iNOS. LPS also reduced the expression of CD163 and CD206, whereas embelin treatment
recovered their expression in the renal tissues of LPS-treated mice (Fig. 4A). Immunofluorescence staining of CD206, KIM-1, and iNOS
in murine renal tissues demonstrated that the LPS injection increased the expression of KIM-1 and iNOS and reduced the expression of
CD206, whereas embelin treatment reduced the expression of KIM-1 and iNOS and increased the expression of CD206 in the renal
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Fig. 7. The identification of mature macrophages. Prepared BMDMs were detected using flow cytometry with Viability Stain 510 and CD68. The
images shown are representative of three independent experiments.

tissues of LPS-treated mice (Fig. 4B).

3.5. Bioinformatics analysis shows predicted targets and functional enrichment of embelin in AKI

To elucidate the therapeutic mechanisms of embelin in AKI, we performed bioinformatics analysis of embelin and AKI. After a
systematic search of public databases, we obtained a total of 288 predicted target genes for both embelin and AKI. Of these, 187 were
associated with AKI and 101 were associated with embelin, while 11 were associated with both AKI and embelin (Fig. 5A). We per-
formed a Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of the genes involved in both AKI and embelin. We
observed notable inflammatory pathways associated with both AKI and embelin, including the NF-xB, TNF, Jak-STAT, and Toll-like
receptor signaling pathways (Fig. 5B).

3.6. Embelin does not reduce the viability of HK2 cells

To assess the possible cytotoxic effects of embelin on renal tissues, we measured the viability of HK2 cells treated with embelin. A
clear decline in the viability of HK2 cells after treatment with 1.25 and 2.5 pM embelin was not observed. However, 5 and 10 uM
embelin decreased the viability of HK2 cells, and HK2 cell viability decreased significantly in the 20, 40, and 80 pM embelin treatments
(Fig. 6A). Analysis of the relative cell viability of HK2 cells revealed that the ICsg of embelin in HK2 cells was 9.863 pM (Fig. 6B).

3.7. Purity of mature macrophages

To identify the purity of mature BMDMs, we used CD68 for flow cytometry. The flow cytometry analysis results of Viability Stain
510 and CD68 revealed that 98.9% of the cells were viable and 94.1% of the cells were CD68-positive, indicating the successful
isolation of murine BMDMs (Fig. 7).
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Fig. 8. Embelin inhibits IL-1f and IL-6 cytokines induced by LPS in vitro. The BMDMs were treated with GM-CSF (10 ng/mL) for seven days and
then treated with or without varying concentrations of embelin in the presence or absence of BA and/or LPS for 24 h. The cell supernatant was
collected and analyzed for IL-1p, IL-6, Arg-1, and IL-10 using ELISA. A) Levels of pro-inflammatory cytokines (IL-1p and IL-6) in each group were
analyzed using ELISA. B) Levels of anti-inflammatory cytokines (Arg-1 and IL-10) in each group were analyzed using ELISA. **p < 0.01 compared
with the control group; *#p < 0.01 compared with the LPS group. Images shown are representative of three independent experiments, and data are
presented as the mean + standard deviation (SD).

3.8. Embelin inhibits the levels of IL-1 and IL-6 and increases the levels of Arg-1 and IL-10 in BMDMs

LPS increased the levels of IL-1p and IL-6, but reduced the levels of Arg-1 and IL-10 in the supernatants of murine BMDMs.
Conversely, embelin inhibited the secretion of IL-1f and IL-6, but increased the secretion of Arg-1 and IL-10 in the supernatants of both
LPS-treated and BA-treated murine BMDMs (Fig. 8A and B).

3.9. Embelin inhibits the expression of NF-kB signaling in vivo and in vitro

Western blotting of murine renal tissues showed that LPS significantly increased the expression of TLR4 and the phosphorylation of
IkBa and NF-kB p65, whereas both 12.5 and 25 mg/kg embelin reduced the expression of TLR4 and the phosphorylation of IxkBa and
NF-xB p65 in renal tissues of mice following LPS injection (Fig. 9A). Similarly, LPS stimulation increased the expression of TLR4 and
the phosphorylation of IkBa and NF-kB p65 in murine BMDMs, whereas 1 and 5 pM embelin inhibited the expression of TLR4 and the
phosphorylation of IkBa and NF-kB p65 in murine BMDMs following LPS stimulation (Fig. 9B).

3.10. Molecular docking shows that embelin can bind to phosphorylated NF-kB p65 at the ser536 site

Docking studies that predict interactions between compounds and their target proteins is also crucial in drug research [25]. To test
whether embelin could act on the ser536 site of phosphorylated NF-kB p65, we performed molecular docking simulation analysis. The
3D structure of embelin and phosphorylated NF-kB p65 are shown in Fig. 10 A and B. We found that embelin binds to a groove on the
surface of the receptor protein and the two have good shape complementarity, with an affinity of 15.1 kj/mol (Fig. 10C). The bonding
groove had specific hydrophilicity and hydrophobicity (Fig. 10D). Embelin can form a hydrophilic interaction with the ser536 residue
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Fig. 9. Embelin inhibits the NF-kB signaling pathway in septic AKI both in vivo and in vitro. A) Total protein was extracted from the kidney
tissues of mice injected with LPS and/or embelin at different concentrations and was analyzed using western blotting (WB). B) Total protein from
mature murine BMDMs treated with or without embelin was extracted for WB. All bands were quantitatively analyzed with ImageJ software and are
shown on the right. *p < 0.05 compared with the control group. Images shown are representative of three independent experiments, and data are
presented as the mean + standard deviation (SD).

(phosphorylation), and the hydroxyl group of the embelin ligand can also form a hydrogen bond with the phosphorylation group of
ser536 (Fig. 10E). In conclusion, embelin could act through the ser536 site of phosphorylated NF-kB p65.

3.11. Embelin inhibits the expression of phosphorylated NF-kB p65 at ser536 of the nucleus in vivo and in vitro

Western blot results showed that LPS significantly increased the phosphorylation of NF-xB p65 at ser536 in the nucleus of murine
renal tissues and BMDMs, whereas embelin significantly inhibited the phosphorylation of NF-«kB p65 at ser536 in the nucleus of both
murine renal tissues and BMDMs upon LPS stimulation. Similarly, embelin reduced NF-kB p65 levels in the cytoplasm of murine renal
tissues and BMDMs (Fig. 11A and B).

4. Discussion

In this study, we determined that embelin treatment following LPS injection ameliorated renal injury. To further identify the ef-
ficacy of embelin in septic AKI, we chose the clinical drug DEX and the new candidate natural drug ISL as positive controls; embelin
could suppress acute renal injury after LPS injection equivalently to DEX and ISL. These results indicate the protective role of embelin
against septic AKI in murine kidneys. However, the mechanism by which embelin exerts its inhibitory effects on LPS-induced murine
AKI remains unknown. As reported by previous studies, embelin has an immunomodulatory role against inflammation [26,27].
Macrophages play a pivotal role in infection, immune response to acute injury, and tissue repair during inflammation [28]. AKI is often
triggered by an acute inflammatory response, causing renal injury [29,30]. In septic AKI, renal tubular epithelial cells become
damaged and express KIM-1 [31]. Macrophages are also activated in septic AKI and may increase the expression of iNOS [32]. In
elucidating the effects of embelin on macrophages in LPS-induced AKI, we observed that embelin treatment increased the expression of
CD163 and CD206 in the kidney tissues of mice treated with LPS. Immunofluorescent staining of CD206, KIM-1, and iNOS in murine
renal tissues showed that embelin administration inhibited the expression of KIM-1 and iNOS in murine kidneys following LPS in-
jection. Moreover, embelin also increased the expression of CD206 in the kidneys of mice, suggesting its regulation of macrophage
activation.
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Embelin can form a hydrophilic interaction with the ser536 residue (phosphorylation) and can also form a hydrogen bond with the phosphorylated
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Macrophages can be classified based on their activation state. Classically activated pro-inflammatory M1 subtypes and repairing
M2 subtypes exist [33,34]. M1 macrophages induce classical activation via LPS stimulation [35,36]. IL-1p and IL-6 are secreted by
macrophages during M1 activation [37,38]. In our study, embelin treatment reduced the serum levels of IL-1f and IL-6 in LPS-treated
mice. Furthermore, embelin inhibited the secretion of IL-1f and IL-6 and increased the secretion of Arg-1 and IL-10 in LPS-treated
murine BMDMs. LPS increased the expression of IL-1p and IL-6 and reduced the secretion of Arg-1 and IL-10 in LPS-treated murine
BMDMs. These findings suggest that embelin suppressed LPS-induced M1 macrophage polarization in mice and BMDMs.

Embelin at concentrations ranging from 5 to 80 pM could inhibit the viability of HK2 cells. Analysis of the relative cell viability of

HK2 cells showed that the ICsq of embelin in HK2 cells was 9.863 pM. In cell-free testing, the ICso of embelin was reported to be 4.1 pM
[39]. Therefore, we used 1 and 5 pM embelin to treat murine BMDMs.
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Fig. 11. Embelin represses the expression of phosphorylated NF-kB p65 through the ser536 site in vivo and in vitro. After total protein
detected by WB, plasma proteins were used for the detection of p65. Additionally, nuclear proteins were isolated for further detection of p65 and
pp65, and PCNA was used as the loading control in the nuclear fraction. All bands were quantitatively analyzed using ImageJ software and are
shown on the right. A) The expression of phosphorylated NF-kB p65 at ser536 in the nucleus in vivo. B) The expression of phosphorylated NF-kB p65
at ser536 in the nucleus in vitro. Images shown are representative of three independent experiments, and data are presented as the mean + standard
deviation (SD).

To elucidate the therapeutic mechanisms of embelin on AKI, we performed bioinformatic analysis. We identified some inflam-
matory pathways associated with both AKI and embelin, including the NF-kB, TNF, Jak-STAT, and toll-like receptor signaling path-
ways. During sepsis, LPS could activate the TLR4 inflammatory signal pathway by directly binding to the pattern recognition receptors
of immune cells, thereby releasing inflammatory cytokines to damage the tissues and organs [40]. The NF-«B signaling pathway is key
to the immunomodulation of inflammation by TLR4 signaling [41-43]. Under inflammatory conditions, the expression of p-IxBa,
p-p65, and TLR4 significantly increases [44,45]. In our study, embelin suppressed the expression of TLR4 and the phosphorylation of
IkBa and NF-kB p65 in murine kidneys following LPS injection. Notably, LPS can promote the expression of TLR4, p-IkBa, and p-p65
when macrophages are activated [46-48]. We observed that embelin could inhibit the expression of TLR4 and the phosphorylation of
IkBa and NF-kB p65 in murine BMDMs following LPS stimulation. Embelin also inhibited the secretion of IL-1f and IL-6 and increased
the secretion of Arg-1 and IL-10 in both LPS- and NF-kB activator BA-treated murine BMDMs. The results showed that embelin
inhibited the expression of TLR4 and the phosphorylation of IkBa and NF-kB p65 both in vivo and in vitro.

When LPS induces macrophage activation, NF-xB signaling is activated, and phosphorylated NF-kB p65 can be translocated. NF-xB
p65 in the cytoplasm is phosphorylated and translocated to the nucleus, and the level of phosphorylated NF-kB p65 in the nucleus is
significantly increased [22]. We observed a reduction in NF-kB p65 levels in the cytoplasm of murine renal tissues and murine BMDMs
after embelin treatment and LPS stimulation. The results of molecular docking predicted that embelin could bind to phosphorylated
NF-kB p65 at the ser536 site. We also observed that embelin could significantly reduce the levels of total NF-kB p65 and NF-kB p65
phosphorylated at ser536 in the nuclei of murine renal tissues and murine BMDMs following LPS stimulation. These findings suggest
that embelin inhibits phosphorylation at the ser536 site and the translocation of NF-kB p65 from the cytosol to the nucleus.

Embelin also caused an increase in the secretion of Arg-1 and IL-10 in the supernatants of BMDMs following LPS stimulation, as well
as the expression of CD206 in the kidney of mice treated with LPS. These results indicate the potential role of embelin in M2
macrophage turnover, suggesting a limitation to the current study; we did not elucidate the effects and mechanisms of embelin in M2
macrophage polarization. Our future studies will focus on unveiling the potential role of embelin in M2 macrophages in septic AKI.

Another limitation of the current study is that several recent studies on the potential of natural products for treating septic AKI have
been performed. Although they show a wide range of clinical prospects for treating septic AKI, most of these natural products are still in
the preclinical research stage owing to problems with low solubility, low bioavailability, and inappropriate dosage. The current study
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Fig. 12. Schematic diagram summarizing the mechanism of action of embelin in LPS-induced AKI via the NF-kB signaling pathway.

only included the clinical drug DEX and the new candidate natural drug ISL as the positive controls to identify the suppressive role of
embelin in septic AKI via the immunomodulation of macrophages. Therefore, we aim to optimize the preparation of embelin to solve
the problems of low solubility, low bioavailability, and inappropriate dosage in septic AKI treatment.

In conclusion, we evaluated the immunomodulatory and anti-inflammatory effects of embelin on murine AKI caused by LPS and
demonstrated that embelin could attenuate LPS-induced AKI by impairing M1 macrophage activation and NF-kB signaling in mice
(Fig. 12). The study findings preclinically suggest a potential therapeutic role of embelin in septic AKI.
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