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In the clinical intensive care units (ICU), the traditional Chinese medicine (TCM) formulation of Xuebijing has been frequently used for treating sepsis. Nevertheless, the underlying pharmacological mechanisms of Xuebijing remain largely unclear. Caenorhabditis elegans is an important experimental host for bacterial infections. Using C. elegans as an animal model, we here examined the potential of Xuebijing treatment against bacterial infection and the underlying mechanisms. Xuebijing treatment could inhibit the reduction tendency of lifespan caused by Pseudomonas aeruginosa infection. For the cellular mechanisms of this antibacterial infection property, we found that Xuebijing treatment rescued C. elegans lifespan to be against P. aeruginosa infection by inhibiting Pseudomonas colonization in the intestinal lumen. Meanwhile, the increase in the expression of antimicrobial genes induced by Pseudomonas infection was also suppressed by Xuebijing treatment. Moreover, the beneficial effect of Xuebijing against Pseudomonas infection depended on insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and programmed cell death (PCD)-related signals. Although Xuebijing did not show obvious antibacterial activity, Xuebijing (100%) treatment could inhibit the Pseudomonas biofilm formation and decrease the expression of virulence genes (lasA, lasB, rhlA, rhlC, phzA, phzM, phzH, and phzS) and quorum sensing (QS)-related genes (lasI, lasR, rhlI, rhlR, pqsA, and pqsR). Our results support the potential role of Xuebijing treatment against bacterial infection in hosts.
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INTRODUCTION
Sepsis is a life-threatening illness with multiple organ failure induced by severe pathogenic infection (van der Poll et al., 2017; Huang et al., 2019). In the intensive care units (ICU), sepsis has gradually become a major cause of death. During the sepsis management, the traditional Chinese medicine (TCM) application has become a growing trend (Fan et al., 2020). The formulation of Xuebijing is one of those TCMs to be used as a critical care drug for sepsis treatment (Mousavi et al., 2016). In the clinical ICU, it has been shown that Xuebijing can provide beneficial effects for patients from complications of bacterial pneumonia or sepsis (Hou et al., 2015; Zheng et al., 2018). In the ICU, Xuebijing integrated with Western medicine was also effective to treat severe cases of viral infections, such as COVID-19 infection (Ni et al., 2020; Huang et al., 2021).
Xuebijing injection contains extracts from 5 Chinese medicines, which was approved for sepsis treatment from 2004 with the anticipated efficacy and safety (Li et al., 2018). Xuebijing could balance the immune responses to pathogenic infection and thus strengthen the body resistance (Fan et al., 2020). During the treatment of sepsis, Xuebijing has shown the antioxidant, vascular endothelium protection, and anti-inflammatory effects (Li et al., 2021). Moreover, in sepsis patients, Xuebijing might improve blood circulation via anti-coagulation (Hou et al., 2015). Nevertheless, the pharmacological effects and the related mechanisms of Xuebijing therapy remain still largely unclear.
As a model animal, the genetic behavior of pathogenic infection can be conveniently traced in Caenorhabditis elegans (Balla and Troemel, 2013). In their natural habitat, C. elegans will meet different microbes, including bacterial pathogens (Kim and Ausubel, 2005). In response to pathogens, innate immunity will be activated in C. elegans, which guarantees the animals to survive long enough and to reproduce during the evolution (Martineau et al., 2021). The innate immunity is often triggered within cells of primary targeted organs, such as the epidermis and the intestine (Taffoni and Pujol, 2015; Kim and Ewbank, 2018). Upon pathogenic infection, C. elegans will secret antimicrobial proteins to kill pathogens (Engelmann and Pujol, 2010; Zhi et al., 2017a). Moreover, some signaling pathways [such as p38 MAPK, insulin, Wnt, DBL-1/TGF-β, ELT-2, and programmed cell death (PCD) signaling pathways] play an important role in regulating innate immunity in C. elegans (Kurz and Tan, 2004; Irazoqui et al., 2008; Arvanitis et al., 2013; Head et al., 2017; Yu et al., 2018). Therefore, C. elegans can provide a powerful model for studying the host–pathogen interactions.
C. elegans has the properties of short lifespan, short life cycle, and low cost for maintenance. C. elegans has become a useful animal model for high-throughput screening and pharmacological study of compounds against several diseases, such as pathogenic infection and neurodegeneration (Rand and Johnson, 1995; Parker et al., 2004; Giunti et al., 2021). C. elegans can be used to screen small molecules with anti-infective and host protection potentials by boosting innate immune responses (Peterson and Pukkila-Worley, 2018). That is, C. elegans is also helpful to identify preclinical drugs with antibacterial and antifungal infection functions (Anastassopoulou et al., 2011; Kim et al., 2017).
C. elegans has been frequently employed as a host to determine the mechanisms of Pseudomonas aeruginosa infection (Tan and Ausubel, 2000). In this study, C. elegans was used as a host, and P. aeruginosa was selected as a bacterial pathogen. We aimed to determine the possible potential of Xuebijing treatment against bacterial infection. Moreover, the underlying mechanism for this beneficial effect of Xuebijing was examined. Our results are helpful for further understanding the pharmacological effects and mechanisms of Xuebijing therapy.
METHODS
Xuebijing
Xuebijing is a sterile and nonpyrogenic injection for the intravenous administration. Xuebijing is manufactured and provided by Tianjin Chase Sun Pharmaceutical Co., Ltd. (No. Z20040033). Xuebijing is approved by China Food and Drug Administration (CFDA) for sepsis treatment (ratification number, GuoYaoZhunZi-Z20039833). Xuebijing injection is prepared from a combination of Carthamus tinctorius L. (Carthami Flos, Honghua), Paeonia lactiflora Pall. (Paeoniae Radix Rubra, Chishao), Ligusticum chuanxiong Hort. (Chuanxiong Rhizoma, Chuanxiong), Salvia miltiorrhiza Bge. (Salviae Miltiorrhizae Radix Et Rhizoma, Danshen), and Angelica sinensis (Oliv.) Diels (Angelicae Sinensis Radix, Danggui), yielding a botanical drug-to-injection ratio of 1:2 (V/V). The ingredients from Carthamus tinctorius flowers were extracted with ethanol, then with water. The ingredients from the other botanical drugs were extracted with water. Finally, Xuebijing is standardized to contain 200–500 μg/mL hydroxysafflor yellow A and 1000–1700 μg/mL paeoniflorin (Huang et al., 2011; Chen et al., 2016; Li et al., 2016). The pH value of Xuebijing injection is 5.5.
The fingerprint of Xuebijing determined by the method of reverse-phase high-performance liquid chromatography (RP-HPLC) was provided in Supplementary Figure S1. Among the used standards, the protocatechuic aldehyde is the marker compound of Danshen, hydroxysafflor yellow A is the marker compound of Honghua, paeoniflorin is the marker compound of Chishao, and ferulic acid and senkyunolide are marker compounds of Chuanxiong and Danggui (Supplementary Figure S1).
C. elegans strain and culture
The used strain was wild-type N2, which was normally cultured on nematode growth medium (NGM) plates as described (Brenner, 1974). The NGM plates were seeded with Escherichia coli OP50 as the food source of nematodes. To perform bacterial infection and Xuebijing treatment, synchronized young-adult nematodes were needed to be prepared. Gravid hermaphrodites were treated by bleaching solution (0.45 M NaOH and 2% HOCl) to release enough eggs (Zhao Y.-Y. et al., 2022). The obtained eggs were placed in new NGM plates and then developed into synchronized young adults.
Bacterial preparation
P. aeruginosa PA14 was cultured in the Luria broth. P. aeruginosa PA14 was seeded on the modified NGM killing plate containing 0.35% peptone. The killing plates were incubated at 37°C for 24 h and further at 25°C for 24 h.
Bacterial infection
Young adults were transferred onto full-lawn PA14 killing plates for bacterial infection (Zhi et al., 2017b). Fifty animals were added to each killing plate. The bacterial infection was performed at 25°C for 24 h. Three replicates were carried out.
Pharmacological post-treatment
After the exposure of young adults to PA14 for 24, the nematodes were further treated with Xuebijing for 24 h (Figure 1A). The 25%, 50%, 75%, and 100% (the original Xuebijing solution) Xuebijing were used for pharmacological treatment. Experiments were carried out in triplicate.
[image: Figure 1]FIGURE 1 | Effect of Xuebijing post-treatment against P. aeruginosa infection. (A) Diagram showing the method for pharmacological post-treatment of Xuebijing after P. aeruginosa infection. (B) Effect of Xuebijing post-treatment on lifespan of nematodes after P. aeruginosa infection. XBJ, Xuebijing. **p < 0.01 vs. control (if not specially indicated).
Lifespan assay
C. elegans lifespan was examined as described (Li et al., 2020). After bacterial infection and Xuebijing treatment, the nematodes were transferred onto normal NGM plates. To exclude the effect from offspring, the examined nematodes were transferred daily onto new NGM plates. The nematodes were scored every day. Nematodes were considered as dead if no response could be found after prodding with a platinum wire. The mean lifespan refers to the day at which 50% animals survived. Three replicates were performed. Fifty nematodes were tested for lifespan assay. The statistical significance between lifespan curves was determined by the Kaplan–Meier survival analysis, followed by the log-rank test.
Analysis of PA14 accumulation in the intestinal lumen
PA14 colony-forming unit (CFU) in the body of nematodes was analyzed as described (Zhi et al., 2017b). After PA14 infection and Xuebijing treatment, the nematodes were first transferred onto M9 solution containing 25 mM levamisole in order to paralyze the animals and stop their pharyngeal pumping. The nematodes were then transferred onto a plate containing 1 mg/mL gentamicin and 1 mg/mL ampicillin to treat for 30 min in order to eliminate PA14 on the surface of the body. After that, each group of fifty animals was lysed using a motorized pestle, serially diluted by M9 buffer, and transferred onto a Luria–Bertani (LB) plate containing 100 μg/mL rifampicin. After incubation at 37°C overnight, the PA14 colony number was counted. Ten replicates were performed.
To determine the PA14 accumulation in the intestinal lumen, we also examined the PA14::GFP accumulation. The data were expressed as the relative fluorescence intensity of PA14::GFP in the intestinal lumen after normalization to intestinal autofluorescence. Fifty nematodes were tested for each group. Three replicates were carried out.
Quantitative Real-Time polymerase chain reaction
Total RNAs of nematodes and PA14 were extracted using TRIzol reagent according to the manufacturer’s instruction. The RNA quality was evaluated according to OD260/280 ratio in NanoDrop One. A gradient MasterCycler (Eppendorf, United States) was used for cDNA synthesis. SYBR Green Master Mix was used for qRT-PCR in an ABI 7500 real-time PCR system. A comparative CT (ΔΔ CT) method was used, and the expression of examined genes was normalized with the expression of the reference gene (tba-1 or pvdQ) (Yang et al., 2021a; Yang D. et al., 2021). Three replicates were performed. Primer information is shown in Supplementary Table S1, S2.
RNA interference
In order to inhibit gene expression, RNAi was carried out by feeding the nematodes with E. coli HT115 expressing a certain gene (Yang et al., 2021b). In this study, the RNAi was performed after PA14 infection. On RNAi plates, the 100% Xuebijing was used for pharmacological treatment. E. coli HT115 expressing empty vector L4440 was used as the control (Zhang et al., 2022). RNAi efficiency was evaluated using qRT-PCR (Supplementary Figure S2).
Analysis of the antibacterial activity of Xuebijing

1) Time–kill assay. PA14 cells cultured overnight were centrifuged and dispensed into culture tubes containing 75% or 100% Xuebijing in a volume of 5 mL. After that, PA14 cells were cultured at 35°C. Colony counts were analyzed on a LB plate at 0, 6, 12, 18, and 24 h. The ampicillin (1 μg/mL) was used as a positive control. Experiments were performed in triplicate.
2) Agar diffusion assay. After concentration by centrifugation and washing using PBS buffer, approximately 107 PA14 cells/mL were inoculated in a liquid LB medium. After that, 10 mL suspensions were transferred onto a LB agar plate. Xuebijing (75% and 100%) was added onto filter disks (diameter, 6 mm) and placed on an agar surface. The plate was incubated at 35°C for 48 h. The ampicillin was used as a positive control.
Analysis of bacterial biofilm formation
The bacterial biofilm formation was analyzed using the crystal violet method (Lee et al., 2011). The PA14 culture (approximately 5 × 105 CFU/mL) was taken in a 96-well plate to incubate with 100% Xuebijing at 37°C for 36 h. After the incubation, the biofilm was washed with PBS buffer, fixed with methanol for 15 min, and stained with 0.1% crystal violet for 15 min. The absorbance was also measured to quantify biofilm formation at 595 nm. Three replicates were performed.
Data analysis
Data are presented as means ± SD. The SPSS 12.0 software was used for statistical analysis. Differences between the different groups were analyzed by analysis of variance (ANOVA). A probability level of 0.01 was considered statistically significant.
RESULTS
Effect of Xuebijing treatment against bacterial infection
After PA14 infection, the sharply reduced lifespan was observed from day 2 to day 8 (Figure 1B). Treatment with 25% Xuebijing did not obviously affect the reduction in lifespan observed in PA14-infected nematodes (Figure 1B; Supplementary Table S3). Different from this, treatment with Xuebijing (50–100%) could significantly suppress the lifespan reduction observed in PA14-infected nematodes, and this beneficial effect of Xuebijing treatment was dose-dependent (Figure 1B; Supplementary Table S3). Therefore, Xuebijing treatment had the beneficial effect against bacterial infection.
Effect of Xuebijing treatment against bacterial colony formation in nematodes
To examine the underlying mechanisms for the beneficial effect of Xuebijing treatment against bacterial infection, we next analyzed the colony formation of PA14 in the intestine. After infection, a pronounced PA14::GFP accumulation was observed in the intestinal lumen (Figure 2A). Similarly, a high level of PA14 CFU was detected in the intestine (Figure 2B). Treatment with Xuebijing (25%–100%) could significantly suppress PA14::GFP accumulation in the intestine and inhibit the formation of high intestinal CFU (Figures 2A,B). Among the examined concentrations, the 100% Xuebijing exhibited the most beneficial effect against the bacterial colony formation in the intestine of nematodes.
[image: Figure 2]FIGURE 2 | Effect of Xuebijing post-treatment on PA14:GFP (A) and CFU (B) in P. aeruginosa-infected nematodes. XBJ, Xuebijing. **p < 0.01 vs. control.
Effect of Xuebijing treatment on innate immune response after bacterial infection
The lys-1, dod-22, and lys-8 were selected as intestinal antimicrobial genes in response to PA14 infection (Zhi et al., 2017b). PA14 infection induced a noticeable increase in the expression of these 3 antimicrobial genes (Figure 3). After PA14 infection, treatment with Xuebijing (25%–100%) noticeably inhibited the increase in the expression of these 3 antimicrobial genes (Figure 3). More importantly, after PA14 infection, treatment with 100% Xuebijing recovered the expression of these 3 antimicrobial genes to a control level (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of Xuebijing post-treatment on antimicrobial gene expression in P. aeruginosa-infected nematodes. XBJ, Xuebijing. **p < 0.01 vs. control (if not specially indicated).
Xuebijing did not have obvious antibacterial activity
In the time–kill assay, the 75% Xuebijing could not exhibit obvious antibacterial activity from 6 to 24 h (Figure 4A). The 100% Xuebijing treatment showed only moderate antibacterial activity from 9 to 24 h, which was very different from that of ampicillin (1 μg/mL) treatment (Figure 4A). Agar diffusion assay was further performed after 75% or 100% Xuebijing treatment. Compared with the noticeable zone of inhibition caused by 1 μg/mL ampicillin, both 75% Xuebijing and 100% Xuebijing could not result in an obvious zone of PA14 inhibition (Figure 4B).
[image: Figure 4]FIGURE 4 | Analysis of the antibacterial activity of Xuebijing. (A) Time–kill assay. (B) Disk diffusion assay. XBJ, Xuebijing. AMP, ampicillin. AMP treatment concentration was 1 μg/mL.
Effect of Xuebijing on biofilm formation and expression of virulence genes and quorum sensing-related genes of PA14
Biofilm formation is one of the important virulence factors for P. aeruginosa (Sharma et al., 2014; Skariyachan et al., 2018). Treatment with Xuebijing (100%) significantly inhibited the biofilm formation of PA14 (Figure 5A). In addition, Xuebijing post-treatment also affected the expression of virulence genes of PA14. After the Xuebijing (100%) treatment, the expression of virulence genes (lasA, lasB, rhlA, rhlC, phzA, phzM, phzH, and phzS) was significantly decreased (Figure 5B).
[image: Figure 5]FIGURE 5 | Effect of Xuebijing post-treatment on biofilm formation (A), expression of virulence genes (B), and expression of QS-related genes (C) of PA14. The 100% Xuebijing was used for pharmacological treatment. XBJ, Xuebijing. **p < 0.01 vs. control.
In bacteria, the quorum sensing (QS) mediates cell-to-cell communication mechanism to detect the community density (Miller and Bassler, 2001; Abisado et al., 2018). Moreover, we found that the expression of QS-related genes (lasI, lasR, rhlI, rhlR, pqsA, and pqsR) of PA14 was significantly decreased by Xuebijing (100%) treatment (Figure 5C).
Beneficial effect of Xuebijing against bacterial infection depended on insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and programmed cell death signals
Insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD are important signals required for the control of innate immunity against bacterial infection in nematodes (Kurz and Tan, 2004; Irazoqui et al., 2008; Arvanitis et al., 2013; Zhi et al., 2017b; Head et al., 2017). pmk-1 encodes p38 MAPK in the p38 MAPK signaling pathway. daf-16 and bar-1 encode transcriptional factors of insulin and Wnt signaling pathways, respectively. dbl-1 encodes a TGF-β ligand. elt-2 encodes GATA transcriptional factor. egl-1 encodes a BH3 protein in the PCD signaling pathway. After PA14 infection, the function of Xuebijing treatment against bacterial infection could be inhibited by RNAi of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 (Figure 6; Supplementary Table S4). RNAi of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 caused the similar inhibition on the beneficial function of Xuebijing treatment against PA14 infection (Figure 6; Supplementary Table S4). These observations suggested the involvement of these molecular signals in regulating the formation of the beneficial function for Xuebijing against bacterial infection.
[image: Figure 6]FIGURE 6 | RNAi of bar-1, elt-2, pmk-1, dbl-1, egl-1, and daf-16 altered the effect of Xuebijing (100%) treatment against P. aeruginosa infection. RNAi was performed after P. aeruginosa infection. XBJ, Xuebijing. **p < 0.01 vs. wild-type (control) (if not specially indicated).
In C. elegans, PA14 infection caused a significant decrease in expressions of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 (Supplementary Figure S3). Treatment with 100% Xuebijing suppressed this decrease in expressions of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 caused by PA14 infection (Supplementary Figure S3).
Role of Xuebijing in reducing bacterial colony accumulation in the intestine was dependent on insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD signals
Besides the effect on Xuebijing treatment against bacterial infection, we also examined the effect of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 RNAi on PA14:GFP accumulation and bacterial CFU in the intestine after Xuebijing treatment. In nematodes with RNAi of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2, the function of Xuebijing treatment in inhibiting PA14 colony accumulation reflected by PA14::GFP and CFU was further obviously suppressed (Figures 7A,B).
[image: Figure 7]FIGURE 7 | RNAi of bar-1, elt-2, pmk-1, dbl-1, egl-1, and daf-16 affected the beneficial effect of Xuebijing (100%) treatment to reduce PA14:GFP (A) and to inhibit CFU (B) in P. aeruginosa-infected nematodes. RNAi was performed after P. aeruginosa infection. XBJ, Xuebijing. **p < 0.01 vs. wild-type (control) (if not specially indicated).
Effect of RNAi of pmk-1, daf-16, bar-1, and elt-2 on the expression of their targeted genes in Xuebijing-treated nematodes after bacterial infection
In nematodes, the gamma-glutamylcysteine synthetase GCS-1 acted as a target of PMK-1 in p38 MAPK signaling pathway during the control of bacterial pathogenic resistance (Papp et al., 2012). The superoxide dismutase SOD-3, a downstream target of DAF-16 in the insulin signaling pathway, could be induced in the intestine after infection with pathogenic bacteria (Chávez et al., 2007). The homeobox gene egl-5 acted downstream of β-catenin/bar-1 to regulate the innate immune response to pathogenic infection (Irazoqui et al., 2008). An early immune response gene F55G11.2 functioned as the target of elt-2 in regulating the immune response to P. aeruginosa (Block et al., 2015). After PA14 infection, gcs-1 expression was decreased by RNAi of pmk-1 in Xuebijing-treated nematodes, sod-3 expression was decreased by RNAi of daf-16 in Xuebijing-treated nematodes, egl-5 expression was decreased by RNAi of bar-1 in Xuebijing-treated nematodes, and F55G11.2 expression was decreased by RNAi of elt-2 in Xuebijing-treated nematodes (Supplementary Figure S4).
DISCUSSION
In the organisms, including the humans, P. aeruginosa can break down biological barriers (Berube et al., 2016). Largely due to this, Pseudomonas infection is one of the important reasons for sepsis (Cheluvappa et al., 2009). The Pseudomonas sepsis has been frequently observed in the clinical ICU (Stone, 1966; Ho et al., 2020). Therefore, we selected Pseudomonas PA14 as an example of bacterial pathogens to determine the possible antibacterial infection property of Xuebijing on the host of C. elegans. C. elegans is an important animal model for innate immunity and stress response (Engelmann and Pujol, 2010; Liu et al., 2021; Wang et al., 2021; Zhao Y.-L. et al., 2022). After infection, Xuebijing treatment effectively inhibited the damage of PA14 infection in reducing lifespan, and this beneficial effect of Xuebijing was dose-dependent (Figure 1B). Our finding implies that the clinical Xuebijing administration may have beneficial effects to decrease the fatality rate caused by bacterial pathogenic infection. Nevertheless, the combinational use of Xuebijing with other drugs (such as certain antibiotics) is still suggested, since even treatment with 100% Xuebijing did not recover the lifespan of PA14-infected nematodes to the control level (Figure 1B). Under the normal condition, the 25%–100% Xuebijing treatment did not affect brood size and locomotion behavior and induce the obvious oxidative stress (data not shown). In addition, under the normal condition, the 25%–75% Xuebijing treatment did not affect lifespan, and the 100% Xuebijing treatment could even moderately increase lifespan (data not shown).
One of the important cellular mechanisms for antibacterial infection of Xuebijing was the reduction of pathogen colony formation in the intestinal lumen of nematodes. After infection, the accumulation of bacterial colony in the intestinal lumen is usually an important contributor to inducing and enhancing the damage of pathogen on nematodes (Aballay and Ausubel, 2002). Based on the CFU assay and PA14::GFP assessment, we observed that the colonization and accumulation of PA14 in the intestinal lumen were obviously reduced by Xuebijing treatment (Figure 2). Particularly, treatment with 100% Xuebijing could remove most of the PA14 from the intestinal lumen (Figure 2). These observations indicate that the Xuebijing treatment is useful for the excretion of bacterial pathogens from the digestive system in nematodes. Nevertheless, accompanied by the removal of most of PA14 from the intestinal lumen, we did not find the recovery of the lifespan curve to the control level after 100% Xuebijing treatment (Figure 1B). This implies that the Xuebijing post-treatment may have the limited effect to attenuate the damage on longevity already caused by PA14 infection.
In organisms, including the nematodes, antimicrobial peptides will be activated to kill pathogens after infection (Gravato-Nobre, 2005; Santaolalla et al., 2011). Modulation of innate immune response is also an important pharmacological mechanism for the examined drugs in nematodes (Shu et al., 2016). We further observed that the activation of antimicrobial genes by PA14 infection could be significantly suppressed by the following Xuebijing treatment (Figure 3). One of the reasons for this suppression of the activation of antimicrobial genes in Pseudomonas-infected nematodes may be due to the reduction and the excretion of bacterial pathogens from the intestinal lumen by Xuebijing treatment discussed above. That is, after Xuebijing treatment, the reduction in Pseudomonas cells from the intestinal lumen may gradually remove the requirement for nematodes to secret antimicrobial genes to kill bacterial pathogens.
For the molecular mechanism of Xuebijing treatment against bacterial infection, we found the requirement of insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD-related signals for the formation of the beneficial function of Xuebijing against bacterial infection. Under the condition of RNAi knockdown of daf-16, pmk-1, bar-1, dbl-1, egl-1, and elt-2, Xuebijing lacked the potential to increase the lifespan of PA14-infected nematodes (Figure 6; Supplementary Table S3). After PA14 infection, the expression of the corresponding targeted gene was inhibited by RNAi of pmk-1, daf-16, bar-1, or elt-2 in Xuebijing-treated nematodes (Supplementary Figure S4), which further supported the role of these molecular signals in regulating the beneficial function of Xuebijing against bacterial infection. Meanwhile, we observed that the PA14-induced decrease in expressions of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 could be suppressed by 100% Xuebijing treatment (Supplementary Figure S3). These results suggest that Xuebijing treatment could inhibit the toxic effects caused by Pseudomonas infection by increasing the function of insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD-related signals. Nevertheless, we also noticed that, after 100% Xuebijing treatment, the expression of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 could not be recovered to control levels in PA14-infected nematodes (Supplementary Figure S3), which is consistent with the limited effect observed in Figure 1B. The reason to examine the effect of insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD-related signals is that these 6 molecular signals are crucial and conserved during the control of innate immunity and stress response (Kurz and Tan, 2004; Irazoqui et al., 2008; Arvanitis et al., 2013; Head et al., 2017; Wang, 2019; Harding and Ewbank, 2021). These 6 molecular signals are involved in the immunology of various diseases, such as diabetes, cancer, and hematologic disorders (Rossini et al., 1985; Gao et al., 2015; Kim and Choi, 2015; Batlle and Massague, 2019; Galluzzi et al., 2019; Bertheloot et al., 2021). In addition, some of them further directly participate in the control of immunity in humans. For example, the transcriptional factor GATA-3 is required for innate and adaptive immunity, and act as a master regulator for the differentiation of T helper (Th2) cells (Ho and Pai, 2007; Tindemans et al., 2014). Our results are useful to provide some clues to understand the underlying molecular mechanism of Xuebijing administration in the clinical ICU.
Moreover, we further found the requirement of insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD-related signals for the beneficial function of Xuebijing in inhibiting PA14 colony accumulation in the intestinal lumen (Figure 7). That is, the altered bacterial colony accumulation in the intestinal lumen is an important cellular mechanism for the function of pmk-1, daf-16, bar-1, dbl-1, egl-1, and elt-2 in modulating the effect of Xuebijing against bacterial infection. This also suggested the biological function of insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD-related signals in modulating bacterial colonization in the intestine of nematodes. More importantly, this further supports the crucial role of Xuebijing in reducing bacterial colony accumulation in the body of nematodes.
Besides what we have discussed above, the direct antibacterial activity may also act as a crucial contributor to the formation of antibacterial infection property of Xuebijing treatment in nematodes. However, both time–kill assay and agar diffusion assay did not show the obvious antibacterial activity of Xuebijing (Figure 4). This implies that the 5 Chinese medicines and the compounds in these Chinese medicines may have no or only very limited antibacterial activity. The published references have also not implied the strong antibacterial activity of Xuebijing (Fan et al., 2020).
In this study, although we did not observe the obvious antibacterial activity for Xuebijing treatment, we found that the Xuebijing treatment could reduce the Pseudomonas virulence factors to a certain degree. For example, the biofilm formation of PA14 could be inhibited by Xuebijing (100%) treatment (Figure 5A). Meanwhile, both the expression of virulence genes (lasA, lasB, rhlA, rhlC, phzA, phzM, phzH, and phzS) and the expression of QS-related genes (lasI, lasR, rhlI, rhlR, pqsA, and pqsR) of PA14 were significantly decreased by Xuebijing (100%) treatment (Figures 5B,C). These observations suggest that, during the formation of antibacterial infection property, both the enhancement in the excretion of bacterial pathogens and the reduction in virulence factors may act as primary contributors to the beneficial effect of Xuebijing treatment against bacterial infection. Once the population density of bacteria reaches the critical threshold, the QS system will be activated to regulate both biofilm formation and expression of virulence genes (Warrier et al., 2021). Our data suggested that Xuebijing treatment also had the potential to suppress the QS mechanism in PA. The bioactive components in Chinese medicines in Xuebijing with the functions to enhance excreting bacterial pathogens out of the body of organisms and to reduce virulence factors are needed to be further carefully identified. A previous study has indicated that the paeonol, one of the active compounds in Xuebijing, inhibited the biofilm formation of Gram-negative bacteria, downregulated expressions of both QS-related genes and virulence genes of P. aeruginosa, and enhanced the survival rate of C. elegans (Yang D. et al., 2021). In addition, considering the pH value of Xuebijing injection is 5.5, the observed effect of Xuebijing on P. aeruginosa was not associated with the possible excessive high or low pH value of Xuebijing. Excessive high or low pH values will cause adverse effects on organisms, such as C. elegans (Wang, 2020).
CONCLUSION
Together, using C. elegans as an animal model, we examined the potential of Xuebijing against bacterial infection and the underlying mechanism. In nematodes, Xuebijing treatment could inhibit the damage of Pseudomonas infection in reducing lifespan. The role of antibacterial infection for Xuebijing treatment was largely due to the suppression of Pseudomonas colonization and accumulation in the intestinal lumen and the influence on innate immune response in nematodes. In C. elegans, p38 MAPK, insulin, Wnt, DBL-1/TGF-β, ELT-2, and PCD-related signals were required for beneficial effects of Xuebijing against Pseudomonas infection and intestinal colony accumulation. Moreover, the reduction in virulence factors also acted as another primary contributor to the beneficial effect of Xuebijing treatment against bacterial infection. The findings support the potential role of Xuebijing administration against bacterial infection in organisms. Our results will be helpful for understanding the pharmacological mechanisms of Xuebijing treatment in clinical therapy.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
LZ, YW, CC, YZ, and WH performed the experiments. YY, HQ, SL, and DW conceived the idea. SL and DW wrote the manuscript.
FUNDING
This work was supported by the Jiangsu Provincial Key Laboratory of Critical Care Medicine.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.949608/full#supplementary-material
ABBREVIATIONS
ANOVA, analysis of variance; CFU, colony-forming unit; ICU; intensive care units; LB, Luria–Bertani; PCD, programmed cell death; QS, quorum sensing; TCM, traditional Chinese medicine; NGM, nematode growth medium; qRT-PCR, quantitative real-time polymerase chain reaction; RNAi, RNA interference; RP-HPLC, reverse-phase high-performance liquid chromatography.
REFERENCES
 Aballay, A., and Ausubel, F. M. (2002). Caenorhabditis elegans as a host for the study of host-pathogen interactions. Curr. Opin. Microbiol. 5, 97–101. doi:10.1016/s1369-5274(02)00293-x
 Abisado, R. G., Benomar, S., Klaus, J. R., Dandekar, A. A., and Chandler, J. R. (2018). Bacterial quorum sensing and microbial community interactions. mBio 9, e02331–17. doi:10.1128/mBio.02331-17
 Anastassopoulou, C. G., Fuchs, B. B., and Mylonakis, E. (2011). Caenorhabditis elegans-based model systems for antifungal drug discovery. Curr. Pharm. Des. 17, 1225–1233. doi:10.2174/138161211795703753
 Arvanitis, M., Li, D., Lee, K., and Mylonakis, E. (2013). Apoptosis in C. elegans: Lessons for cancer and immunity. Front. Cell. Infect. Microbiol. 3, 67. doi:10.3389/fcimb.2013.00067
 Balla, K. M., and Troemel, E. R. (2013). Caenorhabditis elegans as a model for intracellular pathogen infection. Cell. Microbiol. 15, 1313–1322. doi:10.1111/cmi.12152
 Batlle, E., and Massague, J. (2019). Transforming growth factor-β signaling in immunity and cancer. Immunity 50, 924–940. doi:10.1016/j.immuni.2019.03.024
 Bertheloot, D., Latz, E., and Franklin, B. S. (2021). Necroptosis, pyroptosis and apoptosis: An intricate game of cell death. Cell. Mol. Immunol. 18, 1106–1121. doi:10.1038/s41423-020-00630-3
 Berube, B. J., Rangel, S. M., and Hauser, A. R. (2016). Pseudomonas aeruginosa: Breaking down barriers. Curr. Genet. 62, 109–113. doi:10.1007/s00294-015-0522-x
 Block, D. H. S., Twumasi-Boateng, K., Kang, H. S., Carlisle, J. A., Hanganu, A., Lai, T. Y.-J., et al. (2015). The developmental intestinal regulator ELT-2 controls p38-dependent immune responses in adult C. elegans. PLoS Genet. 11, e1005265. doi:10.1371/journal.pgen.1005265
 Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71–94. doi:10.1093/genetics/77.1.71
 Chávez, V., Mohri-Shiomi, A., Maadani, A., Vega, L. A., and Garsin, D. A. (2007). Oxidative stress enzymes are required for DAF-16-mediated immunity due to generation of reactive oxygen species by Caenorhabditis elegans. Genetics 176, 1567–1577. doi:10.1534/genetics.107.072587
 Cheluvappa, R., Denning, G. M., Lau, G. W., Grimm, M. C., Hilmer, S. N., and Le Couteur, D. G. (2009). Pseudomonas aeruginosa and the hyperlipidaemia of sepsis. Pathology 41, 615–621. doi:10.3109/00313020903257764
 Chen, S., Dai, G., Hu, J., Rong, A., Lv, J., Su, L., et al. (2016). Discovery of xuebijing injection exhibiting protective efficacy on sepsis by inhibiting the expression of HMGB1 in septic rat model designed by cecal ligation and puncture. Am. J. Ther. 23, e1819–e1825. doi:10.1097/MJT.0000000000000296
 Engelmann, I., and Pujol, N. (2010). Innate immunity in C. elegans. Adv. Exp. Med. Biol. 708, 105–121. doi:10.1007/978-1-4419-8059-5_6
 Fan, T. T., Cheng, B. L., Fang, X. M., Chen, Y. C., and Su, F. (2020). Application of Chinese medicine in the management of critical conditions: A review on sepsis. Am. J. Chin. Med. 48, 1315–1330. doi:10.1142/S0192415X20500640
 Galluzzi, L., Spranger, S., Fuchs, E., and López-Soto, A. (2019). WNT signaling in cancer immunosurveillance.Trends Cell Biol. 29, 44–65. doi:10.1016/j.tcb.2018.08.005
 Gao, J., Chen, Y. H., and Peterson, L. C. (2015). GATA family transcriptional factors: Emerging suspects in hematologic disorders. Exp. Hematol. Oncol. 4, 28. doi:10.1186/s40164-015-0024-z
 Giunti, S., Andersen, N., Rayes, D., and De Rosa, M. J. (2021). Drug discovery: Insights from the invertebrate Caenorhabditis elegans. Pharmacol. Res. Perspect. 9, e00721. doi:10.1002/prp2.721
 Gravato-Nobre, M. J., and Hodgkin, J. (2005). Hodgkin, JCaenorhabditis elegans as a model for innate immunity to pathogens. Cell. Microbiol. 7, 741–751. doi:10.1111/j.1462-5822.2005.00523.x
 Harding, B. W., and Ewbank, J. J. (2021). An integrated view of innate immune mechanisms in C. elegans.Biochem. Soc. Trans. 49, 2307–2317. doi:10.1042/BST20210399
 Head, B. P., Olaitan, A. O., and Aballay, A. (2017). Role of GATA transcription factor ELT-2 and p38 MAPK PMK-1 in recovery from acute P. aeruginosa infection in C. elegans. Virulence 8, 261–274. doi:10.1080/21505594.2016.1222334
 Ho, I. C., and Pai, S. Y. (2007). GATA-3 - not just for Th2 cells anymore. Cell. Mol. Immunol. 4, 15–29.
 Ho, V. P., Kaafarani, H., Rattan, R., Namias, N., Evans, H., and Zakrison, T. L. (2020). Sepsis 2019: What surgeons need to know. Surg. Infect. 21, 195–204. doi:10.1089/sur.2019.126
 Hou, S. Y., Feng, X. H., Lin, C. L., and Tan, Y. F. (2015). Efficacy of Xuebijing for coagulopathy in patients with sepsis. Saudi Med. J. 36, 164–169. doi:10.15537/smj.2015.2.9895
 Huang, H., Ji, L., Song, S., Wang, J., Wei, N., Jiang, M., et al. (2011). Identification of the major constituents in Xuebijing injection by HPLC-ESI-MS. Phytochem. Anal. 22, 330–338. doi:10.1002/pca.1284
 Huang, K., Zhang, P., Zhang, Z., Youn, J. Y., Wang, C., Zhang, H., et al. (2021). Traditional Chinese Medicine (TCM) in the treatment of COVID-19 and other viral infections: Efficacies and mechanisms. Pharmacol. Ther. 225, 107843. doi:10.1016/j.pharmthera.2021.107843
 Huang, M., Cai, S., and Su, J. (2019). The pathogenesis of sepsis and potential therapeutic targets. Int. J. Mol. Sci. 20, 5376. doi:10.3390/ijms20215376
 Irazoqui, J. E., Ng, A., Xavier, R. J., and Ausubel, F. M. (2008). Role for beta-catenin and HOX transcription factors in Caenorhabditis elegans and mammalian host epithelial-pathogen interactions. Acad. Sci. U. S. A. 105, 17469–17474. doi:10.1073/pnas.0809527105
 Kim, D. H., and Ausubel, F. M. (2005). Evolutionary perspectives on innate immunity from the study of Caenorhabditis elegans. Curr. Opin. Immunol. 17, 4–10. doi:10.1016/j.coi.2004.11.007
 Kim, D. H., and Ewbank, J. J. (2018). Signaling in the innate immune response. WormBook 2018, 1–35. doi:10.1895/wormbook.1.83.2
 Kim, E. K., and Choi, E. J. (2015). Compromised MAPK signaling in human diseases: An update. Arch. Toxicol. 89, 867–882. doi:10.1007/s00204-015-1472-2
 Kim, W., Hendricks, G. L., Lee, K., and Mylonakis, E. (2017). An update on the use of C. elegans for preclinical drug discovery: Screening and identifying anti-infective drugs. Expert Opin. Drug Discov. 12, 625–633. doi:10.1080/17460441.2017.1319358
 Kurz, C. L., and Tan, M. W. (2004). Regulation of aging and innate immunity in C. elegans. Aging Cell 3, 185–193. doi:10.1111/j.1474-9728.2004.00108.x
 Lee, J. H., Cho, M. H., and Lee, J. (2011). 3-Indolylacetonitrile decreases Escherichia coli O157:H7 biofilm formation and Pseudomonas aeruginosa virulence. Environ. Microbiol. 13, 62–73. doi:10.1111/j.1462-2920.2010.02308.x
 Li, C., Wang, P., Li, M., Zheng, R., Chen, S., Liu, S., et al. (2021). The current evidence for the treatment of sepsis with Xuebijing injection: Bioactive constituents, findings of clinical studies and potential mechanisms. J. Ethnopharmacol. 265, 113301. doi:10.1016/j.jep.2020.113301
 Li, C., Wang, P., Zhang, L., Li, M., Lei, X., Liu, S., et al. (2018). Efficacy and safety of xuebijing injection (a Chinese patent) for sepsis: A meta-analysis of randomized controlled trials. J. Ethnopharmacol. 224, 512–521. doi:10.1016/j.jep.2018.05.043
 Li, D., Deng, Y.-J., Wang, S.-T., Du, H.-L., Xiao, G.-S., and Wang, D.-Y. (2020). Assessment of nanopolystyrene toxicity under fungal infection condition in Caenorhabditis elegans. Ecotoxicol. Environ. Saf. 197, 110625. doi:10.1016/j.ecoenv.2020.110625
 Li, X., Cheng, C., Wang, F., Huang, Y., Jia, W., Olaleye, O. E., et al. (2016). Pharmacokinetics of catechols in human subjects intravenously receiving XueBiJing injection, an emerging antiseptic herbal medicine. Drug Metab. Pharmacokinet. 31, 95–98. doi:10.1016/j.dmpk.2015.10.005
 Liu, H.-L., Tian, L.-J., Wang, S.-T., and Wang, D.-Y. (2021). Size-dependent transgenerational toxicity induced by nanoplastics in nematode Caenorhabditis elegans. Sci. Total Environ. 790, 148217. doi:10.1016/j.scitotenv.2021.148217
 Martineau, C. N., Kirienko, N. V., and Pujol, N. (2021). Innate immunity in C. elegans. Curr. Top. Dev. Biol. 144, 309–351. doi:10.1016/bs.ctdb.2020.12.007
 Miller, M. B., and Bassler, B. L. (2001). Quorum sensing in bacteria. Annu. Rev. Microbiol. 55, 165–199. doi:10.1146/annurev.micro.55.1.165
 Mousavi, S., Ghannadi, A., and Meidani, M. (2016). New horizon in the treatment of sepsis: A systematic review of alternative medicine.New horizon in the treatment of sepsis: A systematic review of alternative medicine. J. Complement. Integr. Med.J. Complement. Integr. Med. 13, 317–332. doi:10.1515/jcim-2016-0003
 Ni, L., Chen, L., Huang, X., Han, C., Xu, J., Zhang, H., et al. (2020). Combating COVID-19 with integrated traditional Chinese and Western medicine in China. Acta Pharm. Sin. B 10, 1149–1162. doi:10.1016/j.apsb.2020.06.009
 Papp, D., Csermely, P., and Soti, C. (2012). A role for SKN-1/Nrf in pathogen resistance and immunosenescence in Caenorhabditis elegans. PLoS Pathog. 8, e1002673. doi:10.1371/journal.ppat.1002673
 Parker, J. A., Holbert, S., Lambert, E., Abderrahmane, S., and Néri, C. (2004). Genetic and pharmacological suppression of polyglutamine-dependent neuronal dysfunction in Caenorhabditis elegans. J. Mol. Neurosci. 23, 61–68. doi:10.1385/JMN:23:1-2:061
 Peterson, N. D., and Pukkila-Worley, R. (2018). Caenorhabditis elegans in high-throughput screens for anti-infective compounds. Curr. Opin. Immunol. 54, 59–65. doi:10.1016/j.coi.2018.06.003
 Rand, J. B., and Johnson, C. D. (1995). Genetic pharmacology: Interactions between drugs and gene products in Caenorhabditis elegans. Methods Cell Biol. 48, 187–204. doi:10.1016/s0091-679x(08)61388-6
 Rossini, A. A., Mordes, J. P., and Like, A. A. (1985). Immunology of insulin-dependent diabetes mellitus. Annu. Rev. Immunol. 3, 289–320. doi:10.1146/annurev.iy.03.040185.001445
 Santaolalla, R., Fukata, M., and Abreu, M. T. (2011). Innate immunity in the small intestine. Curr. Opin. Gastroenterol. 27, 125–131. doi:10.1097/MOG.0b013e3283438dea
 Sharma, G., Rao, S., Bansal, A., Dang, S., Gupta, S., and Gabrani, R. (2014). Pseudomonas aeruginosa biofilm: Potential therapeutic targets. Biologicals 42, 1–7. doi:10.1016/j.biologicals.2013.11.001
 Shu, C., Sun, L., and Zhang, W. (2016). Thymol has antifungal activity against Candida albicans during infection and maintains the innate immune response required for function of the p38 MAPK signaling pathway in Caenorhabditis elegans. Immunol. Res. 64, 1013–1024. doi:10.1007/s12026-016-8785-y
 Skariyachan, S., Sridhar, V. S., Packirisamy, S., Kumargowda, S. T., and Challapilli, S. B. (2018). Recent perspectives on the molecular basis of biofilm formation by Pseudomonas aeruginosa and approaches for treatment and biofilm dispersal. Folia Microbiol. 63, 413–432. doi:10.1007/s12223-018-0585-4
 Stone, H. H. (1966). Review of pseudomonas sepsis in thermal burns: Verdoglobin determination and gentamicin therapy. Ann. Surg. 163, 297–305. doi:10.1097/00000658-196602000-00023
 Taffoni, C., and Pujol, N. (2015). Mechanisms of innate immunity in C. elegans epidermis. Tissue Barriers 3, e1078432. doi:10.1080/21688370.2015.1078432
 Tan, M. W., and Ausubel, F. M. (2000). Caenorhabditis elegans: A model genetic host to study Pseudomonas aeruginosa pathogenesis. Curr. Opin. Microbiol. 3, 29–34. doi:10.1016/s1369-5274(99)00047-8
 Tindemans, I., Serafini, N., Di Santo, J. P., and Hendriks, R. W. (2014). GATA-3 function in innate and adaptive immunity. Immunity 41, 191–206. doi:10.1016/j.immuni.2014.06.006
 van der Poll, T., van de Veerdonk, F. L., Scicluna, B. P., and Netea, M. G. (2017). The immunopathology of sepsis and potential therapeutic targets. Nat. Rev. Immunol. 17, 407–420. doi:10.1038/nri.2017.36
 Wang, D.-Y. (2020). Exposure toxicology in Caenorhabditis elegans. Springer Nature Singapore Pte Ltd. Singapore. 
 Wang, D.-Y. (2019). Molecular toxicology in Caenorhabditis elegans. Springer Nature Singapore Pte Ltd. Singapore. 
 Wang, S.-T., Liu, H.-L., Qu, M., and Wang, D.-Y. (2021). Response of tyramine and glutamate related signals to nanoplastic exposure in Caenorhabditis elegans. Ecotoxicol. Environ. Saf. 217, 112239. doi:10.1016/j.ecoenv.2021.112239
 Warrier, A., Satyamoorthy, K., and Murali, T. S. (2021). Quorum-sensing regulation of virulence factors in bacterial biofilm. Future Microbiol. 16, 1003–1021. doi:10.2217/fmb-2020-0301
 Yang, D., Hao, S., Zhao, L., Shi, F., Ye, G., Zou, Y., et al. (2021c). Paeonol attenuates quorum-sensing regulated virulence and biofilm formation in Pseudomonas aeruginosa. Front. Microbiol. 12, 692474. doi:10.3389/fmicb.2021.692474
 Yang, Y.-H., Wu, Q.-L., and Wang, D.-Y. (2021b). Dysregulation of G protein-coupled receptors in the intestine by nanoplastic exposure in Caenorhabditis elegans. Environ. Sci. Nano 8, 1019–1028. doi:10.1039/d0en00991a
 Yang, Y.-H., Wu, Q.-L., and Wang, D.-Y. (2021a). Neuronal Gα subunits required for the control of response to polystyrene nanoparticles in the range of μg/L in C. elegans. Ecotoxicol. Environ. Saf. 225, 112732. doi:10.1016/j.ecoenv.2021.112732
 Yu, Y.-L., Zhi, L.-T., Wu, Q.-L., Jing, L.-N., and Wang, D.-Y. (2018). NPR-9 regulates innate immune response in Caenorhabditis elegans by antagonizing activity of AIB interneurons. Cell. Mol. Immunol. 15, 27–37. doi:10.1038/cmi.2016.8
 Zhang, L., Wang, S.-T., Zhao, Y., Bi, K., and Wang, D.-Y. (2022). Increase in germline methyltransferases governing the methylation of histone H3K9 is associated with transgenerational nanoplastic toxicity in Caenorhabditis elegans. Environ. Sci. Nano 9, 265–274. doi:10.1039/d1en00835h
 Zhao, Y.-L., Chen, J.-Y., Wang, R., Pu, X.-X., and Wang, D.-Y. (2022b). A review of transgenerational and multigenerational toxicology in the in vivo model animal Caenorhabditis elegans. J. Appl. Toxicol . doi:10.1002/jat.4360
 Zhao, Y.-Y., Xu, R.-R., Hua, X., Rui, Q., and Wang, D.-Y. (2022a). Multi-walled carbon nanotubes induce transgenerational toxicity associated with activation of germline long non-coding RNA linc-7 in C. elegans. Chemosphere 301, 134687. doi:10.1016/j.chemosphere.2022.134687
 Zheng, J., Xiang, X., Xiao, B., Li, H., Gong, X., Yao, S., et al. (2018). Xuebijing combined with ulinastation benefits patients with sepsis: A meta-analysis. Am. J. Emerg. Med. 36, 480–487. doi:10.1016/j.ajem.2017.12.007
 Zhi, L.-T., Yu, Y.-L., Jiang, Z.-X., and Wang, D.-Y. (2017b). mir-355 functions as an important link between p38 MAPK signaling and insulin signaling in the regulation of innate immunity. Sci. Rep. 7, 14560. doi:10.1038/s41598-017-15271-2
 Zhi, L.-T., Yu, Y.-L., Li, X.-Y., Wang, D.-Y., and Wang, D.-Y. (2017a). Molecular control of innate immune response to Pseudomonas aeruginosa infection by intestinal let-7 in Caenorhabditis elegans. PLoS Pathog. 13, e1006152. doi:10.1371/journal.ppat.1006152
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 © 2022 Zhang, Wang, Cao, Zhu, Huang, Yang, Qiu, Liu and Wang. 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-13-949608-g005.gif





OPS/images/fphar-13-949608-g006.gif





OPS/images/fphar-13-949608-g003.gif





OPS/images/fphar-13-949608-g004.gif





OPS/images/fphar-13-949608-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Beneficial effect of Xuebijing against Pseudomonas aeruginosa infection in Caenorhabditis elegans		Introduction

		Methods		Xuebijing

		C. elegans strain and culture

		Bacterial preparation

		Bacterial infection

		Pharmacological post-treatment

		Lifespan assay

		Analysis of PA14 accumulation in the intestinal lumen

		Quantitative Real-Time polymerase chain reaction

		RNA interference

		Analysis of the antibacterial activity of Xuebijing

		Analysis of bacterial biofilm formation

		Data analysis





		Results		Effect of Xuebijing treatment against bacterial infection

		Effect of Xuebijing treatment against bacterial colony formation in nematodes

		Effect of Xuebijing treatment on innate immune response after bacterial infection

		Xuebijing did not have obvious antibacterial activity

		Effect of Xuebijing on biofilm formation and expression of virulence genes and quorum sensing-related genes of PA14

		Beneficial effect of Xuebijing against bacterial infection depended on insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and programmed cell death signals

		Role of Xuebijing in reducing bacterial colony accumulation in the intestine was dependent on insulin, p38 MAPK, Wnt, DBL-1/TGF-β, ELT-2, and PCD signals

		Effect of RNAi of pmk-1, daf-16, bar-1, and elt-2 on the expression of their targeted genes in Xuebijing-treated nematodes after bacterial infection





		Discussion

		Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-949608-g001.gif





OPS/images/fphar-13-949608-g002.gif
‘‘‘‘‘‘
SR |
.









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





