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Acute kidney injury (AKI) is a common critical illness that involves multiple systems and multiple organs with a rapid decline in kidney function over short period. It has a high mortality rate and presents a great treatment challenge for physicians. Oleuropein, the main active constituent of Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. displays significant anti-inflammatory activity, although oleuropein’s therapeutic effect and mechanism of action in AKI remain to be elucidated. The present study aimed to further clarify the mechanism by which oleuropein exerts effects on inflammation in vitro and in vivo. In vitro, the inflammatory effect and mechanism were investigated through ELISA, Western blotting, the thermal shift assay, co-immunoprecipitation, and immunofluorescence staining. Lipopolysaccharide (LPS) induced acute kidney injury was employed in an animal model to investigate oleuropein’s therapeutic effect on AKI and mechanism in vivo. The underlying mechanisms were investigated by Western blot analysis of kidney tissue. In LPS-stimulated macrophages, our data demonstrated that oleuropein significantly reduced the expression of inflammatory mediators like NO, IL-6, TNF-α, iNOS, and COX-2. Moreover, oleuropein inhibited NF-κB/p65 translocation, and had a negative regulatory effect on key proteins in the NF-κB and MAPK pathways. In addition, the thermal shift and co-immunoprecipitation assays revealed that oleuropein played an essential role in binding to the active sites of TLR4, as well as inhibiting TLR4 dimerization and suppressing the binding of TLR4 to MyD88. Oleuropein markedly alleviated LPS induced acute kidney injury, decreased serum creatinine and blood urea nitrogen (BUN) levels and proinflammatory cytokines. More importantly, the TLR4-MyD88-NF-κB/MAPK pathways were confirmed to play an important role in the oleuropein treatment of AKI. In this study, oleuropein exhibited excellent anti-inflammatory effects by regulating TLR4-MyD88-NF-κB/MAPK axis in vitro and in vivo, suggesting oleuropein as a candidate molecule for treating AKI.
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INTRODUCTION
Acute kidney injury (AKI) is a clinical syndrome caused by a variety of etiologies and pathological mechanisms (Ronco et al., 2019; Jentzer et al., 2020). It is an acute and critical kidney disease, with an characterized by the increasing incidence and high fatality rate (Uchino et al., 2010). Sepsis is a systemic inflammatory response syndrome that can lead to multiple organ dysfunction (Fleischmann et al., 2016), It is the most common cause of AKI(Bagshaw et al., 2008; Hoste et al., 2015). The incidence of AKI in patients with sepsis is 40–50% (Ma et al., 2019). The presence of sepsis in AKI patients increased mortality by 6–8 times, and the risk of poor long-term prognosis (Neyra et al., 2018).
During the onset of sepsis, circulating pathogens and associated molecules, such as lipopolysaccharide (LPS), can be recognized not only by immune system cells, but also by Toll-like receptors (TLRs), pattern recognition receptor on renal tubular epithelial cells. Among the 15 TLR members, TLR4 is the key signaling receptor of LPS (Kang et al., 2009; Balic et al., 2020). When activated by LPS, the TLR4 dimer interacts with the downstream adaptor protein MyD88 to induce MAPK and NF-κB signal transduction (Lu et al., 2017; Hu et al., 2020). TLR4 interacts with MyD88 and transmit signals to the cells, which promotes the activation of TAK1, leading to the phosphorylation of MAPK and the IKK complex, which causes the signal transduction of MAPK and the NF-κB pathway, and finally triggers the release of inflammatory cytokines, such as TNF-a, IL-1β, and IL-6. (Lu et al., 2017; Ahmad et al., 2019; Yuan et al., 2019).
Oleuropein (OP) is a compound isolated from Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. widely used in traditional Chinese medicine for its fever-reducing and detoxifying characteristics. Previous studies showed that OP had significant anti-viral, anti-oxidant and anti-inflammatory activity (Omar, 2010). However, evidence for OP’s therapeutic effect and its mechanism of action in AKI has not been shown. The present study aimed to further clarify the inflammation-regulating mechanisms of oleuropein on inflammation, especially in AKI.
EXPERIMENTAL SECTION
Materials
Oleuropein was isolated from Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. in our laboratory. Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. (100 kg) were soaked with methanol, extracted with ethyl acetate, eluted with dichloromethane-methanol (90:10), and OP was finally obtained by preparative chromatography. The purity was determined by high-performance liquid chromatography (HPLC) to be over 98%. Dulbecco's modified eagle medium (DMEM), fetal bovine serum (FBS) and 0.25% trypsin-EDTA solution were purchased from Gibco Laboratories (Grand Island, NY, United States). Lipopolysaccharides from Escherichia coli O111:B4 (L4391), DAF-FM (#251515) and Griess reagent (#G4410) were purchased from Sigma-Aldrich (St. Louis, MO, United States). The protein A/G magnetic bead kit (#88802), TurboFect transfection reagents (#R0531), and quantitative PCR (qPCR) kits were purchased from Thermo Fisher Scientific (Grand Island, NY, United States). Antibodies against p65 (#8242T), IKKα (#2682), IKKβ (#8943T), IκBα (#4814), phospho-p65 (#3033), phospho-IKKα/IKKβ(#2078), phospho-IκBα (#2859), JNK1/2 (#9252), phospho-JNK1/2 (#9255), ERK1/2 (#4695), phospho-ERK1/2 (#4370), p38 MAPK(9212), phospho-p38 (#4511), TAK1 (#4505), phospho-TAK1 (#9339), MyD88 (#4283) and GAPDH (#5174) were obtained from Cell Signaling Technologies (Beverly, MA, United States). Oligonucleotide primers for TNF-α, IL-6 and GAPDH and ELISA kits were obtained from Invitrogen (Grand Island, NY, United States). HA-TLR4, Flag-TLR4, pAP-1-luc and pRL-TK plasmids were purchased from Addgene (Beijing, China).
Cell Culture
J774A.1 macrophages were obtained from the BeNa Culture Collection (Jiangsu, China), and HEK293T cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM and 10% fetal bovine serum at 37°C in 5% CO2.
MTT Assay
J774A.1 (1 × 104 cells/well) were cultured in 96-well plates and treated with OP for 24 h. The MTT:3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was used to assess cytotoxicity as previously reported (Gao et al., 2015). Briefly, MTT solution (5 mg/ml) was added to each well and incubated for another 4 h at 37°C. The supernatant was removed and the left formazan crystals were dissolved in dimethylsulfoxide (DMSO) (100 μL/well). The absorbance was determined by a microplate reader at 570 nm.
Determination of Nitric Oxide
J774A.1 cells (5 × 105 cells/well) were cultured and allowed to adhere for 12 h. The cells were pretreated with OP (10, 20, and 40 μM) for 1 h, then treated with LPS (1 μg/ml) for 8 h and finally with DAF-FM (1 μM) for 1 h at 37°C. The fluorescence signal was detected by FACScan flow cytometry.
Enzyme-Linked Immunosorbent Assay
J774A.1 cells were pretreated with OP (10,20, and 40 μM) for 1 h, then co-treated with OP and LPS (1 μg/ml) for 18 h. The supernatant was collected and cytokine concentrations were measured using ELISA kits following the manufacturer’s instructions.
Immunofluorescence
The immunofluorescence assay was performed as previously described (Gao et al., 2016). Briefly, J774A.1 cells (2 × 105 cells/dish) were plated in confocal dishes and allowed to adhere for 12 h. The cells were pretreated with OP (40 μM) for 1 h and then co-stimulate the cells with LPS (1 μg/ml) for 2 h. Then, the cells were incubated with primary antibody anti-NF-κB/p65 (1:100) overnight at 4°C. Next, the secondary antibody goat antirabbit Alexa Fluor 568 (1:200) was added and incubated at room temperature for 2 h. Hoechst 33,342 (1 μM) was used to stain the nuclei. Images were taken using a confocal laser microscope (Leica, Wetzlar, Germany).
Western Blotting
The treated cells were collected and total protein was extracted. Cytoplasmic and nuclear proteins were extracted in accordance with the instructions of the kit manufacturer (Beyond time, Shanghai, China). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer was added to the total protein sample and the mixture was boiled at 97°C for 7 min to denature the proteins. Then perform SDS-PAGE was conducted and the proteins were transferred to polyvinylidene fluoride (PVDF) membranes. After blocking with 5% skimmed milk for 2 h, the membranes were treated with primary and secondary antibodies. The chemiluminescence intensity was visualized using a ChemiDoc™ MP Imaging System (Bio-Rad, Hercules,CA, United States).
Transient Transfection and Luciferase Assay
HEK293T cells (106 cells/dish) were plated in 10 cm dishes and allowed to adhere for 12 h. TLR4-HA (2 μg) and TLR4-Flag (2 μg) plasmids were co-transfected using TurboFect transfection reagents for 24 h. After treatment with OP (40 μM) for 2 h, the cells were co-treated with LPS (1 μg/ml) for 24 h before harvesting.
J774A.1 cells cultured in 96-well plates overnight were transiently transfected with pAP-1-luc plasmids and pRL-TK plasmid according to the manufacturer’s instructions. After 48 h of transfection, the cells were pretreated with OP (10, 20, and 40 μM) for 1 h and stimulated with LPS (1 μg/ml) for 24 h. The luciferase activity was determined using a Dual-Glo luciferase assay system kit according to the manufacturer’s instructions.
Co-Immunoprecipitation Assay
The antigen samples were combined with the specific antibody (anti-MyD88 or anti-HA) overnight at 4°C with mixing, and then protein A/G magnetic beads were added for 1 h. The immunoprecipitation products were eluted using SDS-PAGE reducing sample buffer.
Cellular Thermal Shift Assay
J774A.1 cells were treated with OP (40 μM) for 4 h. The total protein was collected and six equal amount heated at 44, 48, 52, 56, 60 or 64°C for 3 min and finally analyzed by Western blotting.
Quantitative Real-Time Polymerase Chain Reaction (qRT-Polymerase Chain Reaction) Assay
J774A.1 cells were pretreated with OP (10,20, and 40 μM) for 1 h and then with LPS (1 μg/ml) for 4 h. Total RNA was extracted and 1 μg of RNA sample was analyzed by qRT-PCR. SYBR green was incorporated into the PCR amplification reaction. The oligonucleotide primers used for TNF-α,IL-6 and GAPDH were:
TNF-α-F: TTC​TGT​CTA​CTG​AAC​TTC​GGG​GTG​ATC​GGT​CC,
TNF-α-R: GTA​TGA​GAT​AGC​AAA​TCG​GCT​GAC​GGT​GTG​GG,
IL-6-F: TCC​AGT​TGC​CTT​CTT​GGG​AC,
IL-6-R: GTG​TAA​TTA​AGC​CTC​CGA​CTT​G,
GAPDH-F: TGC​CTC​CTG​CAC​CAC​CAA​CT,
GAPDH-R: CCC​CGT​TCA​GCT​CAG​GGA​TGA.
Animal Experiments and Ethical Statement
The experiments using male BALB/c mice (18–22 g) were approved by the Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China). The mice were housed under specific pathogen-free (SPF) conditions. All animal care and experimental procedures were approved by the Guangxi University of Chinese Medicine Animal Policy and Welfare Committee.
The mice were randomly divided into six groups (12 mice per group): vehicle control, LPS-induced AKI group (2 mg kg−1, LPS injected intraperitoneally, i.p.), positive control dexamethasone treatment of the LPS-induced AKI group (5 mg kg−1, dexamethasone injected i.p.), OP treatment of the LPS-induced AKI group (10 mg kg−1, 20 mg kg−1 and 40 mg kg−1 of OP injected i.p.). LPS induction of the AKI model was performed as previously described (Plotnikov et al., 2018; Ni et al., 2020). The control mice were given sterile saline according to body weight. In the positive control group, the mice were given dexamethasone after AKI induction. The OP group mice were given OP immediately after AKI induction. The same concentration of OP was also given 12 h after AKI induction. The mice were euthanized by cervical dislocation after 24 h of LPS treatment. Then blood and kidney tissue samples were collected and used for cytokine detection. Part of the kidney tissue was used for histological analysis. The remaining kidney tissue was used for immunoblotting.
Kidney Index
The kidneys were obtained and weighed, and the kidney index of the mice was calculated as:
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Histology
The kidney tissue was fixed with 4% paraformaldehyde for 48 h, then washed overnight with running water, dehydrated with ethanol, embedded in paraffin and sliced. Hematoxylin and eosin were used to stain lung tissue.
Data Analysis
The experimental data are presented as the mean ± SD from at least three independent experiments. GraphPad 6.0 software was used for the statistical analyses. When comparing more than two sets of data, the experimental data were analyzed by the one-way analysis of variance (one-way ANOVA) followed by Dunnett’s multiple comparisons test. A p-value of < 0.05 indicated a significant difference.
RESULTS
Oleuropein Decreases Inflammation in Macrophages
In LPS-induced macrophage, the overproduction of inflammatory factors such as nitric oxide (NO), nitrite, IL-6, IL-1β, TNF-α, and the overexpression of inflammation-related proteins such as iNOS and COX-2 are important manifestations of inflammation (Singh et al., 2020; Zhang et al., 2020). Here, the effects of OP on LPS-stimulated J774A.1 cells were initially investigated. OP was no obviously toxic to J774A.1 cells at concentrations of 5–40 μΜ (Figure 1A), but significantly reduced NO production (Figures 1B,C). The Griess assay revealed similar results, that OP reduced the excessive increase of nitrite in LPS induced-J774A.1 cells (Figure 1D). In addition, OP significantly reduced the inflammatory factors TNF-a and IL-6 increased by LPS treatment (Figures 1E,F). At the same time, the qRT-PCR experiments obtained similar results at the gene expression level (Figure 1G). Furthermore, Figure 1F shows that OP significantly inhibited the expression of iNOS and COX-2 proteins induced by LPS. Taken together, these results indicated that OP had obvious anti-inflammatory activity.
[image: Figure 1]FIGURE 1 | OP relieves inflammation in LPS-induced J774A.1 cells. (A) J774A.1 cells were treated with OP for 24 h, and cell viability was determined by the MTT assay. (B) The cells were treated with DAFM-DA (1 μM) for 30 min and the NO level was evaluated by flow cytometry. (C) Fluorescence statistical analysis of NO. (D) Griess assay was used to measure the nitrite levels. (E,F) The expression of TNF-α and IL-6 were measured by ELISA. (G) The expression of TNF-α and IL-6 were measured by qRT-PCR. (H) iNOS and COX-2 levels were determined by Western blot assay. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS alone group.
Oleuropein Inhibits NF-κB/p65 Nuclear Translocation
NF-κB/p65 nuclear translocation plays a central role in the NF-κB signaling pathway (Kong et al., 2020). When p65 is transferred to the nucleus, a variety of proinflammatory factors, chemokines and inflammation-related enzymes are transcribed and expressed, leading to inflammation (Ni et al., 2020). Figure 2A shows that OP suppressed NF-κB/p65 activation in J774A.1 cells. Furthermore, changes in the cytoplasmic and nuclear NF-κB/p65 expression indicated that OP inhibited the LPS-induced translocation of NF-κB/p65 (Figure 2B), which was consistent with the results of the immunofluorescence experiment (Figure 2C). Overall, the results suggested that OP blocked NF-κB p65 nuclear translocation.
[image: Figure 2]FIGURE 2 | OP inhibits NF-κB nuclear translocation. J774A.1 cells were treated with LPS (1 μg ml−1) for 2 h, after pretreatement with OP for 1 h. (A)Western blotting was used to analyze NF-κB/p65 and p-p65 expression. (B) Cytoplasmic and nuclear proteins in the J774A.1cells were isolated and detected by immunoblot analysis. (C) The immunofluorescence assay was applied to detect p65 translocation (scale bar = 10 μm). **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Exerts Anti-inflammatory Effect on NF-κB and Mitogen-Activated Protein Kinase Pathway
To further explore the effect of OP on the NF-κB signal pathway, the expression of IκBα, IKKα and IKKβ protein was analyzed. Figure 3A shows that OP inhibited the degradation of IκBα protein induced by LPS. In addition, the increase in IκBα and IKKα/β phosphorylation induced by LPS could be reversed by OP treatment. The results also showed that OP could reduce the phosphorylation of JNK1/2, ERK1/2 and p38 MAPK induced by LPS, but had no effect on total JNK1/2, ERK1/2 and p38 MAPK protein (Figure 3B) The Dual-Glo luciferase assay was used to evaluate the effects of OP on LPS-induced AP-1 activation in J774A.1 cells. The results showed that OP significantly suppressed LPS-induced AP-1 activation (Figure 3C).
[image: Figure 3]FIGURE 3 | The NF-κB and MAPK pathways were involved in OP's anti-inflammatory effect. J774A.1 cells were treated with LPS (1 μg ml−1) for 4 h, after pretreatment with OP for 1 h. (A) NF-κB pathway related proteins IκBα, IKKα and IKKβ were detected by Western blotting. (B) MAPK pathway related proteins JNK1/2, ERK1/2 and p38 MAPK were detected by Western blotting. (C)J774A.1 cells were transiently transfected with AP-1-luc and TK-luc for 48 h. The cells were pretreated with OP(10, 20, 40 μM) before being stimulated with LPS for another 24 h. The luciferase activity was determined using the Dual-Glo luciferase assay. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Toll-Like Receptors 4-MyD88 Signaling was Involved in Oleuropein’s Anti-inflammatory Process
LPS promotes the dimerization of TLR4 and interacts with the downstream protein MyD88, triggering TAK-1 activation (Ahmad et al., 2019; Hu et al., 2020). Figures 4A,B shows that OP significantly suppressed LPS-induced TLR4 and MyD88 expression. Then a co-immunoprecipitation assay was used to detect the effects of OP on TLR4 dimerization and TLR4-MyD88 complex formation. The results showed that OP suppressed the formation of TLR4 dimers and prevented TLR4 from binding to the downstream adaptor protein MyD88 and forming a complex (Figures 4C,D). In addition, the activation of TAK-1 was alleviated by treatment with OP (Figure 4E). Finally, thermal shift experiments confirmed that OP worked in combination with TLR4 (Figure 4F).
[image: Figure 4]FIGURE 4 | OP suppressed TLR4 dimerization and the MyD88 pathway. J774A.1 cells were treated with LPS (1 μg ml−1) for 4 h, after pretreatment with OP for 1 h. (A) TLR4 and MyD88 were detected by Western blotting. (B) Statistical analysis of TLR4 and MyD88 results. (C) HEK293T cells were pretreated with OP (40 μM) for 1 h after transfection with TLR4-Flag and TLR4-HA plasmid for 24 h. Then, the cells were treated with LPS (1 μg ml−1) for another 24 h. The proteins were isolated and immunoprecipitated with an antibody against HA. (D) Proteins were isolated from J774A.1 cells and immunoprecipitated with an antibody against MyD88. (E) J774A.1 cells were treated with LPS (1 μg ml−1) for 4 h, after pretreatment with OP for 1 h. TAK1 and p-TAK1 were detected by Western blotting. (F) J774A.1 cells were treated with OP(40 μM) for 4 h, then the proteins were collected and equal amounts were heated at 44, 48, 52, 56, 60, or 64°C for 3 min. TLR4 was analyzed by Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Ameliorates Lipopolysaccharide-Induced Acute Kidney Injury in Mice
To confirm the therapeutic effects of OP on AKI, mice were treated with LPS by intraperitoneal injection, and the renal index, serum creatinine and blood urea nitrogen (BUN) were detected, and kidney tissue was stained with hematoxylin and eosin (HE). The results indicated that LPS increased the kidney index and the kidney was damaged and enlarged, which was significantly reversed by OP pretreatment (Figure 5A). After treatment with OP, the excessive increase in urine and creatinine levels induced by LPS were significantly alleviated (Figures 5B,C). Furthermore, the histological analysis indicated that LPS triggered the swelling and deformation of renal tubular epithelial cells, and destroyed the normal kidney tissue structure; OP treatment prevented LPS-induced acute kidney injury (Figure 5D).
[image: Figure 5]FIGURE 5 | OP ameliorates LPS-induced acute kidney injury. Mice were given OP immediately after LPS injection, and administered OP 12 h after AKI induction. (A–C) The kidney index, creatinine and blood urea nitrogen (BUN) were evaluated after LPS induction for 24 h. (D) Lung histopathology was assessed via HE staining 24 h after the LPS challenge (200×) Red arrows indicated the lesion or swelling or necrosis or inflammatory infiltration of the kidney tissues. **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Suppresses the Release of Pro-inflammatory Cytokines in Acute Kidney Injury Mice
Pro-inflammatory factors, such as TNF-α, IL-6 and IL-1β, play a key roles in the aggravation of AKI (Liang et al., 2017; Ye et al., 2017). In this study, measurements of TNF-α, IL-6 and IL-1β in the serum and kidney tissue of AKI mice were employed. OP significantly alleviated the excessive secretion of inflammatory factors TNF-α (Figure 6A), IL-6 (Figure 6C) and IL-1β (Figure 6E) in the serum in LPS-induced AKI mice. Similar results were found in the kidney tissue (Figures 6B,D,F).
[image: Figure 6]FIGURE 6 | OP inhibits the production of inflammatory factors in AKI mice. Mice were given OP immediately after LPS injection, and administered OP 12 h after AKI induction. TNF-α, IL-6, and IL-1β in serum (A,C,E) and kidney tissue (B,D,F) were measured using ELISA kits. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Ameliorates Acute Kidney Injury in Mice by Regulating the Toll-Like Receptors 4-MyD88-NF-κB/Mitogen-Activated Protein Kinase Pathway
For the NF-κB pathway, the core proteins IκBα, p65, IKKα and IKKβ were detected. Significantly, IκBα was activated in AKI mice and the phosphorylation of p65 and IKKα/β increased, which was decreased after OP treatment (Figure 7A). In the MAPK pathway, the results indicated that LPS increased the phosphorylation of JNK1/2, ERK1/2 and p38 MAPK in AKI mice, which was reversed by OP treatment (Figure 7B), suggesting that OP could effectively attenuate activation of the MAPK pathway. Meanwhile, OP pretreated-mice showed less TLR4 and MyD88 expression than those treated with LPS alone (Figures 7C,D). Taken together, our data demonstrated that OP prevented LPS-induced AKI by regulating the TLR4-MyD88-NF-κB/MAPK pathway.
[image: Figure 7]FIGURE 7 | OP protects mice from AKI by regulating the TLR4-MyD88-NF-κB/MAPK pathway. The mice were given OP immediately after LPS injection, and administered OP 12 h after AKI induction. Proteins from the kidneys of AKI mice were isolated 24 h after the LPS challenge. (A) NF-κB pathway related proteins p65, IκBα, IKKα and IKKβ were detected by Western blotting. (B) MAPK pathway related proteins JNK1/2, ERK1/2 and p38 MAPK were detected by Western blotting. (C) TLR4 and MyD88 were detected by Western blotting. (D) Statistical analysis of TLR4 and MyD88 results. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS alone group.
DISCUSSION
AKI is a widespread and difficult problem worldwide including developing countries (Susantitaphong et al., 2013; James et al., 2020). Although there have been many studies on AKI, there are still no specific treatments (Garcia‐Tsao et al., 2008; Ronco et al., 2019). Sepsis is the main cause of death in critically ill patients, with 35 million new cases of sepsis, and 5.3 million deaths every year (Fleischmann et al., 2016). The pathogenesis of sepsis is mainly related to the inflammatory response, immune dysfunction, and multiple organ failure, in which the kidney is an important target organ (Doi, 2016). Although continuous renal replacement therapy has been actively applied, the mortality rate of AKI patients from sepsis is as high as 70% (Peng et al., 2014). LPS is a type of endotoxin, which can elicit a strong immune response in animals and is widely applied as a pathogenic factor in sepsis research (Remick et al., 2000). Op’s anti-inflammatory activity in LPS-induced macrophages and therapeutic effect in LPS-induced sepsis in AKI was studied.
The overexpression of NO synthase, especially inducible nitric oxide synthase (iNOS), is an important manifestation of LPS-induced macrophages, which leads to the excessive production of NO and eventually inflammation (Yuan et al., 2020). COX-2 plays role similar to that of iNOS, accelerating the release of pro-inflammatory factors TNF-α and IL-6 and mediating the inflammatory response. Oleuropein, a compound classified as secoiridoid, was found in Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. and exhibited multiple bioactivities (Omar, 2010). Our results showed that OP could significantly reduce the overexpression of iNOS and COX-2 in J774A.1 cells induced by LPS and inhibit the production of NO, TNF-α and IL-6, thus exhibiting an anti-inflammatory effect.
To further illustrate how OP exerted an anti-inflammatory effect in LPS-induced macrophages, the classic NF-κB and MAPK inflammatory pathways were studied. The results from this study indicated that OP suppressed the transfer of NF-κB/p65 into the nucleus and regulated the key proteins of the NF-κB and MAPK pathway. TLR4 is the receptor for LPS (Tapping et al., 2000; Hajjar et al., 2002). When LPS binds to TLR4, a TLR4 dimer is formed and binds to MyD88 protein, thereby activating the downstream NF-κB and MAPK signaling pathways (Zhou et al., 2018; Gao et al., 2020). Then, the effects of OP on TLR4 dimerization and the related signaling pathways were studied. An immunoprecipitation assay was used to verify the relationship between OP and TLR4. The results indicated that OP inhibited TLR4 dimerization and suppressed the binding of TLR4 to MyD88 protein. In addition, the thermal shift assay revealed that OP could directly bind to TLR4 protein. Taken together, these results suggest that OP exerted anti-inflammatory effects by regulating TLR4 dimer.
Creatinine and urea nitrogen are indicators of renal function and important indicators for clinical diagnosis of AKI (Vaidya et al., 2008). In this study, OP suppressed the increase in creatinine and urea nitrogen in AKI mice. Combined with the results of HE staining, we infered that OP could significantly protect mice from kidney damage. AKI in sepsis is accompanied by systemic inflammation and the excessive production of pro-inflammatory cytokines including TNF-α, IL-6, and IL-1β (Verma and Molitoris, 2015; Al-Harbi et al., 2019). Our results indicated that OP decreased TNF-α, IL-6 and IL-1β in serum and kidney tissue. Taken together, these findings suggested OP as a potential target molecule for the treatment of AKI. The important question was, what are the molecular mechanisms by which OP exerts therapeutic effects in AKI? In the present study, the NF-κB and MAPK pathways were confirmed to be related to OP’s therapeutic effect in AKI mice, consistent with the results of the in vitro experiments. Additionally, TLR4 and MyD88 participated in OP’s therapeutic effect. In summary, OP prevented LPS-induced AKI by regulating the TLR4-MyD88-NF-κB/MAPK axis.
CONCLUSION
Overall, the above findings indicated that OP exerted anti-inflammatory effects via NF-κB/MAPK signaling by suppressing TLR4 dimerization. These OP effects may be involved in its ability to ameliorate LPS-associated AKI by regulating the TLR4-MyD88-NF-κB/MAPK axis (Figure 8). Taken together, these findings suggest that OP could be developed as a new molecule for treating AKI.
[image: Figure 8]FIGURE 8 | Working model for the OP-based therapeutic effect of AKI.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by Guangxi University of Chinese Medicine Animal Policy and Welfare Committee.
AUTHOR CONTRIBUTIONS
HG and YF designed the experiments; YC, SH, RY, JH, and YZ performed the experiments; YC composed the draft; MT, HG, SY, and JF revised the manuscript.
FUNDING
This study was supported by the National Key R & D Program of China (2019YFC1712302 and 2019YFC1712304 ) and the National Natural Science Foundation of China (81803807 and 81860684).
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.617314/full#supplementary-material.
ABBREVIATIONS
AKI, acute kidney injury; COX-2, cyclooxygenase-2; ERK, extracellular regulated protein kinases; LPS, lipopolysaccharide; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharides; MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary response gene 88; TAK1, transforming growth factor-beta (TGF-β)-activated kinase 1; TLR, toll-like receptor.
REFERENCES
 Ahmad, R., Akhter, N., Al-Roub, A., Kochumon, S., Wilson, A., Thomas, R., et al. (2019). MIP-1α induction by palmitate in the human monocytic cells implicates TLR4 signaling mechanism. Cell. Physiol. Biochem. 52 (2), 212–224. doi:10.33594/000000015
 Al-Harbi, N. O., Nadeem, A., Ahmad, S. F., Alanazi, M. M., Aldossari, A. A., and Alasmari, F. (2019). Amelioration of sepsis-induced acute kidney injury through inhibition of inflammatory cytokines and oxidative stress in dendritic cells and neutrophils respectively in mice: role of spleen tyrosine kinase signaling. Biochimie 158, 102–110. doi:10.1016/j.biochi.2018.12.014
 Bagshaw, S. M., George, C., and Bellomo, R. (2008). A comparison of the RIFLE and AKIN criteria for acute kidney injury in critically ill patients. Nephrol. Dial. Transpl. 23 (5), 1569–1574. doi:10.1093/ndt/gfn009
 Balic, J., Albargy, H., Luu, K., Kirby, F., Jayasekara, W., Mansell, F., et al. (2020). STAT3 serine phosphorylation is required for TLR4 metabolic reprogramming and IL-1β expression. Nat. Commun. 11 (1), 3816. doi:10.1038/s41467-020-17669-5
 Doi, K. (2016). Role of kidney injury in sepsis. J. Intensive Care 4 (1), 17. doi:10.1186/s40560-016-0146-3
 Fleischmann, C., Scherag, A., Adhikari, N., Hartog, C., Tsaganos, T., Schlattmann, P., et al. (2016). Assessment of global incidence and mortality of hospital-treated sepsis. Current estimates and limitations. Am. J. Respir. Crit. Care Med. 193 (3), 259–272. doi:10.1164/rccm.201504-0781OC
 Gao, H., Sun, W., Zhao, J., Wu, X., Lu, J. J., Chen, X., et al. (2016). Tanshinones and diethyl blechnics with anti-inflammatory and anti-cancer activities from Salvia miltiorrhiza Bunge (Danshen). Sci. Rep. 6, 33720. doi:10.1038/srep33720
 Gao, H., Kang, N., Hu, C., Zhang, Z., Xu, Q., Liu, Y., et al. (2020). Ginsenoside Rb1 exerts anti-inflammatory effects in vitro and in vivo by modulating toll-like receptor 4 dimerization and NF-kB/MAPKs signaling pathways. Phytomedicine 69, 153197. doi:10.1016/j.phymed.2020.153197
 Gao, H., Sun, W., Zhao, W., Hao, W., Leung, C.-H., Lu, J., et al. (2015). Total tanshinones-induced apoptosis and autophagy via reactive oxygen species in lung cancer 95D cells. Am. J. Chin. Med. 43 (06), 1265–1279. doi:10.1142/s0192415x1550072x
 Garcia‐Tsao, G., Parikh, C. R., and Viola, A. (2008). Acute kidney injury in cirrhosis. Hepatology 48 (6), 2064–2077. doi:10.1002/hep.22605
 Hajjar, A. M., Ernst, R. K., Tsai, J. H., Wilson, C. B., and Miller, S. I. (2002). Human Toll-like receptor 4 recognizes host-specific LPS modifications. Nat. Immunol. 3 (4), 354–359. doi:10.1038/ni777
 Hoste, E. A., Bagshaw, S. M., Bellomo, R., Cely, C. M., Colman, R., Cruz, D. N., et al. (2015). Epidemiology of acute kidney injury in critically ill patients: the multinational AKI-EPI study. Intensive Care Med. 41 (8), 1411–1423. doi:10.1007/s00134-015-3934-7
 Hu, J., Wang, H., Li, X., Liu, Y., Mi, Y., Kong, H., et al. (2020). Fibrinogen-like protein 2 aggravates nonalcoholic steatohepatitis via interaction with TLR4, eliciting inflammation in macrophages and inducing hepatic lipid metabolism disorder. Theranostics 10 (21), 9702–9720. doi:10.7150/thno.44297
 James, M., Bhatt, M., Pannu, N., and Tonelli, M. (2020). Long-term outcomes of acute kidney injury and strategies for improved care. Nat. Rev. Nephrol. 16 (4), 193–205. doi:10.1038/s41581-019-0247-z
 Jentzer, J., Bihorac, A., Brusca, S., Del Rio-Pertuz, G., Kashani, K., Kazory, A., et al. (2020). Contemporary management of severe acute kidney injury and refractory cardiorenal syndrome: JACC council perspectives. J. Am. Coll. Cardiol. 76 (9), 1084–1101. doi:10.1016/j.jacc.2020.06.070
 Kang, S., Lee, S., Kim, K., Kim, H., Mémet, S., and Koh, G. (2009). Toll-like receptor 4 in lymphatic endothelial cells contributes to LPS-induced lymphangiogenesis by chemotactic recruitment of macrophages. Blood 113 (11), 2605–2613. doi:10.1182/blood-2008-07-166934
 Kong, L., Ong, R., Tan, T., Mohamed Salleh, N., Thangavelu, M., Chan, J., et al. (2020). Targeting codon 158 p53-mutant cancers via the induction of p53 acetylation. Nat. Commun. 11 (1), 2086. doi:10.1038/s41467-020-15608-y
 Liang, H., Liu, H.-Z., Wang, H.-B., Zhong, J.-Y., Yang, C.-X., and Zhang, B. (2017). Dexmedetomidine protects against cisplatin-induced acute kidney injury in mice through regulating apoptosis and inflammation. Inflamm. Res. 66 (5), 399–411. doi:10.1007/s00011-017-1023-9
 Lu, M., Zhang, Q., Chen, K., Xu, W., Xiang, X., and Xia, S. (2017). The regulatory effect of oxymatrine on the TLR4/MyD88/NF-κB signaling pathway in lipopolysaccharide-induced MS1 cells. Phytomedicine 36, 153–159. doi:10.1016/j.phymed.2017.10.001
 Ma, S., Evans, R., Iguchi, N., Tare, M., Parkington, H., Bellomo, R., et al. (2019). Sepsis-induced acute kidney injury: a disease of the microcirculation. Microcirculation 26 (2), e12483. doi:10.1111/micc.12483
 Neyra, J., Mescia, F., Li, X., Adams-Huet, B., Yessayan, L., Yee, J., et al. (2018). Impact of acute kidney injury and CKD on adverse outcomes in critically ill septic patients. Kidney Int. Rep. 3 (6), 1344–1353. doi:10.1016/j.ekir.2018.07.016
 Ni, J., Zhao, Y., Su, J., Liu, Z., Fang, S., Li, L., et al. (2020). Toddalolactone protects lipopolysaccharide-induced sepsis and attenuates lipopolysaccharide-induced inflammatory response by modulating HMGB1-NF-κb translocation. Front. Pharmacol. 11, 109. doi:10.3389/fphar.2020.00109
 Omar, S. H. (2010). Oleuropein in olive and its pharmacological effects. Sci. Pharm. 78 (2), 133–154. doi:10.3797/scipharm.0912-18
 Peng, Q., Zhang, L., Ai, Y., and Zhang, L. (2014). Epidemiology of acute kidney injury in intensive care septic patients based on the KDIGO guidelines. Chin. Med. J. 127 (10), 1820–1826. doi:10.3760/cma.j.issn.0366-6999.20140387
 Plotnikov, E. Y., Brezgunova, A. A., Pevzner, I. B., Zorova, L. D., Manskikh, V. N., Popkov, V. A., et al. (2018). Mechanisms of LPS-induced acute kidney injury in neonatal and adult rats. Antioxidants 7 (8), 105. doi:10.3390/antiox7080105
 Remick, D. G., Newcomb, D. E., Bolgos, G. L., and Call, D. R. (2000). Comparison of the mortality and inflammatory response of two models of sepsis: lipopolysaccharide vs. cecal ligation and puncture. Shock 13 (2), 110–116. doi:10.1097/00024382-200013020-00004
 Ronco, C., Bellomo, R., and Kellum, J. (2019). Acute kidney injury. Lancet 394 (10212), 1949–1964. doi:10.1016/s0140-6736(19)32563-2
 Singh, R., Dubey, V., Wolfson, D., Ahmad, A., Butola, A., Acharya, G., et al. (2020). Quantitative assessment of morphology and sub-cellular changes in macrophages and trophoblasts during inflammation. Biomed. Opt. Express 11 (7), 3733–3752. doi:10.1364/BOE.389350
 Susantitaphong, P., Cruz, D. N., Cerda, J., Abulfaraj, M., Alqahtani, F., Koulouridis, I., et al. (2013). World incidence of AKI: a meta-analysis. Clin. J. Am. Soc. Nephrol. 8 (9), 1482–1493. doi:10.2215/CJN.00710113
 Tapping, R. I., Akashi, S., Miyake, K., Godowski, P. J., and Tobias, P. S. (2000). Toll-like receptor 4, but not toll-like receptor 2, is a signaling receptor for Escherichia and Salmonella lipopolysaccharides. J. Immunol. 165 (10), 5780–5787. doi:10.4049/jimmunol.165.10.5780
 Uchino, S., Bellomo, R., Bagshaw, S., and Goldsmith, D. (2010). Transient azotaemia is associated with a high risk of death in hospitalized patients. Nephrol. Dial. Transpl. 25 (6), 1833–1839. doi:10.1093/ndt/gfp624
 Vaidya, V. S., Ferguson, M. A., and Bonventre, J. V. (2008). Biomarkers of acute kidney injury. Annu. Rev. Pharmacol. Toxicol. 48, 463–493. doi:10.1146/annurev.pharmtox.48.113006.094615
 Verma, S. K., and Molitoris, B. A. (2015). Renal endothelial injury and microvascular dysfunction in acute kidney injury. Semin. Nephrol. 35, 96–107. doi:10.1016/j.semnephrol.2015.01.010
 Ye, H., Jin, J., Jin, L., Chen, Y., Zhou, Z., and Li, Z. (2017). Chlorogenic acid attenuates lipopolysaccharide-induced acute kidney injury by inhibiting TLR4/NF-κB signal pathway. Inflammation 40 (2), 523–529. doi:10.1007/s10753-016-0498-9
 Yuan, R., Huang, L., Du, L., Feng, J., Li, J., Luo, Y., et al. (2019). Dihydrotanshinone exhibits an anti-inflammatory effect in vitro and in vivo through blocking TLR4 dimerization. Pharmacol. Res. 142, 102–114. doi:10.1016/j.phrs.2019.02.017
 Yuan, J., Hou, K., Yao, Y., Du, Z., Lu, C., Yuan, Q., et al. (2020). Gold clusters attenuate inflammation in rat mesangial cells via inhibiting the activation of NF-κB pathway. Nanomaterials 10 (4), 712. doi:10.3390/nano10040712
 Zhang, X., Feng, T., Zhou, X., Sullivan, P., Hu, F., Lou, Y., et al. (2020). Inactivation of TMEM106A promotes lipopolysaccharide-induced inflammation via the MAPK and NF-κB signaling pathways in macrophages. Clin. Exp. Immunol. 203, 125. doi:10.1111/cei.13528
 Zhou, M., Xu, W., Wang, J., Yan, J., Shi, Y., Zhang, C., et al. (2018). Boosting mTOR-dependent autophagy via upstream TLR4-MyD88-MAPK signalling and downstream NF-κB pathway quenches intestinal inflammation and oxidative stress injury. EBioMedicine 35, 345–360. doi:10.1016/j.ebiom.2018.08.035
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Cui, Gao, Han, Yuan, He, Zhuo, Feng, Tang, Feng and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-617314-g005.gif
*t* esanoi
o 7o do OEKE

oo

Les o)
BEx(s mata)
Shmors)






OPS/images/fphar-12-617314-g006.gif
2 H
810 2
T T T T eyt MMEALE
e bae  SEm wnk
¢ L
H | el
H 1
s Eoac B
S EETI - PP
e "
]
P ow j
oo T
- 28
a0 oo
o Y
U o o o s O & R

X5 o) ) o) » B e





OPS/images/fphar-12-617314-g003.gif
I p-ERKVZ
= Spwaiz
- oo

ok | s £
e R

e

AT v
wo e
-
e .o ="

CAPOH [ e e | Gy [ e e | 07

S8y T sienn

SR - W

Peiing





OPS/images/fphar-12-617314-g004.gif
A

AT s
s B
o






OPS/images/math_qu1.gif
kidney index (/) = kidney weight (g)/body weight (g) x 100





OPS/images/fphar-12-617314-g007.gif
iz
i
3






OPS/images/fphar-12-617314-g008.gif
0 i Emmﬁﬁz@m
' S ‘3\

PN





OPS/xhtml/nav.xhtml
Contents

		Cover

		Oleuropein Attenuates Lipopolysaccharide-Induced Acute Kidney Injury In Vitro and In Vivo by Regulating Toll-Like Receptor 4 Dimerization		Introduction

		Experimental Section		Materials

		Cell Culture

		MTT Assay

		Determination of Nitric Oxide

		Enzyme-Linked Immunosorbent Assay

		Immunofluorescence

		Western Blotting

		Transient Transfection and Luciferase Assay

		Co-Immunoprecipitation Assay

		Cellular Thermal Shift Assay

		Quantitative Real-Time Polymerase Chain Reaction (qRT-Polymerase Chain Reaction) Assay

		Animal Experiments and Ethical Statement

		Kidney Index

		Histology

		Data Analysis





		Results		Oleuropein Decreases Inflammation in Macrophages

		Oleuropein Inhibits NF-κB/p65 Nuclear Translocation

		Oleuropein Exerts Anti-inflammatory Effect on NF-κB and Mitogen-Activated Protein Kinase Pathway

		Toll-Like Receptors 4-MyD88 Signaling was Involved in Oleuropein’s Anti-inflammatory Process

		Oleuropein Ameliorates Lipopolysaccharide-Induced Acute Kidney Injury in Mice

		Oleuropein Suppresses the Release of Pro-inflammatory Cytokines in Acute Kidney Injury Mice

		Oleuropein Ameliorates Acute Kidney Injury in Mice by Regulating the Toll-Like Receptors 4-MyD88-NF-κB/Mitogen-Activated Protein Kinase Pathway





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Supplementary Material

		Abbreviations:

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

Oleuropein Attenuates
Lipopolysaccharide-Induced
Acute Kidney Injury In Vitro and In
Vivo by Regulating Toll-Like
Receptor 4 Dimerization





OPS/images/fphar-12-617314-g001.gif
A B
P iy T
S z 3| i
e o %
ps o
. it TSR0 o on o
ol e B
H 2
o o
et © t S 4 s o T
g w0 oG

COX2 | - | 130
: wos "
s L BIRR P | o | 7





OPS/images/fphar-12-617314-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





