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Puerarin, an isoflavonoid rich in Radix Puerariae, has been reported to be a broadly effective regulator in various biological processes and clinic conditions. However, the role of puerarin in sepsis-induced mortality with multiple-organ injury remains unknown. Herein, we showed that puerarin potently attenuated organ injury and increased survival rate in both lipopolysaccharides (LPS) and cecal ligation and puncture (CLP) induced mouse sepsis models. It greatly suppressed systemic inflammation, determined by the serum levels of proinflammatory factors TNF-α, IL-6, IL-1β, IL-10, as well as monocyte chemotactic protein-1 (MCP-1) and C-reactive protein (CRP). Flow cytometry analysis indicated that puerarin settled overall inflammation mainly by normalizing expanded macrophages with limited effects on dendritic cells and CD4+T cells in the circulation of sepsis mice. In the liver, puerarin inhibited the transcription of inflammatory factor TNF-α, IL-6, and IL-1β and protected hepatocyte apoptosis in sepsis mouse models. In vitro, puerarin inhibited LPS-induced inflammation in LO2 hepatocytes, prevented TNF-α-mediated cell apoptosis and promoted an M2 phenotype revealed by M2 marker IL-10 and Arginase-1 (Arg-1) in LPS challenged Raw 264.7 macrophages, through the inhibition of TLR4/NF-κB/JNK pathway. In conclusion, puerarin reduced systemic inflammation and protected organ injury in sepsis mice, thus, it might provide a new modality for a better treatment of sepsis.
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Introduction

Sepsis is a life-threatening condition that arises when the systemic response to infection injures its own tissues and organs (Angus and van der Poll, 2013). It is a common complication after severe trauma and major surgery and is the leading cause of death in critically ill patients (Martin et al., 2003). Although the pathologic mechanism responsible for sepsis is still incomplete, it is believed that an altered host immune function that leads to a harmful cytokine storm and a compromised antibacterial immunity, resulting in the susceptibility to secondary infection, plays a key role in the pathogenesis of organ failure (Hotchkiss et al., 2013; Iskander et al., 2013).

The liver is the most commonly injured organs during sepsis. Its dysfunction is one of the key hallmarks of multiple-organ failure during the development of sepsis (Yan et al., 2014). An acute liver injury may occur at any stage of sepsis (Canabal and Kramer, 2008) and the patients of sepsis are usually predicted with abnormal liver function exacerbations (Ashare et al., 2006). Moreover, liver damage caused by sepsis may not only lead to liver failure but also aggravate the overall condition of the patients, directly affect its prognosis, and death (Kramer et al., 2007). Therefore, an early therapeutic application of liver protection may significantly improve the prognosis of sepsis. Currently, the clinical treatment of sepsis is still heavily relying on broad-spectrum antibiotics and nutritional support; however, the mortality rate has not been significantly reduced in the past 20 years (Shapiro et al., 2007; Wenzel and Edmond, 2015). In addition, overuse of antibiotics has caused serious public health concerns (Russell, 2006). Thus, there is a clinically urgent need for novel and effective approaches for sepsis.

Puerarin (PUE) has been observed to be useful in various conditions (Zhou et al., 2014), including fever, diarrhea, emesis, toxicosis, cardiac dysfunctions, and metabolic disorders (Zhang et al., 2013). It was suggested to possess multiple biological activities, including antioxidant, anti-carcinogenic functions (Wong et al., 2011), and inhibiting LPS-induced NF-κB signaling in macrophages (Hu et al., 2011). Despite a long history of its usage, there is no study of puerarin in sepsis.

In the present study, the therapeutic effect of PUE on animal mortality and organ injuries, particularly in the liver, were evaluated in both LPS- and CLP-induced mouse sepsis models. The purpose of using the two sepsis models was to determine whether LPS mimics gut bacteria-originated sepsis which is clinically more relevant and to better conclude puerarin's clinic potential. Importantly, LPS directly targets TLR4 signaling. In addition, the protective effect of puerarin on hepatocytes and its anti-inflammatory effect on macrophages were also investigated in vitro. The underling mechanisms of puerarin effect on cells were explored.



Materials and Methods


Reagents

LPS (Escherichia coli 055: B5) and puerarin were purchased from Sigma Chemical Co. (St. Louis, USA). rmTNF-α and enzyme-linked immunosorbent assay (ELISA) kits for cytokines were obtained from R&D (Minneapolis, USA). Enzyme activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), superoxide dismutase (SOD), and malondialdehyde (MDA) detection kits were from Beyotime Co. Ltd. (Shanghai, China). Antibodies used for Western blot were all purchased from Cell Signaling Technology (Danvers, USA).



Animal Procedure

Animal welfare and experimental design were carried out strictly in accordance with the Guide for the Care and Use of Laboratory Animals (Nanjing University, ethical approval number: IACUC-2003071), and the procedure was conducted strictly in accordance with the “Guidelines for Experimental Animals” of the Ministry of Science and Technology (2006, Beijing, China).

Specific pathogen-free (SPF) male C57BL/6J mice (6-week-old) were obtained from Model Animal Genetics Research Center of Nanjing University (Nanjing, China). All mice were housed in SPF condition with a 12:12 h light-dark cycle, free access to water and food.

For LPS-induced sepsis model, the mice were intraperitoneally injected (i.p.) with LPS (20 mg/kg), PBS as control. The animals were randomly divided into control group, LPS group, and LPS+PUE (160 mg/kg) group.

For CLP-induced model, the mice (CLP group) received fecal peritonitis according to a previously reported protocol (Rittirsch et al., 2009). Briefly, to induce a mid-grade sepsis, the cecum of the mouse was exposed and ligated at half the distance between distal pole and the base of the cecum, then, punctured through from mesenteric toward antimesenteric direction after ligation. The mice in control group received a sham operation, while the cecum was exposed without ligation and puncture. The CLP+PUE group mice received puerarin (160 mg/kg) intraperitoneally after CLP operation.

For survival study, the animals of all groups (n = 10) were monitored for 7 days. The specific number of mice used in each experiment was indicated in the figure legends. For initial blood drawing: n = 10, for tissue collection: n = 8 (Figure 1A).

The blood samples of the mice were collected from tail vein at time point of 0, 3, 6, 12, and 24 h after the injection of LPS, and 24 h after the CLP operation. The mice were sacrificed at 24 h for tissue collection or at day 7 for survival studies by cervical dislocation.



Cytokine and Liver Enzyme Detection

The serum concentrations of TNF-α, IL-6, IL-1β, and IL-10, as well as MCP-1 (Monocyte chemotactic protein 1) and C-reactive protein (CRP) were determined using ELISA kits according to the manufacturer's instructions. The plasma enzyme activities of ALT and AST were determined using ALT and AST detection kits according to the manufacturer's instructions.



Histology, Immunohistochemistry, and Immunofluorescence Analyses

The brain, liver, lung, and kidney tissues were obtained after the cervical dislocation of experimental mice, the tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The sections (~10 μm) of various organs were stained with hematoxylin & eosin (H&E) for conventional morphological evaluation under light microscope (Olympus, Tokyo, Japan). Briefly, the lung injury scores were according to a recently published criteria, considering neutrophils in the alveolar space (A) and in the interstitial space (B), hyaline membranes (C), proteinaceous debris filling the airspaces (D), and alveolar septal thickening (E). Score = [(20 × A) + (14 × B) + (7 × C) + (7 × D) + (2 × E)]/(number of fields × 100) (Matute-Bello et al., 2011). The kidney injuries were scored using a semiquantitative scale designed to evaluate the degree of necrosis, cell loss, and necrotic casts on a five-point scale based on extent of involvement as follows: 0, normal kidney; 0.5, 10%; 1, 10% to 25%; 2, 25% to 50%; 3, 50% to 75%; and 4, 75% to 100% (Ascon et al., 2009). Liver injury was defined as the amount of destruction of hepatic lobules, infiltration of inflammatory cells, hemorrhage, and hepatocyte necrosis, and estimated according to the following criteria: 1, 0% to 25% of damage; 2, 25% to 50% of damage; 3, 50% to 75% of damage; 4, 75% to 100% of damage (Baranova et al., 2016). All evaluations were quantified by two investigators blinded to the treatment.

For the immunohistochemistry analysis, the slides were blocked with goat serum and incubated with primary antibody (rabbit anti-F4/80) after antigen retrieval, overnight at 4°C. An Elite ABC kit and DAB substrate was used for the immunohistochemistry analysis. For the immunofluorescence analysis, 4% paraformaldehyde fixed brain tissues were embedded in paraffin, and sectioned into 7-μm slices. The slides were blocked with goat serum and incubated with primary anti-NeuN antibody (ABN78, USA) overnight at 4°C. Alexa Fluor 594 (Invitrogen, USA) was used as the secondary antibody. The brain immunofluorescence (IF) images were captured by a confocal microscopy (Olympus, Japan). The intensity and area of immunofluorescence staining was quantified by Fiji Software (Schindelin et al., 2012). The IF staining score was calculated by multiply average light intensity with area of immunofluorescence staining. The immunohistochemistry photos were color-separated by color deconvolution using the H-DAB method. The optical density and the area of DAB staining of color-separated picture were calculated by adjusted threshold in Fiji Software. The level of expression was acquired by multiplying optical density with area of DAB staining. The results were normalized to control to generate the relative expression of the staining.



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

The liver apoptosis was assayed using In Situ Cell Death Detection Kit from Roche (Indianapolis, USA) according to the manufacturer's instructions. The terminal transferase reactions finally produced a dark-brown precipitate. The sections were counterstained slightly with hematoxylin. The percentage of positive stating cells was calculated by “analyze particle” method using Fiji software.



Cell Culture

Human liver cell line LO2 and Murine macrophage cell line RAW 264.7 were purchased from Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin streptomycin (Gibco, USA) in humidified incubators (Thermo, USA) at 37℃ under 5% CO2. Cell models of liver injury (LO2 cells) and macrophage activation (RAW264.7 cells) in sepsis were established by seeding LO2 or RAW264.7 cells in 6-well plates, respectively. The cells were treated with LPS or LPS+PUE (the concentrations for LPS and puerarin in each experiment concerned see figure legend) for 24 h, and lysed for western blot analyses. For viability test, the cells were seeded at a density of 1 × 105 cells/mL in 96-well plates with four replications and starved for 24 h without serum before challenge, and the cell viability was analyzed by CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) kit (Promega, USA).



Protein Extraction and Western Blot

Tissue or cell total proteins were extracted using Radioimmunoprecipitation assay (RIPA) buffer containing 1% SDS and the protein concentrations were determined by a BCA kit (Thermo, USA). There was 50 μg of total lysates separated by a 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred onto a Polyvinylidene fluoride (PVDF) membrane, and blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline (TBS) for 90 min, and then incubated with appropriate primary antibodies over night at 4°C. After washing, the membrane was incubated secondary antibody for 90 min at room temperature, and visualized by using the ECL Plus western blotting detection reagents (Millipore, USA). The protein levels of Caspase-3, Cleaved caspase-3, TLR4, JNK, p-JNK, p65, p-p65, IκBα, TNFR1, Bas, Bcl-2, MyD88 were determined by Western blot assay. β-actin was used as an internal control.



Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Total RNAs were isolated from tissue samples and cells, using Trizol reagent and quantified. First-strand complementary DNA (cDNA) was synthesized using iScript cDNA Synthesis Kit (Vazyme, China). Quantitative PCR was performed with SYBR green PCR Master Mix (Vazyme, China) using viia 7 Real-Time PCR System (Applied Biosystems, CA). The primers were detailed in Table 1. The following cycle parameters were used: 55°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 30 s, 60°C for 30 s. The relative expression of the target genes against that of the reference gene β-actin was calculated by 2−ΔΔCT method. Samples were performed in triplicate and every experiment was performed at least three times. The transcription levels of IL-6, TNF-α, IL-1β, IL-10, iNOS, and Arg-1 were determined by qPCR assay.


Table 1 | Primers used for Real-Time Quantitative PCR Analysis.





Flow Cytometry

Single-cell suspensions of blood samples were washed with ice-cold PBS for three times and subsequently treated with FCM lysing solution for 15 min. Then, cells were washed with ice-cold PBS to remove the excess FCM lysing solution and stained with PE-anti-F4/80, FITC-anti-CD45, FITC-anti-CD3, APC-anti-CD11c, and PE-anti-CD4 antibodies from BD Bioscience (San Diego, USA) in the dark at RT for 15 min. The data were analyzed with FlowJo software (San Carlos, CA). The portion of mononuclear macrophage (CD45+, F4/80+), T helper cells (CD3+, CD4+) and dendritic cells (CD45+, CD11c+) were determined by flow cytometry.



Data Analysis

Normally distributed data was analyzed by Student's t-test (for comparisons of two groups) or analysis of variance (for multiple group comparisons). For values that were not normally distributed (as determined by the Kolmogrov–Smirnov test), the Mann–Whitney's rank sum test was used. All statistical tests were two-sided with P < 0.05 considered statistically significant. Data is expressed as the Mean ± SD (standard deviation) and presented with GraphPad Prism 5 software (LaJolla, CA).




Results


Puerarin Increased Overall Survival and Protected Multiple-Organ Injuries in Sepsis Mice

A 60% of death rate was initially observed with the peak of death in the first 24 h in both LPS- and a mid-grade CLP-induced sepsis mouse models (median survival time: 63 h in LPS, 29 h in CLP). The treatment of puerarin significantly promoted survival and statistically doubled the survival rate (from 40% to 80% or higher) in both sepsis mice models (Figure 1B). In LPS-induced sepsis mice, puerarin significantly ameliorated edema, inflammatory cell infiltration, and severe hemorrhage in the lung and kidney (Figure 1C). In the brain, it protected the cortical neurons from endotoxin and significantly increased the staining of neuronal nuclei marker NeuN (Figure 1C). Importantly, in the liver, puerarin greatly reversed LPS as well as CLP-induced destruction of hepatic architecture and congestion and reduced broadly distributed cell death (Figure 1D). In consistent, puerarin decreased the serum levels of ALT and aspartate transaminase (AST), indicating a reduced liver damage in both models (Figures 1E, F). Thus, puerarin increased overall survival and protected multiple-organ injuries in sepsis.




Figure 1 | Puerarin increased overall survival and protected multiple-organ failure in sepsis mice. (A) A sketch of the experiment was illustrated. Mice were treated with puerarin (160 mg/kg, intraperitoneal injection) 30 min after LPS exposure or CLP operation. The mice for tissue collection were sacrificed 24 h after the challenge. For survival analyze, a 7-day follow-up was performed (B) The KM survival curve were plotted to demonstrated survival condition of both LPS and CLP mice models (n = 10). (C) Upper panel: H&E staining of lungs and kidneys of sepsis mice, scale bar 100 μm. Immunofluorescence staining of neurons by NeuN antibody in the brains of sepsis mice, scale bar 50 μm. Lower panel: the quantification of the indicated scores of each staining (n = 6) (D) Top panel: H&E staining and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining of the liver sections in LPS sepsis mouse model. The apoptotic cells showed a dark-brown nucleus, scale bar 100 μm. Middle panel: H&E staining of the liver sections in CLP mouse model, scale bar 100 μm. Bottom panel: quantification of indicated scores of each staining in the upper panels (n = 6). (E) Enzyme activities of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were analyzed at indicated time points in LPS sepsis mouse model (n = 5). (F) Enzyme activities of serum ALT and AST were analyzed at 24 h after the CLP operation in CLP sepsis mouse model (n = 5). Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Puerarin Suppressed Systemic Inflammation and Normalized Expanded Macrophages in Sepsis Mice

We then examined the serum levels of inflammatory cytokine TNF-α, IL-6, IL-1β, and IL-10, and the clinical markers of acute systemic inflammation MCP-1 and CRP by ELISA in LPS-induced sepsis model. The inflammatory cytokines and factors tested were all significantly induced by LPS and inhibited by puerarin in sepsis mice (Figure 2A). Moreover, puerarin strongly increased the serum level of IL-10. Similar observations were made in CLP sepsis model (Figure 2B). Interestingly, neither LPS challenge nor puerarin treatment significantly altered the levels of two critical system oxidative stress markers, the key anti-oxidation enzyme SOD and the lipid peroxidation product MDA in sepsis mice, suggesting a systemic oxidative condition was not developed in sepsis (Figure 2C).




Figure 2 | Puerarin suppressed systemic inflammation in sepsis mouse models. Blood samples of sepsis mice were harvested at 0, 3, 6, 12, and 24 h after LPS exposure in LPS sepsis model or at 24 h in CLP sepsis model. (A) The serum levels of TNF-α, IL-6, IL-1β, and CPR at indicated time points in LPS model were determined by ELISA (n = 4). (B) Serum levels of TNF-α, IL-6, and IL10 at 24 h after CLP operation were tested by ELISA in CLP mouse model (n = 4). (C) The levels of activity of serum SOD and MDA were tested at indicated time points in LPS model (n = 5). Data were expressed as mean ± SD. ND, not detected. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Next, we analyzed the composition of immune cells in the circulation of sepsis mice. We found that the proportion of CD45+F4/80+ macrophages was greatly increased, whereas CD45+CD11c+ dendritic cells (DCs) and CD3+CD4+ T helper cells were dramatically decreased in LPS-induced sepsis mice when compared to those of controls. Noted of, while puerarin significantly restrained the expansion of macrophages, its effect on restoring DCs and CD4+ T cells in the peripheral blood in sepsis mice was rather limited (Figure 3A). Moreover, the large enrichment of macrophages in the liver of sepsis mice was also greatly suppressed by puerarin (Figure 3B). Thus, puerarin improved local and systemic inflammation in sepsis mice.




Figure 3 | Puerarin suppressed periphery macrophage expansion and liver recruitment in sepsis mouse models. (A) The flow cytometry plots and analyses of the percentages of F4/80+ mononuclear macrophages, CD11c+ DCs and CD3+CD4+T cells in single-cell suspensions from the peripheral blood of mice 24 h after LPS treatment. Lower right panel shown the statistical results of indicated gates (n = 3 to n = 7). (B) Immunohistochemistry staining of F4/80 of the liver indicating recruitment of macrophage in the liver. Scale bar 200 μm. Right panel, the statistical result of quantification of the staining (n = 6). Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P <0.001.





Protection of Hepatocytes by Puerarin Involving Suppression of TLR4 and TNF-α Signaling Pathway

We next studied the molecular nature of organ protection by puerarin in the liver. We found that puerarin strongly suppressed Caspase-3 cleavage (Figure 4A) in the liver of LPS induced sepsis mice, indicating a suppression of apoptosis. It inhibited LPS-induced TLR4 expression and the activation of its downstream NF-κB (p65) and JNK signaling. Furthermore, it downregulated the transcriptions of proinflammatory cytokine IL-6, TNF-α, and Il-1β and upregulated IL-10 transcription in the liver of sepsis mice (Figure 4B). Similar results were obtained in the CLP-induced sepsis mice (Figures 4C, D).




Figure 4 | Puerarin inhibited liver inflammation by suppression of TLR4 signaling. (A) Western blot analyses of indicated proteins of the livers of mice. (B) The mRNA levels of IL-6, TNF-α, IL-1β, and IL-10 in the livers of mice were tested by real-time quantitative PCR (n=4). (C) Western blot analyses of caspase-3 and cleaved-caspase-3 in the livers of CLP model. (D) The mRNA levels of IL-6, IL-10, and TNF-α in the livers were tested by real-time quantitative PCR in CLP model (n = 4). Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.



Since TLR4 is universally expressed in most, if not all, cells, we next accessed the direct anti-sepsis effect of puerarin on hepatocytes. In LO2 (a non-tumor human liver cell line) cells, puerarin showed no significant inhibition of cell growth at the concentrations of lower than 20 μM, proved its safety to hepatocytes under this level (Figure 5A). Thus, the concentration of 20 μM was chosen for the further studies. In consist with our in vivo findings, the activation of TLR4/NF-κB pathway in LO2 cells by LPS (100 ng/ml) was significantly suppressed by puerarin (Figure 5B), so did LPS stimulated IL-6 transcription. Noted of, the changes of cleaved Caspase3 and p-JNK according to different treatments, LPS vs. LPS+PUE, for example, were moderate in all time points (Figure 5B). Similarly, the changes of TNF-α and IL-1β expressions were limited (Figure 5C), suggesting LPS dominantly promoted hepatocyte inflammation, but not apoptosis. These results suggested that the massive apoptosis of hepatocytes in sepsis mice was not directly mediated by LPS, but triggered by an addition-sourced apoptotic effector, such as activated macrophages that secreted TNF-α. We tested this notion by assessing the protective effect of puerarin to TNF-α challenged hepatocytes. As shown in Figures 5D, E, puerarin rescued TNF-α induced hepatocyte apoptosis and reversed TNF-α induced high ratio of Bax/Bcl-2, cleaved Caspase3 and NF-κB/JNK pathway activation.




Figure 5 | Puerarin inhibited LPS-induced inflammation and TNF-α-induced apoptosis by suppressing NF-κB and JNK signaling in hepatocyte. (A) LO2 cells were treated with puerarin at indicated concentrations for 24 h. The cell viability was determined by MTS assay (n = 5). (B) LO2 cells received indicated treatment of puerarin (20 μM) and LPS (100 ng/ml) for 3, 6, 12, and 24 h. Western blot analyses of indicated proteins in LO2 cells at different time points. (C) The mRNA levels of IL-10, TNF-α, IL-1β, and IL-6 of LO2 cells treated with LPS and puerarin for indicated time were tested by real-time quantitative PCR (n = 4). (D) LO2 cells were treated with puerarin at the indicated concentrations for 24 h and then treated in culture medium containing TNF-α (100 ng/mL) for 24 h. Cell viability was determined by MTS assay (n = 5). (E) LO2 cells were treated with puerarin (20 μM) for 24 h and incubated with TNF-α (100 ng/mL) for 24 h, indicated proteins were detected by Western blotting. Data were expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.





Puerarin Promoted an M2 Phenotype in LPS Challenged Macrophages In Vitro

To access the direct effect of puerarin on macrophages, a commonly used macrophage cell line RAW264.7 was adopted. While puerarin showed no obvious effect on viability in these cells (Figure 6A), it inhibited LPS (100 ng/ml) induced release of proinflammatory cytokine IL-6 and TNF-α in a dose-dependent manner (Figure 6B). Importantly, puerarin decreased the mRNA levels of macrophage 1 (M1) marker iNOS and TNF-α, and increased M2 marker IL-10 and Arg-1 (Davis et al., 2013) in LPS challenged RAW264.7 cells (Figure 6C), suggesting a function of puerarin in polarizing macrophages from a pro-inflammation to an anti-inflammation phenotype. Similarly, as showed in the hepatocytes, puerarin suppressed the activation of TLR4/NF-κB/JNK signaling pathways in LPS treated macrophages by downregulating the phosphorylation levels of p65 and JNK. In consistent, the protein levels of TLR4 and its key mediator MyD88 were also downregulated (Figure 6D). In conclusion, puerarin exhibited a strong anti-sepsis effect by preventing cell death in organs and by promoting anti-inflammatory M2 differentiation in macrophages, likely via the suppression of TLR4/NF-κB/JNK pathways (Figure 6E).




Figure 6 | Puerarin promoted an M2 phenotype in LPS challenged macrophages in vitro. (A) RAW 264.7 cells were incubated with puerarin (20 μM) for 24 h. Cell viability was determined by MTS assay (n = 5). (B) The concentration of IL-6 and TNF-α in RAW 264.7 cell supernatant received LPS and puerarin treatment for 24 h were determined by ELISA (n = 4). (C). The mRNA levels of iNOS, TNF-α, IL-10, and Arg-1 in the RAW 264.7 cells treated with LPS (100 ng/ml) and puerarin (20 μM) for 24 h were detected by real-time quantitative PCR (n = 4). (D) Western blot analyses of TLR4/Myd88/JNK/NF-κB pathway in RAW 264.7 macrophage cells treated with LPS (100 ng/ml) and puerarin (20 μM) for 24 h. (E) Proposed mechanism of the cellular function of puerarin and the cross talk between hepatocytes and macrophages in sepsis was illustrated. In hepatocytes, LPS dominantly induced NF-κB with limited effect on JNK activation, causing a hepatocyte inflammation. The local inflammatory environment recruited macrophages in in vivo context. In macrophages, LPS strongly induced NF-κB and JNK activation, causing the production of large amount of inflammatory factors and M1 phenotype. Puerarin disrupted this effect by inhibiting NF-κB and JNK pathway in both hepatocytes and macrophages. Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

Sepsis represents a life-threatening condition involving multiple-organ dysfunctions that result from dysregulated inflammation and immune response against infection, lacking proper treatment (Rice and Bernard, 2005). In preclinical studies, both CLP (Rittirsch et al., 2009) and LPS were broadly used in sepsis researches (Buras et al., 2005). Here, we found no obvious differences in the disease characteristics between the two models at histopathological and molecular levels. And more importantly, we showed that puerarin remarkably increased survival, suppressed systemic inflammation and prevented multiple-organ injury in both models, confirming the major contribution of LPS in, at least, gut-bacteria-originated sepsis development. Thus, LPS model was chosen as the primary model in our further experiments.

During sepsis, liver is the most vulnerable organ among the various ones to be injured (Yan et al., 2014) and its injury is one of the most life-threatening pathological events as it plays a central role in detoxifying endotoxin and producing inflammatory factors (Strnad et al., 2017). Thus, the protection of liver function is critical in sepsis treatment. It was suggested that the protective effect of puerarin on the liver in metabolic diseases, e.g., in T2DM and chronic alcohol induced liver damage, was mainly owing to its strong anti-oxidative function (Yang et al., 2009; Zhao et al., 2016). However, unlike in the metabolic diseases, as well as in lead (Liu et al., 2012) or carbon tetrachloride (CCL4) (Li et al., 2013b) induced liver injury, LPS-induced acute and strong liver injury appeared no significant alternation of systemic oxidant condition in mice, judged by the detection of the system oxidative stress markers, SOD and MDA, in the serum in current study. Instead, we observed an effective and direct inhibition of inflammatory signaling in macrophages and hepatocytes and a reverse of sepsis phenotype. Thus, evidence supported the notion that puerarin possesses both anti-oxidative and anti-inflammatory functions. Exactly why and how puerarin exhibits such a dual function upon the contexts is not clear, presumably partially due to different experimental settings that target distinct cellular processes.

Mechanistically, puerarin has been suggested to exert an anti-inflammatory effect by suppressing TLR2/NF-κB/JNK signaling in staphylococcus aureus-induced mastitis involving TLR2 (Wu et al., 2016). It prevented LPS-induced acute lung injury (Wang et al., 2018) and mediated hepatoprotection against alcohol-induced liver injury involving the suppression of NF-κB (Li et al., 2013a). However, its protective effect on TNF-α/JNK-induced hepatocyte apoptosis and on liver injury in sepsis by inhibiting TLR4/NF-κB/JNK pathways was not fully addressed.

Importantly, we observed that the direct induction of cell death and activation of JNK signaling by LPS on hepatocytes were rather minor, raising the possibility that the severe in vivo liver cell death caused by LPS was triggered by additional factors such as TNF-α that is known to be produced mainly by macrophages which was much enriched in the livers in sepsis (Figure 3B). TNF-α is a highly pleiotropic cytokine, inducing various biological processes, including cell proliferation, metabolic activation, inflammatory responses, and apoptotic/necrotic cell death, depending on the context that the cells engaged (Liedtke and Trautwein, 2012). In sepsis, macrophages that exposed to living bacteria or LPS produced large amount of TNF-α, causing massive cell death, organ injury, and fatal shock syndromes that developed in sepsis (Pfeffer et al., 1993), apparently via the over activation of JNK signaling by TNF-α as mice that lack of JNK gene are protected from TNF-α-induced hepatotoxicity (Kodama et al., 2009).

Noted of, NF-κB activation itself induced by LPS at cellular level promotes gene expressions with potentially antiapoptotic functions, including the expressions of cellular inhibitors of apoptosis (cIAPs) and antiapoptotic Bcl2 family members (Karin and Lin, 2002). It also triggers a cellular inflammatory response by expressing mainly the proinflammatory signal IL-6 that itself is also pro-survival (Tominaga et al., 1997), while initiating an appropriate immune action in the liver (Luedde and Trautwein, 2006). It is the uncontrolled and prolonged JNK activation in the liver presumably upon a massive activation and invasion of LPS “hijacked” macrophages, which caused severe hepatocyte apoptosis (Das et al., 2009) by expressing high level of TNF-α.

Previously, it is believed that in sepsis, the immune homeostasis imbalance, mainly manifested as cytokine storm and lymphocyte apoptosis and malfunction (Hotchkiss and Karl, 2003) is crucial in sepsis-mediated host death (Rittirsch et al., 2008). Cytokine storm is an important pathological state in the early stage of sepsis causing capillary leak syndrome and multiple-organ failures (Tisoncik et al., 2012). Macrophages play a key role in regulating the balance between effective immune response and hyperactivation of inflammation (Odegaard and Chawla, 2011). In sepsis, endotoxin stimulates the synthesis and release of various pro-inflammatory cytokines and factors, including TNFα, IL-1β, IL-6, Fas ligand (FasL), granzymes, etc., mainly by mononuclear macrophages. These pro-inflammatory factors accelerate the apoptosis of lymphocytes, especially CD4+T cells, and dendritic cells, thereby aggravating sepsis immunosuppression (Hotchkiss et al., 2013). The underling mechanism is the over activation of NF-κB and JNK pathways (Himes et al., 2006; Hoesel and Schmid, 2013), which promotes macrophages' M1 transformation and systemic inflammation (Han et al., 2013). On this view, puerarin effectively reversed the macrophage M1 activation by LPS through the inhibition of TLR4/NF-κB/JNK pathways and promoted a M2 phenotype, which contributed to cease a cytokine storm. However, the function of puerarin in increasing the proportion of functional DCs and T helper cells was limited, suggesting that while to initiate an appropriate immune action may be important in preventing repeated infections, our evidence argue that the recovery of T-dependent immune responses was not necessary on life-saving in early stage of sepsis. Thus, an effective blockage of macrophage activation by suppressing its TLR4/NF-κB/JNK pathways at early phage of sepsis is crucial.

Together, puerarin protected against sepsis through two main cellular effects. It directly suppresses cellular inflammatory response in somatic cells, such as hepatocytes, in organs locally, and it targets macrophages to prevent an over activation of inflammation systemically, mainly through the inhibition of TLR4/NF-κB/JNK pathways. Importantly, this study suggested puerarin's therapeutic potential in sepsis.
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