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KR-12-a5 Reverses Adverse Effects of Lipopolysaccharides on HBMSC Osteogenic Differentiation by Influencing BMP/Smad and P38 MAPK Signaling Pathways
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			KR-12-a5 is an analogue of the antimicrobial peptide KR-12. Both of these two agents can play key effects in the treatment of infections such as osteomyelitis. Our previous work demonstrated that the osteogenic differentiation of human bone marrow mesenchymal stem cells (HBMSCs) can be enhanced by KR-12. The present study investigated if KR-12-a5 could reverse the adverse effects of lipopolysaccharides (LPS) on HBMSC osteogenesis and the involved molecular mechanisms. We observed the proliferation, cell cycle, and apoptosis of HBMSCs in the presence of KR-12-a5 by a cell counting kit-8 assay and flow cytometry. The osteogenic differentiation of HBMSCs was studied by alkaline phosphatase, Alizarin Red staining, and quantitative assays. Osteogenic differentiation marker levels were detected using real-time quantitative PCR analysis, which demonstrated that KR-12-a5 treatment reversed the inhibition of osteogenesis. Western blot analysis indicated that LPS-activated P38 mitogen-activated protein kinase (MAPK) signaling was inhibited and BMP/Smad pathway was reactivated after KR-12-a5 treatment under induced osteogenic conditions. Furthermore, flow cytometry results demonstrated that KR-12-a5 relieved LPS-induced oxidative stress. Combining the LPS-treated mouse model results, we proved that KR-12-a5 reversed the adverse effects of LPS on HBMSC osteogenic differentiation by influencing the BMP/Smad and P38 MAPK signaling pathways.
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			Introduction

			Local or systemic complications can be caused by infectious diseases such as osteomyelitis. Gram-negative bacteria are common in inflammatory bone diseases such as chronic osteomyelitis and tend to be protracted and persistent (Lesse et al., 1987; Carvalho et al., 2012). Lipopolysaccharides (LPSs) are components of the gram-negative bacterial cell membrane and are considered to be important factors in chronic inflammatory processes. They are reported to induce osteolysis in vitro and in vivo (Orcel et al., 1993; Chiang et al., 1999; Itoh et al., 2003; Islam et al., 2007; Mormann et al., 2008). Furthermore, LPS also inhibits human bone marrow mesenchymal stem cell (HBMSC) and osteoblast osteogenic differentiation, which makes it difficult to recover bone loss (Kadono et al., 1999; Bandow et al., 2010; Xing et al., 2010). The LPS-induced local inflammatory environment leads to an increase in a series of inflammatory factors and local oxidative stress levels, which is not conducive to the formation of a localized osteogenic microenvironment (Guo et al., 2014, 2015; Wang et al., 2017). Systemic or topical administration of antibiotics is commonly used to clinically treat osteomyelitis and gram-negative bacterial infections (Spellberg and Lipsky, 2012; Bernard et al., 2015). However, antibiotics commonly used in the treatment of osteomyelitis have resulted in an increased emergence of bacterial resistance and are difficult to solve the osteolysis caused by LPS and other inflammatory factors (Le Clerc et al., 2014). Therefore, the discovery of good antibacterial agents with the ability to reverse inflammatory environments and promote new bone formation will play a key role in clinical treatment.

			The natural antibacterial peptide in the human body, cathelicidin, attracted great attention due to its effects to physically destroy bacterial membranes and cause dissolution, and was considered a promising alternative to traditional antibiotics (Boman, 1995; Zasloff, 2002). The C-terminal antimicrobial region of human cathelicidin (LL-37; LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) plays an important role in the response to local and systemic pathogen invasion (Frohm et al., 1997; Dorschner et al., 2001; Ramos et al., 2011). In monocyte-like or macrophage-like cell lines, the production of diverse pro-inflammatory cytokines including interleukin 1β (IL-1β), tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), and nitric oxide (NO) was apparently inhibited by LL-37 in response to LPS (Scott et al., 2000; Nagaoka et al., 2002). Previous studies showed that LL-37 suppressed 106 out of the 125 LPS-upregulated genes in human monocytes (Bucki et al., 2010). Moreover, it also promotes the chemokine activation of peripheral blood-derived monocytes by activating P38 (P38 kinase) and extracellular signal-regulated kinase 1/2 (ERK1/2) (Tjabringa et al., 2003; Bowdish et al., 2004). However, due to its long amino acid sequence, LL-37 is not suitable as a conventional treatment for infectious and inflammatory diseases. (Jacob et al., 2013). Compared with LL-37, AMPs with short sequence attract more attention because they have showed less toxic effects on eukaryotic cells and less interaction with human plasma proteins. What’s more, their production costs are lower (Ciornei et al., 2005). Two LL-37 derivatives (KR-20; KRIVQRIKDFLRNLVPRTES; residues 18–37 of LL-37 and KS-30; KSKEKIGKEFKRIVQRIKDFLRNLVPRTES; residues 8–37 of LL-37) exhibit increased antimicrobial activities when compared to native LL-37 (Murakami et al., 2004). As the shortest peptide that demonstrates antibacterial activity and retains the core amphipathic helical structure of LL-37, KR-12 (KRIVQRIKDFLR; residues 18–29 of LL-37) has the advantages of low synthesis cost and low cytotoxicity (Sigurdardottir et al., 2006; Wang, 2008; Mishra et al., 2013). Moreover, KR-12 does not lyse human red blood cells unlike LL-37, which produces a certain hemolytic effect (Jacob et al., 2013; Mishra et al., 2013). Our previous studies demonstrated KR-12 to promote HBMSC osteogenic differentiation while possessing good antibacterial properties (Li et al., 2018). As an analogue of KR-12, KR-12-a5 (KRIVKLILKWLR) has been reported to exhibit better antibacterial properties against clinically resistant bacteria while maintaining good biocompatibility. It also reduces inflammation and inhibits the secretion of inflammatory factors (Kim et al., 2017). Therefore, KR-12-a5 is expected to become a good mode of treatment for gram-negative bacteria-induced osteomyelitis and LPS-induced osteolysis.

			HBMSCs play an important role in the renewal of osseous tissue and are the prime source of osteoprogenitor cells. The bone-forming osteoblasts can be differentiated from HBMSCs (Bielby et al., 2004; Karner et al., 2009). After the local pathogens are cleared, HBMSCs are activated to differentiate into osteoblasts to repair local osteolysis. If HBMSCs are inhibited by the inflammatory environment, local bone defects will be difficult to repair and pathological fractures may occur (Wagner and Hansch, 2015). In the osteoblast-differentiating process, HBMSCs are regulated by a variety of signaling molecules and pathways that allow them to exhibit various differentiation behaviors in different microenvironments. As a member of the transforming growth factor (TGF-β) superfamily, bone morphogenetic proteins (BMPs) are potent factors of osteoblastic differentiation in osseous formation (Mukherjee et al., 2010; Rider and Mulloy, 2010). After the binding of BMP and transmembrane receptors, intracellular Smad proteins are the major members of signal transduction. Activated Smad 1/5/9 is further binging with Smad 4, transporting to the nucleus and activating transcription of osteogenic related genes (Yamazaki et al., 2009). Several mitogen-activated protein kinases (MAPKs), such as P38 and ERK1/2, have also been reported to possess the function of regulating the differentiation of HBMSCs (Zhang and Liu, 2002; Salasznyk et al., 2004). Furthermore, ERK1/2 and P38 MAPK signaling also activate the transcriptional activity of Runt-related transcription factor 2 (Runx2) (Xiao et al., 2002; Franceschi and Xiao, 2003). As signaling molecules that are activated under inflammatory conditions, MAPKs are often activated by pro-inflammatory substances such as LPS (Yeom et al., 2015). When localized osteogenic microenvironments are affected by inflammatory reactions, MAPKs, Akt/mTOR/4EBP1, P53, and NF-κB signal transductions are also involved in the inflammation-induced inhibition of osteogenic differentiation (Martindale and Holbrook, 2002; Zeng et al., 2014).

			Since KR-12 and several other antibacterial peptides have the ability to promote stem cell differentiation (Krasnodembskaya et al., 2010; Alcayaga-Miranda et al., 2017; Milhan et al., 2017; Li et al., 2018), KR-12-a5 may also have the potential to promote HBMSC osteogenic differentiation. Associated with the excellent anti-inflammatory properties of this small peptide, KR-12-a5-mediated regulation of osteogenesis can be expected under inflammatory conditions. In this study, KR-12-a5 was synthesized and its effect on osteogenic differentiation in LPS-induced HBMSCs was investigated in vitro and in vivo. Given the importance of BMP/Smad and MAPK signaling in osteogenic differentiation and inflammation processes, the molecular mechanisms involved in KR-12-a5 treatment were also explored.

			Materials and Methods

			Cell Culture and Identification

			All experiments were performed in accordance with the guidelines and approved by the ethics committee at Renji Hospital, Shanghai Jiaotong University School of Medicine. The registration number of the ethics committee is SHNHEA[2015]75. Informed consents were obtained from human participants. HBMSCs were isolated and expanded as previously described (Tang et al., 2002). Six-milliliter bone marrow aspirates were harvested in heparin (about 200 U/ml total) from the iliac crest of a healthy adult donor. Then the bone marrow was diluted in α-MEM (Hyclone, Logan City, Utah, USA) containing 10% (v/v) FBS (Gibco, Carlsbad, CA, USA). The suspension was seeded into T-25 cell culture flasks at 3 ml of bone marrow per flask.

			Several monoclonal antibodies including PE-CyTM7-CD90, APC-CD105, PE-CD34, and PE-CD45 (BD Biosciences, San Diego, CA, USA) were used for cell phenotyping identification through flow cytometry. Non-specific staining was distinguished by isotype controls. HBMSCs were incubated with antibodies for 30 min. After two times washing process, the cell suspensions were analyzed by flow cytometer (FACSCalibur™, BD Biosciences, Franklin Lakes, NJ, USA).

			Analysis of Cytotoxicity, Cell Cycle, and Apoptosis

			The cytotoxicity of KR-12-a5 (GL Biochemistry, Shanghai, China) was assessed by a CCK-8 test (Donjindo, Japan). Briefly, various concentrations of KR-12-a5 (0, 1, 2, 4, 8, 16, 32, or 64 μg/ml) were added into 96-well plates plated with HBMSCs (5.0 × 103 cells/well) for 1, 3, or 5 days. At each time point, the cell culture medium was removed and 100 µl of 10% CCK-8 solution was added to each well. The absorbance of the solution was tested at 450 nm after 2 h.

			PI/RNase staining (BD Biosciences, San Diego, CA, USA) was used to test the cell cycle of HBMSCs after KR-12-a5 incubation. Briefly, after 48 h of KR-12-a5 treatment, HBMSCs were fixed with 75% ethanol at −20°C for 2 h. After fixation, the cells were resuspended in 0.5 ml of PI/RNase staining buffer and incubated for 15 min. The cell cycle proportions (G0, G1, S, and G2-M phases) were tested by a flow cytometer.

			Apoptosis was assessed using flow cytometry while double-staining for Annexin V-FITC and PI (BD Biosciences, San Diego, CA, USA). HBMSCs were collected after 48 h of KR-12-a5 treatment and stained with 200 μl of 1× binding buffer containing 5 μl of Annexin V-FITC and 10 μl of PI for 15 min.

			The LPS-Agent Culture System

			Related experiments with pre-LPS stimulation were carried out using the LPS-agent culture system. After cell attachment, HBMSCs were incubated with serum-free medium or LPS (1 μg/ml, Sigma, Louis, MO, USA) for 24 h to induce inflammatory responses. After washing with PBS, various concentrations of KR-12-a5 solution using osteogenic induction medium as a solvent were added to the plate (Wang et al., 2016). HBMSCs pretreated with LPS or LPS/KR-12-a5 served as the treatment groups, while HBMSCs pretreated with serum-free medium were used as the negative control groups.

			Assessment of ALP Activity and Mineralized Matrix Formation

			HBMSCs (5 × 104 cells/well) were seeded into 24-well plates. After 7 days KR-12-a5 treatment, HBMSCs were subjected to ALP staining. Cells were fixed for 30 s and stained with the ALP staining kit (Sigma, Louis, MO, USA) for 15 min. Quantitative analysis of ALP in HBMSCs was done by ALP activity kit (Beyotime Biotechnology, Nantong, China). Cells were lysed with Triton X-100 (1%) and ALP activity was tested at 405-nm absorbance. Additionally, the mineralized matrix deposition in HBMSCs was assessed by Alizarin Red staining (Servicebio, Wuhan, China) after 21 days of KR-12-a5 treatment. Cells were fixed with 4% paraformaldehyde for 15 min, and then 500 μl Alizarin Red Dye Solution was added into 24-well plates for 30 min. A 10% chlorinated 16 alkyl pyridine solution of sodium phosphate (pH 7.0, Sigma, Louis, MO, USA) was used as a dissolving solution for quantitative analysis. The absorbance of the stained eluent was detected at 620 nm.

			Quantitative Reverse Transcription PCR (RT-qPCR)

			After 3, 7, and 14 days of KR-12-a5 treatment, TRIzol reagent (Life Technologies, Carlsbad, CA, USA) was used for the extraction of total RNA in HBMSCs. PrimeScript™ RT Master Mix (TaKaRa, Japan) was used for cDNA synthesis. Real-time PCR was performed using SYBR® Premix EX Taq™ (TaKaRa, Japan). The primer sequences used in the experiment are as follows: GAPDH, 5’-GGAGCGAGATCCCTCCAAAAT-3’ (forward) and 5’-GGCTGTTGTCATACTTCTCATGG-3’ (reverse); RUNX2, 5’-TGGTTACTGTCATGGCGGGTA-3’ (forward) and 5’-TCTCAGATCGTTGAACCTTGCTA-3’ (reverse); ALP, 5’-ACCACCACGAGAGTGAACCA-3’ (forward) and 5’-CGTTGTCTGAGTACCAGTCCC-3’ (reverse); COL1A1, 5’-GAGGGCCAAGACGAAGACATC-3’ (forward) and 5’-CAGATCACGTCATCGCACAAC-3’ (reverse); BSP, 5’-CACTGGAGCCAATGCAGAAGA-3’ (forward) and 5’-TGGTGGGGTTGTAGGTTCAAA-3’ (reverse); OCN, 5’-CACTCCTCGCCCTATTGGC-3’ (forward) and 5’-CCCTCCTGCTTGGACACAAAG-3’ (reverse); OPN, 5’-CTCCATTGACTCGAACGACTC-3’ (forward) and 5’-CAGGTCTGCGAAACTTCTTAGAT-3’ (reverse); BMP2, 5’-GGTATCACGCCTTTTACTGCC-3’ (forward) and 5’-ACACCCACAACCCTCCACAA-3’ (reverse); and OSX, 5’-ACACTGGGCAGACAGTCAG-3’ (forward) and 5’-CCCTTTACAAGCACTAATGG-3’ (reverse).

			Western Blot Analysis

			RIPA lysis buffer containing 1× PMSF (Beyotime Biotechnology, Nantong, China) and 1× protease inhibitor cocktail (Life Technologies, Carlsbad, CA, USA) was used as a lysis reagent for HBMSCs in six-well plates. After shaking on ice and centrifuging, the concentration of total protein was determined by BCA assay. The proteins in each group were separated using 10% sodium dodecyl sulfate (SDS)–polyacrylamide gels (EpiZyme, Shanghai, China) and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). After incubating in skimmed milk (BD Biosciences, San Diego, CA, USA) to block nonspecific binding, the membranes were further incubated with primary antibodies for 8 h and HRP-conjugated secondary antibodies for 1 h. The immunoreactive bands were visualized using the Immobilon™ Western HRP (Millipore, Billerica, MA, USA).

			Assessment of Reactive Oxygen Species and Superoxide Dismutase in HBMSCs

			The reactive oxygen species (ROS) levels in HBMSCs induced by LPS were measured using DCFH-DA as a fluorescent probe. After 48 h of KR-12-a5 treatment, HBMSCs were incubated with DCFH-DA (10 Mm, Sigma, Louis, MO, USA) for 30 min at 37°C. Flow cytometry was used for the detection of the intensity of 2’,7’-dichlorofluorescin (DCF) fluorescence (Wang et al., 2017). After culturing with KR-12-a5 for 7 days, superoxide dismutase (SOD) activity in HBMSCs was determined by the Total Superoxide Dismutase Assay Kit (Beyotime Biotechnology, Nantong, China) and normalized to total protein concentration.

			LPS-Induced Bone Erosion

			Five-week-old C57BL/6 mice were divided into three groups of five mice. LPS (5 μg/g of body weight) was injected intraperitoneally on days 0 and 4 (Wu et al., 2018). One day after LPS injection and subsequently every alternate day for up to 7 days, intraperitoneal injections of KR-12-a5 (2 μg/g of body weight) or PBS were administered. On the ninth day after the first LPS injection, the mice were sacrificed. The femur was removed and a high-resolution micro-CT analysis was performed (μCT-100) (Kim et al., 2015). The bone volume/tissue volume (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), and connectivity density (Conn.D) were tested to assess the microstructure of trabecular bone using the Evaluation V6.5-3 (SCANCO Medical AG). For histological analysis, the femurs were fixed with 4% paraformaldehyde and further decalcified with 12% EDTA. Then the femurs were embedded in paraffin and sectioned. Sections were stained with H&E, Masson, and Trap. The quantitative analysis including trabecular area percentage (Tb.Ar%), Tb.Sp, collagen fiber area percentage (Col. Ar%), and number of Trap staining positive cells per unit area (NO. Trap+ Cell) were accomplished by Image-pro plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

			Statistical Analysis

			The data are expressed as the mean ± standard deviation from at least three independent experiments. The results were analyzed via Student’s t-test or one-way analysis of variance using the SPSS 23.0 software (SPSS Inc., Chicago, IL, USA). P < 0.05 indicated a significant difference between groups.

			Results

			Identification of HBMSCs

			Flow cytometric analysis was used to characterize the surface molecules of HBMSCs. The results showed that HBMSCs had the characteristic patterns of mesenchymal surface markers, including CD105 and CD90, and negatively expressed the hematopoietic markers, CD45 and CD34 (Supplementary Figure 1).

			Effects of KR-12-a5 on HBMSC Proliferation, Cell Cycle Progression, and Apoptosis

			CCK-8 analysis indicated the effect of KR-12-a5 on cell proliferation. As shown in Figure 1A, KR-12-a5 showed no cytotoxicity at concentrations up to 64 μg/ml after 1, 3, and 5 days of treatment. PI staining and flow cytometer assay showed the effects of KR-12-a5 on the cell cycle. Compared to the control group, different concentrations of KR-12-a5 exhibited no significant influences on cell cycle progression of HBMSCs after 48 h of incubation (Figure 1B). Annexin V staining results showed the potential apoptotic effects of KR-12-a5. Figure 1C showed that the various concentrations of KR-12-a5 did not induce the early apoptosis of HBMSCs when compared to the control group. And the apoptotic states among these four tested concentrations had no significant difference.
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			Figure 1 | The effects of KR-12-a5 on viability of HBMSCs. (A) HBMSCs were treated with different concentrations of KR-12-a5 for 1, 3, and 5 days prior to measuring the cell viability by a CCK-8 test. (B, C) Cell cycle and cell apoptosis were carried out by flow cytometry after 48-h incubation with different concentrations of KR-12-a5.

		


			KR-12-a5 Reverses the Adverse Effects of LPS on HBMSC Osteogenic Differentiation

			To determine the influence of KR-12-a5 on LPS-induced HBMSC osteogenic differentiation, ALP and Alizarin Red staining and quantitative tests were performed. After LPS stimulation, ALP and Alizarin Red staining intensities were significantly reduced in HBMSCs. However, adding different concentrations of KR-12-a5 after LPS stimulation greatly increased the ALP and Alizarin Red staining intensities when compared to that of LPS alone. These increases were proportional to KR-12-a5 concentrations. When KR-12-a5 concentrations reached 25 μg/ml or more, HBMSC staining intensities exceeded the negative control group without LPS (Figure 2A). Similar results were observed in ALP quantitative tests (Figure 2B). Furthermore, the level of osteogenic differentiation genes (RUNX2, ALP, COL1A1, BSP, BMP2, OSX, OPN, and OCN) was determined by RT-qPCR. Under LPS-pretreatment conditions, the mRNA levels of RUNX2 increased in a concentration-dependent manner after 3 days of KR-12-a5 treatment. After 7 days, the level of ALP, COL1A1, BSP, and BMP2 expression in the KR-12-a5-treated groups showed obvious enhancement when compared to the LPS-stimulated group. Meanwhile, the OSX, OCN, and OPN gene levels also started to enhance at day 7. By the 14th day of KR-12-a5 treatment, the OSX, OCN, and OPN levels increased significantly (Figure 2C).
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			Figure 2 | The effect of KR-12-a5 on LPS-induced osteogenic differentiation of HBMSCs. Cells were pre-treated with LPS (1 μg/ml) for 24 h and then incubated with osteogenic differentiation medium with the indicated concentrations of KR-12-a5 (0–50 μg/ml). The LPS group was used as a control group when performing statistical analysis. (A) Entire plate views of alkaline phosphatase (ALP) staining at 7 days and Alizarin red staining at 21 days. (B) Quantitative evaluation of ALP activity and Alizarin red staining results (****P < 0.0001). (C) Runx2, ALP, COL1A1, BSP, BMP2, OSX, OCN, and OPN mRNAs were subjected to real-time PCR analysis at 3, 7, and 14 days. The expression levels were normalized to that of GAPDH (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

		


			KR-12-a5 Inhibits LPS-Activated P38 MAPK Signaling in HBMSCs

			To determine whether different doses of KR-12-a5 affected LPS-stimulated HBMSC differentiation via the MAPK signaling pathways, we investigated MAPK phosphorylation levels using Western blot analysis (Figure 3A) and quantified the resulting data (Figure 3B). LPS caused a strong activation of MAPK signaling when compared to the negative control group. After 24 h of KR-12-a5 treatment, P38 phosphorylation levels were weakened to varying degrees, and its phosphorylation levels negatively correlated with KR-12-a5 concentrations. However, ERK and c-Jun N-terminal kinase (JNK) phosphorylation levels did not change significantly with the addition of KR-12-a5. Furthermore, P38 phosphorylation levels were even more significantly reduced after 48 h of KR-12-a5 treatment. These results suggest that KR-12-a5 may affect HBMSC osteogenesis via P38 MAPK signaling.
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			Figure 3 | The effect of KR-12-a5 on MAPKs signaling after LPS stimulation in HBMSCs. The LPS group was used as a control group when performing statistical analysis. (A) The levels of phosphorylated and overall P38, JNK, and ERK at 24 and 48 h were examined via Western blotting. (B) The quantitative assay of p-P38/t-P38, p-REK/t-ERK, and p-JNK/t-JNK (****P < 0.0001).

		


			Similar Effects When Inhibiting P38 MAPK Signaling and Adding KR-12-a5

			To further clarify the role of MAPK in the therapeutic effect of KR-12-a5, we blocked the MAPK signaling pathways using P38 (SB203580), ERK (U0126), and JNK (SP600125) inhibitors (all at 10 μM, Selleck, USA) to make a comparison with KR-12-a5 treatment. Western blot analysis was performed to determine MAPK phosphorylation levels after a 24-h treatment. The results showed that the inhibitory effect of KR-12-a5 on P38 protein phosphorylation was similar to that of the P38 inhibitor, SB203580. However, KR-12-a5 did not produce similar inhibitory effects as the ERK (U0126) and JNK (SP600125) inhibitors (Figure 4A). The quantified Western blot results are shown in Figure 4B.
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			Figure 4 | The comparison of inhibitory effect on MAPKs signaling between KR-12-a5 and MAPKs inhibitors. (A) The levels of phosphorylated and overall P38, JNK, and ERK at 24 h were examined via Western blotting. (B) The quantitative assay of p-P38/t-P38, p-REK/t-ERK, p-JNK/t-JNK (****P < 0.0001).

		


			KR-12-a5 Reverses LPS-Induced Inhibition of BMP/Smad Signaling in HBMSCs

			Western blot analysis showed the effect of KR-12-a5 on LPS-stimulated BMP/Smad signaling. As shown in Figure 2C, KR-12-a5 significantly activated the LPS-inhibited BMP2 gene expression. The downstream components of the Smad signaling were also examined during osteogenic differentiation process of HBMSCs. We found that Pre-LPS stimulation significantly inhibited Smad1/5 phosphorylation at day 6, whereas different doses of KR-12-a5 (6.25–50 μg/ml) reversed the effects of LPS and significantly increased Smad1/5 phosphorylation levels in a dose-dependent manner. At day 9, Smad1/5 phosphorylation levels showed a slight increase in response to KR-12-a5 (Figure 5A). The quantified data are shown in Figure 5B. We also found that Smad4 expression levels remained unchanged after LPS or LPS/KR-12-a5 stimulation (Figure 5A). Therefore, these findings suggested that KR-12-a5 reversed the LPS-mediated inhibition of BMP/Smad signaling in HBMSCs and increased Smad1/5 phosphorylation levels in a dose-dependent manner.
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			Figure 5 | The effect of KR-12-a5 on BMP/Smad signaling after LPS stimulation in HBMSCs. The LPS group was used as a control group when performing statistical analysis. (A) The levels of phosphorylated Smad1/5, overall Smad1, Sma5, and Smad4 at 6 and 9 days were examined via Western blotting. (B) The quantitative assay of P-Smad1/5/GAPDH (****P < 0.0001).

		


			BMP/Smad Inhibition Suppresses the Therapeutic Effect of KR-12-a5

			To further evaluate the role of BMP/Smad signaling in osteogenic differentiation under KR-12-a5 treatment, a TGF-β/Smad inhibitor (LDN193189, 0.2 μM, Selleck, USA) was used to block the BMP/Smad signaling. LDN193189 pre-stimulated for 1 h, and then stimulated with the KR-12-a5 until the time of detection. The results of Western blot analysis showed the Smad phosphorylation levels after 6 days (Figure 6A). The addition of inhibitors reduced Smad1/5 phosphorylation just like the high KR-12-a5 concentration treatments to similar levels observed in the LPS alone treatment. The quantified results of Western blot were shown in Figure 6B. As shown in Figure 6D and E, ALP and mineralization assay in HBMSCs was inhibited by the blocking of BMP/Smad signaling. These results confirmed that BMP/Smad signaling played a therapeutic role in reversing LPS-suppressed osteogenic differentiation. RT-qPCR results further supported this observation. Blocking the BMP/Smad signaling pathway suppressed the expression of osteoblast marker genes (RUNX2, ALP, COL1A1, BSP, BMP2, OSX, OCN, and OPN) at day 7 (Figure 6C).
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			Figure 6 | The effect of TGF-β/Smad inhibitors on the osteogenic differentiation of HBMSCs. After previous LPS processing, HBMSCs were treated with osteogenic differentiation medium in the presence of KR-12-a5 (50 μg/ml) along with an inhibitor of TGF-β/Smad (LDN193189). (A) Western blot analysis results for the levels of phosphorylated Smad1/5, overall Smad1, Sma5, and Smad4 at 6 days. (B) The quantitative assay of P-Smad1/5/GAPDH (***P < 0.001, ****P < 0.0001). (C) Runx2, ALP, COL1A1, BSP, BMP2, OSX, OCN, and OPN mRNAs were subjected to quantitative real-time PCR analysis at 7 days. The expression levels were normalized to that of GAPDH (****P < 0.0001). (D) Entire plate views of alkaline phosphatase (ALP) staining at 7 days and Alizarin red staining at 21 days. (E) Quantitative evaluation of ALP activity and Alizarin red staining results (****P < 0.0001).

		


			KR-12-a5 Inhibits ROS Generation and Increases SOD Activity in LPS-Induced HBMSCs

			The levels of ROS and SOD activity in LPS-induced HBMSCs were measured to determine the antioxidant properties of KR-12-a5. After LPS induction, the ROS levels in HBMSCs increased significantly, while activity of SOD decreased. However, after 48 h or 7 days of KR-12-a5 treatment, the level of ROS was downregulated (Figure 7A) and SOD activity was partially upregulated (Figure 7B) when compared to the LPS-induced groups. The extent of these effects was also related to KR-12-a5 concentrations.
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			Figure 7 | The levels of ROS generation and SOD activity in LPS-induced HBMSCs after treated with KR-12-a5. The LPS group was used as a control group when performing statistical analysis. (A) The ROS level (intensity of DCFDA fluorescence) at 48 h. (B) SOD activity at 7 days (*P < 0.05, ****P < 0.0001).

		


			KR-12-a5 Reverses LPS-Induced Bone Erosion In Vivo

			The micro-CT results showed the femoral bone mass of the mice after 9 days of treatment. As shown in Figure 8A, LPS decreased trabecular bone mass, which was inhibited by KR-12-a5. Micro-CT analysis of the femurs revealed the LPS-induced erosion in bone mass by calculating BV/TV, Tb.N, Tb.Sp, and Conn.D in LPS-treated mice, which was reversed by KR-12-a5 (Figure 8B).
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			Figure 8 | The effect of KR-12-a5 on LPS-induced bone erosion in vivo. (A) Scanned images from micro-CT. (B) The bone volume/tissue volume (BV/TV), Trabecular number (Tb.N), Trabecular separation (Tb.Sp), and connectivity density (Conn. D) from the micro-CT data (*P < 0.05, **P < 0.01, ***P < 0.001). (C) Representative images of decalcified bone stained with H&E, Masson, and TRAP. Bars represent 500 μm. (D) Quantitative analyses of Trabecular area percentage (Tb.Ar%), Tb.Sp, Collagen fiber area percentage (Col.Ar%), and number of TRAP-positive cells per unit area (NO. Trap+ Cell) (*P < 0.05, **P < 0.01).

		


			Histological analyses further confirmed the protective effect of KR-12-a5 in LPS-induced osteolysis. Consistent with the results of the micro-CT, H&E staining results showed an increased bone formation in the LPS+KR-12-a5 group when compared to the LPS group. The results also showed positive staining of collagen in the femurs and demonstrated that their expression was significantly reduced after LPS stimulation. After KR-12-a5 administration, collagen expression was greatly elevated (Figure 8C and D). These results demonstrated the therapeutic effects of KR-12-a5 against LPS-induced inflammatory bone erosion in vivo. To further explore if the reduced bone loss was due to the decreased osteoclastogenesis, we checked the number of osteoclasts in the femurs. Trap staining showed no significant differences in terms of mature osteoclast number between the LPS group and the LPS+KR-12-a5 group (Figure 8C). Quantitative analysis results show that the number of Trap-positive cells per unit area was not significantly different between the LPS group and LPS+KR-12-a5 group (Figure 8D).

			Discussion

			This study investigated the role of KR-12-a5 treatment in LPS-induced inflammatory environments and the BMP/Smad and MAPK signaling pathways in the regulation of HBMSC osteogenic differentiation. An inflammatory microenvironment was mimicked by pre-treating HBMSCs with LPS and different concentrations of the antimicrobial peptide, KR-12-a5, were used for treatment. Our novel findings are as follows: 1) KR-12-a5 does not adversely affect HBMSCs within a therapeutically effective concentration range; 2) KR-12-a5 has a dose-dependent role in reversing the LPS-induced osteogenic inhibition of HBMSCs; 3) KR-12-a5 reverses the LPS-induced inhibition of BMP/Smad signaling and inhibits the LPS-activated P38 MAPK signaling pathway; 4) KR-12-a5 has a positive therapeutic effect on the LPS-induced increase in oxidative stress; and 5) KR-12-a5 has a therapeutic effect on LPS-induced osteolysis in mice.

			The potential cytotoxic effects of KR-12-a5 were investigated before examining its effects on LPS-induced osteogenic differentiation. The concentration range of 0–64 μg/ml was not cytotoxic to HBMSCs, but it could effectively kill various pathogens. This concentration range was much larger than KR-12-a5’s minimum inhibitory concentration (MIC) for clinically pathogenic bacteria such as Pseudomonas aeruginosa (12.5 μg/ml), Salmonella typhimurium (3.125 μg/ml), Bacillus subtilis (12.5 μg/ml), Staphylococcus epidermidis (6.25 μg/ml), Staphylococcus aureus (6.25 μg/ml), and Escherichia coli (12.5 μg/ml) (Kim et al., 2017). Therefore, the experimental concentrations of KR-12-a5 in subsequent experiments were set to four concentrations between 6.25 and 50 μg/ml. Cell cycle assay demonstrated that KR-12-a5 did not affect cell cycle progression, indicating that it did not significantly influence proliferation at this concentration range. KR-12-a5 also had no effect on apoptosis. All these results indicate that KR-12-a5 possesses good biocompatibility and excellent antibacterial properties at the same time, which is very similar to KR-12 (Jacob et al., 2013; Li et al., 2018) and provides the basis for its subsequent therapeutic effects.

			A variety of inflammatory factors and bacterial components are commonly known to act as negative modulators in HBMSC osteogenesis. Several studies have demonstrated that a cell wall component of gram-negative bacteria, LPS, inhibits MSC osteogenesis or suppresses osteoblast-related gene expression (Kadono et al., 1999; Bandow et al., 2010; Ochi et al., 2010; Xing et al., 2010). Surprisingly, our results demonstrate that the LPS-induced adverse effects on HBMSC osteogenic and mineralization potential can be reversed by KR-12-a5 in a concentration-dependent manner. These adverse effects can be completely reversed and even exhibit stronger osteogenic potential than non LPS-stimulated groups when the concentration of KR-12-a5 reaches 25 μg/ml or more. We speculate that the LPS-activated inflammatory response disrupts the local osteogenic microenvironment, which is very important for the differentiation of HBMSCs into osteoblasts. However, the addition of KR-12-a5 improves the local microenvironment, making it suitable for osteogenic differentiation. Therefore, regulating the function of resident stem cells by improving the local inflammatory microenvironment may have important clinical significance in improving the therapeutic effect of infection-associated osteolysis.

			Several downstream signaling pathways can be activated by LPS, including Akt, NF-κB, and MAPK signaling (Jung et al., 2009; Guo et al., 2014; Guo et al., 2015). Among them, MAPK signaling is regulated by a characteristic phosphorylation system in which a series of three protein kinases phosphorylate and activate one another. P38, ERK, and JNK pathways together constitute this signaling (Johnson and Lapadat, 2002). In this study, we found that the P38/MAPK, ERK/MAPK, and JNK/MAPK pathways were phosphorylated after LPS stimulation, but only P38 phosphorylation levels could be reduced after KR-12-a5 treatment. Compared to the P38, ERK, and JNK MAPK pathway inhibitors, KR-12-a5 only exhibited similar effects as the P38 inhibitor (SB203580), and not those of the JNK (SP600125) and ERK (U1026) inhibitors. This suggests that KR-12-a5 may control the LPS-induced inflammatory response via P38 MAPK signaling, which serves as a molecular target for improving the inflammatory environment in chronic osteomyelitis.

			BMP/Smad signaling plays important roles in regulating osteoblast differentiation (Chen et al., 2012), which can be influenced by many inflammatory factors such as LPS and TNF-α (Huang et al., 2014; Loebel et al., 2017). It also has been reported that BMP/Smad signaling can function independently of RUNX2, whereas BMP2-induced OSX expression is mainly mediated by Dlx5 and not RUNX2 (Lee et al., 2003). Our findings show that KR-12-a5 can reactivate LPS-inhibited Smad1/5 phosphorylation levels in a dose-dependent manner. Osteoblast maker genes such as RUNX2, ALP, COL1A1, BSP, BMP2, OSX, OCN, and OPN can also be enhanced by this reactivation. KR-12-a5-mediated Smad1/5 activation can be blocked by the TGFβ/Smad antagonist, LDN193189, which further leads to a decrease in ALP, mineralization, and osteogenic marker genes in HBMSCs. Therefore, while controlling the inflammatory response during infection, attention to the role of the BMP/Smad pathway during local bone regeneration may have a positive effect in treating infection-associated osteolysis.

			Furthermore, studies have shown that osteomyelitis elevates local oxidative stress levels, which may severely distort the osteogenesis microenvironment (Tekin Koruk et al., 2012; Grbic et al., 2014). LPS-induced oxidative stress plays an important role in the inflammatory processes leading to alveolar bone loss in periodontitis (Kose et al., 2016). The excessive ROS production severely damages DNA, proteins, and lipids, which affects not only cell proliferation but also differentiation (Moriwaki et al., 2014; Huang et al., 2015). In this study, assay of ROS production and SOD activity showed that the LPS-induced oxidative injury in HBMSCs was inhibited by KR-12-a5 treatment. The findings clearly demonstrated that KR-12-a5 is capable of not only inducing a preferential environment to drive osteogenic differentiation in LPS-induced HBMSCs, but also of reversing LPS-induced oxidative stress due to its antioxidant properties. All this provides a new direction for the treatment of inflammatory conditions in osteomyelitis.

			A model of LPS-induced inflammatory bone loss was successfully set up by stimulating distinct bone erosion in the spongiosa of murine femurs. As expected, KR-12-a5 treatment significantly mitigated the severity of the bone erosion in the LPS-treated mouse model, which was assessed by an increase in BV/TV, Tb.N, Tb.Sp, and Conn.D via micro-CT scanning. Similarly, histological analyses further confirmed that KR-12-a5 treatment reversed LPS-induced inflammatory bone loss, accompanied with elevated collagen expression. It was worth mentioning that the number of Trap+ cells activated by LPS did not decrease with the treatment of KR-12-a5 in vivo. Thus, we speculated that the reversed femur bone loss was due to the elevated redifferentiation of the HBMSCs and that KR-12-a5 had the therapeutic potential to treat inflammatory bone erosion in vivo. Nevertheless, the detailed mechanism still needs further investigation as the in vivo LPS-induced osteolysis mechanism is complicated and not completely understood.

			In spite of these novel findings in our study, there are several limitations that merit discussion. Firstly, the interaction between osteogenesis and bone resorption is complex and osteoclastic bone resorption also significantly affects osteolysis treatment. In this paper, we mainly concentrated on the effect and mechanism of KR-12-a5 with respect to osteoblastic bone formation in the present study. The in vivo study indicated that the intraperitoneal administration of KR-12-a5 strongly reversed bone loss and increased the ALP and collagen content in the femurs. Since the histological staining results showed that KR-12-a5 cannot reduce the number of Trap-positive cells, further studies are needed to address its effect on osteoclasts in vitro. Secondly, other potential mechanisms behind the therapeutic effects of KR-12-a5 deserve further exploration since there are many signaling pathways related to osteogenic differentiation and LPS stimulation in HBMSCs.

			Conclusion

			In summary, the findings of this study demonstrated that KR-12-a5 reversed the osteogenic differentiation potential of HBMSCs in vitro and LPS-induced inflammatory bone erosion in vivo. We clarified that this occurred by suppressing the P38 MAPK and reactivating the BMP/Smad signaling pathways. Moreover, the protective effects of KR-12-a5 against LPS-induced oxidative stress in HBMSCs were found under osteogenesis conditions. These results suggested that KR-12-a5 might serve as a potential therapeutic agent for osteomyelitis-related osteolysis.
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FIGURE S1 | Surface marker analysis of HBMSCs by flow cytometry.
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