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Introduction

The mechanism of the immediate adverse drug reactions (ADRs) induced by ShenMai injection (SMI) has not been completely elucidated. Within 30 minutes, the ears and lungs of mice injected with SMI for the first time showed edema and exudation reactions. These reactions were different from the IV hypersensitivity. The theory of pharmacological interaction with immune receptor (p-i) offered a new insight into the mechanisms of immediate ADRs induced by SMI.



Methods

In this study, we determined that the ADRs were mediated by thymus-derived T cells through the different reactions of BALB/c mice (thymus-derived T cell normal) and BALB/c nude mice (thymus-derived T cell deficient) after injecting SMI. The flow cytometric analysis, cytokine bead array (CBA) assay and untargeted metabolomics were used to explain the mechanisms of the immediate ADRs. Moreover, the activation of the RhoA/ROCK signaling pathway was detected by western blot analysis.



Results

In BALB/c mice, the vascular leakage and histopathology results showed the occurrence of the immediate ADRs induced by SMI. The flow cytometric analysis revealed that CD4+ T cell subsets (Th1/Th2, Th17/Treg) were imbalanced. And the levels of cytokines such as IL-2, IL-4, IL12P70 and INF-γ increased significantly. However, in BALB/c nude mice, all the indicators mentioned above have not changed significantly. The metabolic profile of both BALB/c mice and BALB/c nude mice was significantly changed after injecting SMI, and the notable increase in lysolecithin level might have a greater association with the immediate ADRs induced by SMI. The Spearman correlation analysis revealed that LysoPC (18:3(6Z,9Z,12Z)/0:0) showed a significant positive correlation with cytokines. After injecting SMI, the levels of RhoA/ROCK signaling pathway-related protein increased significantly in BALB/c mice. Protein-protein interaction (PPI) showed that the increased lysolecithin levels might be related to the activation of the RhoA/ROCK signaling pathway.



Discussion

Together, the results of our study revealed that the immediate ADRs induced by SMI were mediated by thymus-derived T cells, and elucidated the mechanisms of such ADRs. This study provided new insights into the underlying mechanism of immediate ADRs induced by SMI.
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Introduction

Natural medicine injections are an important method in the application of natural medicine. It was an innovation that has been proven to have high bioavailability and rapid curative effects in extensive clinical applications (1). ShenMai injection (SMI) is a natural medicine injection product for treating coronary atherosclerotic cardiopathy and viral myocarditis. The main medicinal compositions of SMI are red ginseng and Ophiopogon, which contain a variety of effective ingredients such as polysaccharides, saponin, and organic acid (2). Since 1995, the scope of diseases treated by SMI has gradually expanded due to its effectiveness (3). Up to now, evidence-based advances revealed that SMI exerted potent effects against COVID-19 (4, 5). However, with the widespread application of SMI, its adverse drug reactions (ADRs) such as systemic reactions (allergic shock), skin lesions (urticaria, pruritus), bronchospasm and local pain (3, 6) have become increasingly prominent. Ginsenoside Rb1, ginsenoside Rb2, ginsenoside Rc, ginsenoside Rd and 20 (S)-ginsenoside Rg3 were the main components in SMI that could cause ADRs (7). In 215 (80.90%) of the 246 ADR cases caused by SMI, ADRs occurred the first time when the medication was given (3). Unlike IV hypersensitivity, this type of ADR usually occurred after the first exposure (30 min) to antigen without prior sensitization.

In recent years, cellular immune-mediated ADRs have received increasing attention. Previous theories have stated that small molecular drugs could be combined with endogenous peptides covalently to form antigen-hapten carrier complexes. Then, they were presented to the human leukocyte antigen (HLA) molecule and recognized by T cell receptors (TCRs), thus inducing a drug-specific cellular immune response (8, 9). However, the pharmacological interaction with immune receptor (p-i) concept postulated that small-molecule drugs such as Oxypurinol (10) might directly stimulate the helper T cells and/or cytotoxic T-lymphocyte (CD4+ and/or CD8+ T cells) (11). This theory offered a new opportunity to understand how immediate ADRs could be initiated by small-molecule components in SMI. At the same time, the advantages of metabolomics in toxicology studies are gradually emerging. Metabolomics is an effective tool for unbiased detection and analysis of the whole set of metabolites to screen out different metabolites (12). The use of untargeted metabolomics technologies to discover and identify differential endogenous metabolites allowed for rapid, accurate studies of ADRs mechanisms.

The Ras homolog family member A (RhoA) and its downstream effector Rho-associated kinase (ROCK) were involved in the process of cytoskeletal rearrangement, reactive oxygen species (ROS) production and morphology (13, 14). What’s more, the RhoA/ROCK signaling pathway could respond to various chemicals or mediators by regulating endothelial permeability (14–16). The clinical signs of immediate ADRs induced by SMI including allergic shock, skin lesions and bronchospasm were closely related to endothelial hyperpermeability. Therefore, we speculated that the activation of the RhoA/ROCK signaling pathway might be related to the occurrence of ADRs induced by SMI.

The present study confirmed that the immediate ADRs caused by SMI might be mediated by thymus-derived T cells using BALB/c mice and BALB/c nude mice. We further explored the disturbed RhoA/ROCK signaling pathway in SMI-induced ADRs using mice models. In addition, this was the first study to investigate the mechanism of immediate ADRs induced by thymus-derived T cells using metabolomics during SMI treatment. Overall, our study presented new insights related to the immediate ADRs induced by SMI and these results provided valuable data to support further research on the role of T-cell immunity in clinical ADRs.



Materials and methods


Animals

Thirty male BALB/c mice (SPF level,18-20 g) and thirty male BALB/c nude mice (SPF level, 18-20 g) were purchased from Vital River Laboratory Animal Technology, Co., Ltd. (Beijing, China). The mice were raised (temperature (24 ± 2 °C), humidity (60 ± 5%), 12 h dark/light cycle) in an SPF-level breeding room. All mice were fed the standard purified rodent diet (Research Diets, D10001) and water. After 3 days of acclimation, BALB/c mice were randomized into a control group (BS, injection of saline, 15 mice) and an experimental group (BSMI, injection of SMI, 15 mice) based on the body weight. Similarly, the BALB/c nude mice were divided into a control group (NS, injection of saline, 15 mice) and an experimental group (NSMI, injection of SMI, 15 mice). All animal experiments were performed following the Guide for the Care and Use of Laboratory Animals. The animal protocols were approved by the Institutional Animal Care and Use Committee of the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences (approval certificate number: 2022B196.)



Vascular leakage test after SMI injection

According to the recommended clinical dose of SMI (1.5 mL/kg), mice in the experimental group were given a dose of 30 mL/kg (2 x the clinical dose), which was calculated according to the animal dose conversion equation (FDA, 2005). In this study, the mice were injected with saline or SMI containing 0.4% EB in the tail vein. After 30 min of drug/EB injection, the ears of mice were collected and stored in 2 mL formamide for EB extraction. To assess the vascular leakage, the amount of EB extravasation in the ear was evaluated using a microplate reader at an absorption wavelength of 610 nm (Thermo Scientific Varioskan Flash, Thermo Fisher Scientific, United States).



Evaluation of histological examination

The lungs of mice were preserved in 10% neutral-buffered formalin for further staining. After dehydration with gradient alcohol, transparent with xylene, the tissue was embedded in paraffin. 5 μm thick sections were cut for hematoxylin and eosin (H&E) staining. The stained samples of the lung tissues were observed and imaged using a light microscope (DM1000, Leica Microsystems, Wetzlar, Germany).



Cytokine detection in lung

A flowcytometric cytokine bead array (CBA) assay has now been used to determine multiple interleukins, simultaneously. This study determined the cytokine (IL-2, IL-4, IL-6, IL-12p70 and INF-γ) profiles of interleukins in the lung of mice by using multiplex Flowcytometric CBA array assay. According to the literature, the left lung lobe of mice was used to prepare single-cell suspension for CBA array assay (17). Then, the assay was performed using BD™ CBA Flex Set (BD Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions. The data was acquired on a CytoFlex flow cytometer (Beckman Coulter, USA). And the data analyses for all interleukins were performed using FCAP Array Software v3.0 (BD Biosciences, San Jose, CA, USA).



Flow cytometric analysis of CD4+ T cell subsets

According to the literature, the spleen of the mice was used to prepare single-cell suspension (18). Then, the effects of SMI on mice T helper (Th1, Th2, Th17) cells and regulatory T (Treg) cells were determined using flow cytometry. In brief, the spleen of mice was digested and single-cell suspensions were stimulated with 50 ng/mL PMA and 1 μg/mL ionomycin in the presence of BD GolgiPlug (Leuko Act Cktl with GolgiPlug, BD Biosciences, San Jose, CA, USA) for 10 hours. Cells were fixed and permeabilized using BD Transcription Factor Buffer Set (BD Biosciences, San Jose, CA, USA) followed by staining with fluorescence-labeled antibodies CD3e-BV605 (145-2C11), CD4-APC-H7 (GK1.5), CD8a-BV510 (53-6.7), CD25-BV421 (PC61), FoxP3-Alexa 647 (MF23), IFN -γ-FITC (XMG1.2), IL-4-PE-Cy7 (11B11) and IL-17A-PE (TC11-18H10). All fluorescence-labeled monoclonal antibodies were purchased from BD Pharmingen. Flow cytometry was performed on a Beckman Coulter CytoFlex flow cytometry system.




Untargeted metabolomics analysis of mice plasma


Sample preparation

As previously described (19), 50 μL plasma was obtained and put into a 0.5 mL centrifuge tube containing 200 μL cold acetonitrile. Then the samples were vortexed (3 min) and centrifuged (12000 rpm, 4 °C, 15 min) in turn. 200 µL supernatant was collected and dried under N2 at room temperature. Before further analysis, these residues of samples were re-dissolved using 200 µL of 5% acetonitrile (containing 0.1% formic acid). Exactly 10 μL solution from each sample was taken and mixed into the QC sample for testing the stability of the instrument. The QC sample was inserted in an interval of 5-10 test samples. All reagents used were chromatographically pure.



Data acquisition for untargeted metabolomics

Metabolic profiling of the mice’s lung tissue was performed with established methods (19). The UHPLC system (Ultimate 3000, Thermo Fisher Scientific, USA) with a UPLC HSS T3 column (2.1 mm×100 mm, 1.8 μm, Waters) was used to perform chromatographic separation at 35°C. Then, the LTQ Orbitrap Velos Pro (Thermo Fisher Scientific, USA) was used to collect the primary and secondary mass spectrometric data. The mobile phase of the UHPLC system was composed of (A) 0.1% formic acid in water and (B) acetonitrile, 95%-45% A; 2.00-10.00 min, 45-5% A; 10.00-15.00 min, 5-5% A; 15.00-15.50 min, 5-95% A; 15.50-20.00 min, 95% A. The flow rate was 0.3 mL/min and the injection volume was 5 µL.

The LTQ Orbitrap Velos Pro was combined with UHPLC via an ESI interface. The acquisition software (Xcalibur 3.0, Thermo) continuously evaluated the full scan survey MS data as it collected and triggered the acquisition of MS/MS spectra depending on preselected criteria. The ion spray voltages were set at 3.5 kV in the positive ion mode. The auxiliary gas flow of 10 psi, sheath gas flow of 30 arb, auxiliary gas heater temperature of 350°C, capillary temperature of 320°C, the full mass resolution as 30000 and the MS2 experiments were set as data-dependent scans.



Multivariate analysis of LC-MS/MS data

All the data were processed with the Progenesis QI software (Waters, USA) for imputing raw data, eliminating noise, correcting baseline, aligning and selecting peaks to obtain necessary information, including retention time (tR) and m/z data pairs et al. Next, the acquired data were imported to the SIMCA-P 14.0 software (Umetrics, Sweden) for further analysis. Principal component analysis (PCA) and orthogonal to partial least squares-discriminate analysis (OPLS-DA) were performed to determine whether the metabolic phenotypes were different among groups. Then, the differential metabolites of SMI treated were screened using the judgment methods such as VIP≥1.5, FC≥2 and p<0.05. The identification of differential metabolites was performed using an online human metabolome database (https://hmdb.ca/) in Progenesis QI software.



Spearman correlation analysis

The correlation between cytokines and metabolites was analyzed by the spearman correlation coefficient (https://www.bioincloud.tech/). Correlations with p < 0.05 were considered significant and the heat maps were used to display the correlations determined. What’s more, a network was drawn to reveal the mechanism of thymus-derived T cell-mediated immediate ADRs in BALB/c mice after injecting SMI.



Protein-protein interaction network construction

To excavate interactions among metabolites and Rho-associated kinase-dependent pathways, a protein-protein interaction (PPI) network was established using the String database (https://www.string-db.org), with the minimum required interaction score set at 0.950. The metabolites targets were predicted on the Swiss TargetPrediction database (http://www.swisstargetprediction.ch/). Then, the Cytoscape software was applied to modify images downloaded from the String database, and an MCODE plug-in was used to identify important interacted protein-coding genes.



Western blot analysis

For western blot analysis, the total protein was isolated from the lung tissue using RIPA lysis buffer (65 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail tablets and phosphatase inhibitor tablets) and quantified. Then, the samples were separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE, 8%-12%) and transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were incubated with respective primary antibodies of anti-p-MLC2 (1:500), anti-MLC2 (1:500), anti-p-MYPT1 (1:500), anti-MYPT1 (1:500), and anti-RhoA (1:500) at 4 °C over-night, followed by incubation with the species-specific HRP-conjugated secondary antibodies (15, 16). Protein bands were detected by enhanced chemiluminescence (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Images of blots were analyzed by Image J software. Reagents information was shown in the Supporting Information.



Statistical analysis

Statistical product and service solutions (SPSS) 22.0 was employed for statistical analysis. The results were presented as Mean ± SD. Data analysis and the intergroup comparison were analyzed by One-way ANOVA and Student’s t-test, respectively. p< 0.05 indicated a statistically significant difference. The figures were performed using GraphPad Prism 8.0 software.




Results


SMI induced immediate ADRs in BALB/c mice

To examine the extent of SMI-induced vascular leakage, we used Evans blue (EB) as a marker of plasma protein extravasation. Because of its high affinity for plasma albumin, it could readily form albumin-EB complexes. This property has been widely applied to assess vascular leakage and the extent of inflammatory extravasation (20). We injected SMI intravenously with EB and determined vascular leakage by observing EB leakage in the ear. As a control, EB alone did not cause visible vascular leakage in mice (Figure 1A). Figure 1B showed the body weight of mice. As shown in Figure 1C, EB extravasation in the ear of BALB/c mice occurred within 30 min after the first injection of SMI.




Figure 1 | The immediate ADRs induced by SMI may be thymus-derived T cell-mediated in mice. (A) Vascular leakage in the ears of BS, BSMI, NS, NSMI group mice after injecting SMI SMI/EB. (B) The body weight of mice in BS, BSMI, NS, NSMI groups. (C) The results of EB extravasation in BS, BSMI, NS, NSMI groups (n = 5 per group). (D–G) The result of the microscopic examination in mice lungs (D, BS group; E, BSMI group; F, NS group; G, NSMI group; × 200 magnification). (H–L) The results of cytokine detection in lungs of mice (H, IL-2; I, IL-12p70; J, IL-4; K, IFN-γ; L, IL-6). (M) Flow cytometry figures of CD4+ T cell, CD8+ T cell, Th1, Th2, Th17 and Treg cell in the spleen. (N-P) The results of CD4+ T cell subsets (N, CD4+/CD8+ T cell; O, Th1/Th2; P, Th17/Treg). Data are expressed as Mean ± SD; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



The ADRs induced by SMI were mainly seen in the skin and respiratory system. Therefore, H&E staining was performed on lung tissues to verify the occurrence of ADRs. To evaluate whether SMI caused edema and exudation in BALB/c mice, histological observations (Figures 1D, E) of the lungs were obtained at 30 minutes after SMI treatment. Consistent with increased vascular leakage, the microscopic examination confirmed that a single dose of SMI at 30 mL/kg resulted in pulmonary inflammation in BALB/c mice. Besides, BALB/c mice have histological changes such as congestion and edema in the lungs after injecting SMI.



The immediate ADRs induced by SMI might be thymus-derived T cell-mediated in BALB/c mice

As we all know, the main difference between mice and nude mice is that nude mice have no thymus. The nude mice have been described as primary immunodeficiency mice without mature thymus-derived T cells (21, 22). To demonstrate that the immediate ADRs might be mediated by thymus-derived T cells, we injected both BALB/c nude and BALB/c mice with SMI. In the NSMI group, there was no significant EB leakage in the ear of mice (Figure 1A). At the same time, the results of histological observations also showed no signs of lung edema in BALB/c nude mice (Figures 1F, G).

Cytokines were thought to play a role in acute and/or immune-mediated ADRs. Cytokines could also be used as biomarkers for predicting adverse events (23). Figures 1H–L showed the results of cytokine detection in the lungs of mice. The injection of SMI induced considerable abnormalities in the cytokines of BALB/c mice such as the marked increase in levels of IL-2, IL-12p70, IL-4 and INF-γ (p<0.05). However, the levels of IL-2, IL-12p70, IL-4, INF-γ and IL-6 were not significantly increased in the NSMI group compared to the NS group (p>0.05). These results suggested that the immediate ADRs appeared to be stronger in BALB/c mice than in BALB/c nude mice.

Furthermore, we used flow cytometry to determine the effect of SMI injection on the T-cell subsets (Figure 1M). The CD4+/CD8+ T cell value of BALB/c mice did not change significantly after SMI injection (p>0.05, Figure 1N). But the injection of SMI induced the imbalance of Th1/Th2 and Treg/Th17 values in BALB/c mice, as shown in Figures 1O, P.

In summary, the immediate ADRs induced by SMI might be thymus-derived T cell-mediated in BALB/c mice.



The abnormal lysolecithin metabolism might be causally linked to the thymus-derived T cell-mediated immediate ADRs in BALB/c mice after injecting SMI

Under the optimal UPLC-ESI-Orbitrap MS conditions, metabolites could get a better separation and effective response effect in positive scan mode, and the total ion chromatograms were shown in Figure 2A. From the untargeted metabolomics analyses, 1812 metabolites were detected in the plasma samples. Many metabolites were observed to be statistically significant (p ≤ 0.05, fold change≥1.2 and VIP >1) in numerous pairwise comparisons related to the with or without SMI treated (BS vs BSMI, NS vs NSMI). A global view of the multi-dimensional data illustrated that plasma differences were observed between the different groups of mice. PCA, displayed in Figure 2B, highlighted global changes between saline and SMI injections in mice. The QC samples clustered together displayed satisfactory data quality. Notably, the overlap was observed between saline-injected BALB/c nude and BALB/c mice, highlighting the small metabolic differences between the two groups.




Figure 2 | Lysolecithin metabolism may be related to the thymus-derived T cell-mediated immediate ADRs in mice after injecting SMI. (A) Total ion chromatogram of mice in BS, BSMI, NS, NSMI groups. (B) PCA score plot between the detected samples and QC samples. (C) VENN diagram of significantly changed metabolites after SMI injection in BALB/c mice (B, red) and BALB/c nude mice (N, green). (D) OPLS-DA plot of BS and BSMI group. (E) S+V-plot of BS and BSMI group. (F) OPLS-DA plot of NS and NSMI group. (G) S+V-plot of NS and NSMI gruop. (H–Q) Results of 10 identified metabolites between BS and BSMI groups. The X-axis represents the group and the Y-axis represents the peak relative intensity of the mass spectrum. Data are expressed as Mean ± SD; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



For OPLS-DA analysis (Figures 2D, F), the intergroup separation could be apparently observed between the BS and the BSMI group, as well as the NS group and the NSMI group. The parameters of the OPLS-DA score plot obtained from BS and BSMI groups were R2X = 0.462, R2Y = 0.914, Q2 =0.812 and the P value of CV-ANOVA =0.00056. In the NS group and NSMI group, the parameters of the OPLS-DA score plot were R2X = 0.628, R2Y = 0.992, Q2 =0.822 and the P value of CV-ANOVA =0.016. These results suggested OPLS-DA models were robust. The S+V - plot scores (Figures 2E, G) were usually used to screen differential metabolites. After the screen by the conditions of VIP >1, fold change (FC) ≥ 1.2 and p ≤ 0.05, a total of 123 significantly differential metabolites were identified between the BS and BSMI groups. And 168 metabolites were significant changes between the NS and NSMI groups. Among them, 93 metabolites were significantly changed after injection of SMI in both BALB/c nude and BALB/c mice. 30 metabolites showed significant changes only after SMI injection in BALB/c mice, and it was speculated that these 30 metabolites might be related to thymus-derived T cell-mediated immediate ADRs (Figure 2C). 10 of the 30 metabolites were identified, including 9 LysoPCs and 1 LysoPE (Table 1). Compared to the BS group, injection of SMI induced considerable abnormalities in LysoPC metabolites in the BSMI group, such as significantly increased levels of LysoPC (20:3(5Z,8Z,11Z)), LysoPC(18:1(9Z)), LysoPC(22:5(4Z,7Z,10Z,13Z,16Z)) and et al. in the plasma (p ≤ 0.05) (Figures 2H-Q). However, the levels of the above metabolites were not significantly increased in the NSMI group compared to the NS group (p>0.05). These results indicated that the metabolic profiles of mice were significantly altered as a result of SMI injection. Furthermore, abnormal LysoPC metabolism might be associated with the thymus-derived T cell-mediated immediate ADRs of SMI.


Table 1 | Ten unique metabolites identified in BALB/c mice after injection of SMI.





The correlation between cytokine and metabolites

The Spearman correlation analysis was used to determine the correlation between metabolic perturbations and cytokine. In Figure 3A, multiple metabolites such as LysoPC (18:1(9Z)), LysoPC (22:5(4Z,7Z,10Z,13Z,16Z)), LysoPC (15:0), LysoPC (16:1(9Z)), LysoPC (18:0) showed significantly positive correlations with the levels of IL-2 and IL-6 (p<0.05).




Figure 3 | Correlation analysis between the cytokine and metabolites. (A) The correlations between lung cytokine and lysolecithin metabolites. (B) Db-RDA analysis in BS and BMI group. (C) Db-RDA analysis of metabolites and cytokine. ∗p < 0.05, ∗∗p < 0.01.



At the same time, the results of distance-based redundancy analysis (db-RDA) also showed that IL-2 and IL-6 were most correlated with the metabolites (Figures 3B, C). In addition, compared to the other metabolites, LysoPC (18:3(6Z,9Z,12Z)/0:0) (p = 0.008) had the strongest correlation with cytokines. Thus, LysoPC (18:3(6Z,9Z,12Z)/0:0) might be a potential metabolite marker for the immediate ADRs induced by SMI.



The RhoA/ROCK signaling pathway was activated in the thymus-derived T cell-mediated immediate ADRs of SMI

Previous studies have revealed that the activation of RhoA/ROCK signaling pathways was associated with elevated levels of vascular leakage (15, 16). To verify whether this pathway was associated with the thymus-derived T cell-mediated immediate ADRs, the western blot analysis was conducted in this study. As shown in Figure 4, the protein levels of GTP-bound RhoA (GTP-RhoA) (Figure 4A), ROCK1(Figure 4B), phospho-myosin light chain 2 (p-MLC2) (Figure 4C), and phospho-myosin phosphatase targeting subunit 1 (p-MYPT1) (Figure 4D) in BALB/c mice lungs were significantly increased after injecting SMI (p < 0.05), while the increased levels of the above proteins in BALB/c nude mice lungs were not significant (p > 0.05). These results indicated that the increased vascular leakage in mice with ADRs was related to the activation of the RhoA/ROCK signaling pathway.




Figure 4 | RhoA/ROCK signaling pathway was activated in mice. (A–D) Protein validation results of ROCK1/GAPDH, p-MLC2/MLC2, GTP-RhoA/RhoA, p-MYPT1/MYPT1 in the lungs of mice (n = 3, per group). ∗p < 0.05, ∗∗p < 0.01. (E) PPI network of RhoA and protein-coding genes of the 10 lysolecithin targets. The node size is positively correlated with the degree. The darker color indicated stronger correlations. (F) The significant module in the PPI containing 26 genes is visualized using the MCODE plug-in. The node size is positively correlated with the MCODE score. The darker color indicated stronger correlations. (G) The interactions of the 10 lysolecithin metabolites and the 25 protein-coding genes. The node size is positively correlated with the degree. The darker color indicated stronger correlations.



The increased LysoPCs levels could induce considerable inflammatory reactivity mediated by rho kinase-dependent pathways (24). In order to determine whether there was an interaction relationship between RhoA and lysolecithin, PPI networks were established. The targets of 9 LysoPCs and 1 LysoPE were shown in the Supporting Information, Table S1. As shown in Figure 4E, the 57 genes could interact with each other. A most active module containing 25 genes activated by 10 lysolecithin metabolites was visualized by the MCODE plug-in (Figure 4F). And the interaction network of the 10 metabolites and the 25 genes was shown in Figure 4G.




Discussion

Natural medicine injections have been widely used in clinics, while adverse reaction reports also have increased rapidly in recent years. A study reported that SMI ranked in the top 5 for the incidence of ADRs (25). As natural medicine injections were usually prepared from extracts of a variety of herbs, they contained a complex chemical composition. Supported by the traditional Chinese medical science theory of “multiple ingredients and multiple targets”, most of the chemical components of herbs, such as amino acids and organic acids, were retained in the preparation process. In addition, pharmaceutical adjuvants such as polysorbate 80 and mannitol might also be present in the formulation of natural medicine injections. Thus, multiple classes of components with different chemical properties created great difficulties in the quality control of natural medicine injections and increased the risk of ADRs. In addition, limited studies revealed that the ADRs induced by SMI were usually related to injection speed, solvent type et al. and were dose-dependent (26–28). Therefore, standardizing the application of natural medicine injections and strengthening the observation of patients within 30 minutes of medication could effectively alleviate the immediate ADRs induced by natural medicine injections.

In this study, the dose was approximately 2 times as high as the clinical value and SMI was administered by one-time tail vein injection, which could cause immediate ADRs within 30 min. The symptoms associated with SMI-induced immediate ADRs mainly involved allergic shock, skin lesions and bronchospasm (3, 6). All of these symptoms were associated with the enhancement of vascular permeability. The occurrence of immediate ADRs has limited the clinical use of SMI. Our study explored the mechanism of SMI-induced immediate ADRs using the mice model, which could provide a reference for the prevention of ADRs caused by the clinical use of natural drug injections. In this study, we found significantly increased levels of EB extravasation in the BSMI group within 30 min after injecting SMI. However, there was no significant difference in EB extravasation level between the NS group and the NSMI group. Meanwhile, the histological observation of lung tissue was consistent with the results of the vascular leakage test. The BALB/c mice showed obvious pulmonary edema after injecting SMI, while the nude mice did not. Therefore, the immediate ADRs induced by SMI might be mediated by thymus-derived T cells probably. Type IV hypersensitivity mediated by T cells, also known as delayed-type reactions, usually occurs more than 12 hours after exposure to the anaphylactogen (29). The BALB/c mice that have been continuously fed the standard purified rodent diet appeared ADRS after the first exposure (30 min) to SMI. Thus, the immediate ADRs induced by SMI were distinct from type IV hypersensitivity reactions.

T cell-mediated ADRs involved interactions between small-molecule drugs, HLAs and TCRs, as was the case with most ADRs (30). Currently, three main models for T-cell-mediated ADRs were discussed: the hapten/prohapten model, the pharmacological interactions of drugs with immune receptors (p-i) concept and the altered peptide repertoire model (31). Among them, the p-i concept proposed by Pichler (32) stated that causative drugs bonded non-covalently to HLAs and/or TCRs and directly stimulated specific TCRs to produce drug-reactive T cells. This reaction could usually occur immediately. Specific HLA molecules might have a higher binding affinity for specific drug antigens. It could present drug antigens to specific TCRs, causing a series of T cell activation responses and adverse immune reactions (31, 33). The literature reported that both CD4+ and CD8+ T cells seemed to participate in the pathogenesis of drug-induced ADRs but played distinct roles. CD4+ T cells were first activated and initiated a drug-induced immune response. CD8+ T cells then recognized viral antigens and initiated an antiviral immune response, thereby targeting multiple organs and amplifying the inflammatory response (30, 34). Whilst the ELISpot assay was highly sensitive for the detection of drug-responsive T cells, flow cytometry techniques have been critical in the characterization of T-cell phenotypes (35). In this study, the result of flow cytometric analysis showed the proportion of CD4+/CD8+ T cells increased, but it did not reach a significant level. Moreover, as compared with control mice, the CD4+ T cell subsets were influenced in BALB/c mice after injecting SMI, such as the imbalance of Th1/Th2 and Th17/Treg levels. Obviously, the imbalance of the T cell subsets could not be caused by cellular proliferation in a short period of time. T cells made timely contact with antigen-bearing cells through targeted migration (homing) and T cell trafficking to provide immune protection (36). At the same time, T cell subsets could be selectively recruited and local inflammation accelerated the rate at which T cells entered the lymph nodes (37, 38). Therefore, we thought that the imbalance of the T cell subsets after injecting SMI might be related to T cell trafficking and the selective recruitment of the T cell subsets (39). To a certain extent, these results indicated that thymus-derived T cells participated in the immediate ADRs induced by SMI.

T cells underwent a process known as clonal expansion upon activation. The cytokines released during this process were thought to play a role in acute and/or immune-mediated ADRs for downstream reaction activation (23, 40). Th1 cells contributed to cell-mediated inflammatory immunity, while Th2 cells were responsible for humoral responses. The Th1 cytokines IFN-γ and IL-2 have been identified as key diagnostic factors indicating the involvement of drug-specific T cells in ADRs (41–43). The results of our study suggested that BALB/c mice injected with SMI had significantly higher Th1/Th2 levels, as well as IFN-γ and IL-2 levels, compared to BALB/c mice injected with normal saline. As a pro-inflammatory cytokine that induced the differentiation of CD4+ T cells into Th1 cells, the levels of IL-12 p70 were also significantly increased in BALB/c mice injected with SMI. Similarly, IL4 and IL6 levels also showed increasing trends. However, the levels of IFN-γ, IL-2, IL-12 p70, IL4 and IL6 were not significantly increased in the NSMI group mice compared to the NS group mice. The results presented here demonstrated that thymus-derived T cells played an essential role in SMI-induced ADRs.

The metabolite profiles were studied in detail by metabolomics to explore the mechanisms of thymus-derived T cell-mediated ADRs after injecting SMI (44). The current study found SMI significantly altered the metabolic profile of BALB/c mice and BALB/c nude mice in vivo. In the results of the Venn analysis, more than 90 metabolites of BALB/c mice and BALB/c nude were simultaneously altered, which might be mostly related to the positive effects of SMI. There were 10 identified metabolites with significant changes only in BALB/c mice after injecting SMI: 9 for LysoPCs and 1 for LysoPE. Thus, it was speculated that these 10 metabolites might be related to thymus-derived T cell-mediated immediate ADRs after injecting SMI. Previous reports indicated that LysoPCs had immunomodulatory functions, as they induced the expression of multiple genes associated with inflammation in endothelial cells, smooth muscle cells, macrophages and T cells, including cytokines and chemokines, adhesion molecules, growth factors and pro-inflammatory enzymes (45–47). Coincidentally, the result of the correlation between cytokine and metabolites showed that six LysoPCs were positively correlated with IL2, IL4, IL6 and INF-γ. Among them, LysoPC (18:2(9Z,12Z)) was more closely related to the above four cytokines. These results suggested the potential of LysoPC (18:2(9Z,12Z)) as a marker of immediate ADRs induced by SMI.

Many reports have argued that LysoPCs induced considerable neuroinflammatory reactivity in glia mediated by Rho-associated kinase-dependent pathways. Moreover, LysoPCs could activate rho kinase signaling in various cell types such as endothelial cells and smooth muscle cells (24). The PPI network showed that RhoA interacted with the lysolecithin metabolites targets, indicating that the increased level of the 10 lysolecithin metabolites might be related to the activation of the RhoA/ROCK signaling pathway. RhoA could regulate vascular endothelial permeability, which was correlated with vascular leakage. When RhoA formed an active GTP-bound state, it activated the downstream effector ROCK.

Then, the activation of ROCK promoted the phosphorylation of myosin light chain (MLC) and myosin phosphatase targeting subunit 1 (MYPT1), which could aggravate endothelial dysfunction and inflammation (48, 49). Our results demonstrated the RhoA/ROCK signaling pathway was significantly activated in BALB/c mice after injecting SMI, which corresponded to significant increases in vascular leakage and LysoPCs levels. Overall, significant increases in levels of lysolecithin metabolites and RhoA/ROCK signaling pathway-related proteins were only observed in BALB/c mice after simultaneous injecting SMI in BALB/c mice (thymus-derived T cells normal) and BALB/c nude mice (thymus-derived T cells deficient). These results revealed that the presence and absence of thymus-derived T cells were associated with the severity of immediate ADRs induced by SMI as well as the levels of lysolecithin metabolites and RhoA/ROCK pathway-related proteins. At the same time, BALB/c nude mice showed non-significant increases in lysolecithin metabolites and RhoA/ROCK pathway-related protein levels. These results suggested that the activation of the RhoA/ROCK pathway by elevated lysolecithin levels might be one of the main mechanisms underlying thymus-derived T cell-mediated immediate ADRs. A previous study showed that Shuanghuanglian injection was able to induce a pseudo-allergic reaction, a non-immune-mediated hypersensitivity reaction, by activating the RhoA/ROCK signaling pathway (15). Our findings confirmed that the RhoA/ROCK signaling pathway could still be activated in immune-mediated ADRs. There are still some deficiencies in this study. Firstly, we have only focused on the effect of SMI-induced immediate ADRs on CD4+ T cell subsets in this research. In view of the fact that CD8+ T cell plays an important role in immunology, CD8+ T cell subsets will be investigated in subsequent studies. The p-i theory claimed that small-molecule components could directly activate T cells by binding to HLA or TCR. The lectin in plants, involved in the lectin pathway of complement activation, could specifically stimulate CD4+ T cells (50, 51). In addition, the superantigen could also stimulate powerful T-cell responses in vivo (52). Thus, the specific mechanism by which SMI activated T cells needed further study. Eliminate the above deficiencies, all results of this study could still provide supportive data for continued research on immediate ADRs reduced by SMI.

The possible mechanism of thymus-derived T cell-mediated immediate ADRs in BALB/c mice after injecting SMI was shown in Figure 5.




Figure 5 | Mechanism of thymus-derived T cell-mediated immediate ADRs in BALB/c mice after injecting SMI.





Conclusion

In this research, the mechanism of immediate ADRs induced by SMI was studied. By comparing the different in vivo responses generated by simultaneous injection of SMI in BALB/c mice and BALB/c nude mice, it was determined that the immediate ADRs were mediated by thymus-derived T cells. Moreover, SMI-induced immediate ADRs resulted in increased cytokine and vascular leakage levels in BALB/c mice. Furthermore, we found the metabolic profile of mice changed significantly after injecting SMI through further analysis of the metabolomics results. Lysolecithin metabolites, especially LysoPCs, played an important role in these immediate ADRs. At the same time, LysoPC (18:2(9Z,12Z)) had the potential to be a biomarker for SMI-induced immediate ADRs based on the correlation analysis of cytokine and metabolites. Finally, this study confirmed the activation of the RhoA/ROCK pathway, which was closely associated with increased levels of vascular leakage, cytokines and LysoPCs in BALB/c mice injected with SMI. The above results provided a new theoretical basis for the immediate ADRs induced by natural medicine injections.



Data availability statement

The data presented in the study are deposited in the Nutstore repository at this link: https://www.jianguoyun.com/p/DRTgi90Q1Jy9Cxiwif0EIAA.



Ethics statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences.



Author contributions

HZ, XW, and SJ developed the idea and designed the research. SJ, BS, YZha, JH, YZho, CP, LFW, NS. HW and XW performed the experiments. SJ analyzed the data. HZ, XW, BB and LNW revised the paper. All authors contributed to the article and approved the submitted version.



Funding

The work was supported by the CACMS Innovation Fund (CI2021A04803), CACMS Innovation Fund (CI2021A04509), CACMS Innovation Fund (CI2021A04510) and National Natural Science Foundation of China (82104519). Open Fund of the State Key Laboratory of Quality Research in Chinese Medicine (SKL-QRCM-OP21004).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1135701/full#supplementary-material



References

1. Jiang, C, Zhao, LS, Xin, CW, Dong, Y, Shen, J, Xia, ZN, et al. Prediction of allergic reaction risk of shenmai injection based on real-world evidence coupled with UPLC-Q-TOF-MS. BioMed Chromatogr (2022) 36(2):e5255. doi: 10.1002/bmc.5255

2. Yu, K, Ma, Y, Shao, Q, Qu, H, and Cheng, Y. Simultaneously determination of five ginsenosides in rabbit plasma using solid-phase extraction and HPLC/MS technique after intravenous administration of ‘SHENMAI’ injection. J Pharm BioMed Anal (2007) 44(2):532–9. doi: 10.1016/j.jpba.2007.01.032

3. Zhang, L, Hu, J, Xiao, L, Zhang, Y, Zhao, W, Zheng, W, et al. Adverse drug reactions of shenmai injection: A systematic review. J Evid Based Med (2010) 3(3):177–82. doi: 10.1111/j.1756-5391.2010.01089.x

4. Zhang, YW, Cai, L, Qin, L, Yang, XQ, and Wang, H. Shenmai injection for COVID-19 with myocarditis based on network pharmacology. Adv Cardiovasc Dis (2020) 41(10):1101–5. doi: 10.16806/j.cnki.issn.1004-3934.2020.10.024

5. Zhu, XB, Guo, M, Zhang, ZH, Sun, LH, Liu, L, Zhou, LJ, et al. Chinese Herbal injections for coronavirus disease 2019 (COVID-19): A narrative review. Integr Med Res (2021) 10(4):100778. doi: 10.1016/j.imr.2021.100778

6. Wang, L, Zhang, W, Xie, Y, Bai, Y, Wang, M, and Ai, Q. Postmarketing studies on safety of dengfeng shenmai injection. J Tradit Chin Med (2013) 33(6):827–31. doi: 10.1016/s0254-6272(14)60019-4

7. Lin, YY, Jia, QQ, Sun, W, Fu, J, Lv, YN, Hou, YJ, et al. Multi targeted cell membrane chromatography: A comprehensive method for screening the anaphylactoid components from complex samples. Talanta (2020) 209:120539. doi: 10.1016/j.talanta.2019.120539

8. Padovan, E, Bauer, T, Tongio, MM, Kalbacher, H, and Weltzien, HU. Penicilloyl peptides are recognized as T cell antigenic determinants in penicillin allergy. Eur J Immunol (1997) 27(6):1303–7. doi: 10.1002/eji.1830270602

9. White, KD, Chung, WH, Hung, SI, Mallal, S, and Phillips, EJ. Evolving models of the immunopathogenesis of T cell-mediated drug allergy: The role of host, pathogens, and drug response. J Allergy Clin Immunol (2015) 136(2):219–35. doi: 10.1016/j.jaci.2015.05.050

10. Wei, CY, Chung, WH, Huang, HW, Chen, YT, and Hung, SI. Direct interaction between HLA-b and carbamazepine activates T cells in patients with stevens-Johnson syndrome. J Allergy Clin Immunol (2012) 129(6):1562–9.e5. doi: 10.1016/j.jaci.2011.12.990

11. Chen, CB, Abe, R, Pan, RY, Wang, CW, Hung, SI, Tsai, YG, et al. An updated review of the molecular mechanisms in drug hypersensitivity. J Immunol Res (2018) 2018:6431694. doi: 10.1155/2018/6431694

12. Gu, YY, Shi, L, Zhang, DD, Huang, X, and Chen, DZ. Metabonomics delineates allergic reactions induced by shuang-huang-lian injection in rats using ultra performance liquid chromatography-mass spectrometry. Chin J Nat Med (2018) 16(8):628–40. doi: 10.1016/S1875-5364(18)30101-8

13. Shao, F, Han, S, Shen, YH, Bian, W, Zou, L, Yiqian Hu, YQ, et al. Oxycodone relieves permeability damage and apoptosis of oxygen-glucose deprivation/reoxygenation-induced brain microvascular endothelial cells through ras homolog family member a (RhoA)/Rho-associated coiled-coil containing kinases (ROCK)/myosin light chain 2 (MLC2) signal. Bioengineered (2022) 3(3):5205–15. doi: 10.1080/21655979.2022.2037371

14. Hall, A. Rho GTPases and the actin cytoskeleton. Science (1998) 279(5350):509–14. doi: 10.1126/science.279.5350.509

15. Han, J, Zhao, Y, Zhang, Y, Li, C, Yi, Y, Pan, C, et al. RhoA/ROCK signaling pathway mediates shuanghuanglian injection-induced pseudo-allergic reactions. Front Pharmacol (2018) 9:87. doi: 10.3389/fphar.2018.00087

16. Han, J, Yi, Y, Li, C, Zhang, Y, Wang, L, Zhao, Y, et al. Involvement of histamine and RhoA/ROCK in penicillin immediate hypersensitivity reactions. Sci Rep (2016) 6:33192. doi: 10.1038/srep33192

17. Ji, NF, Xie, YC, Zhang, MS, Zhao, X, Cheng, H, Wang, H, et al. Ligustrazine corrects Th1/Th2 and Treg/Th17 imbalance in a mouse asthma model. Int Immunopharmacol (2014) 21(1):76–81. doi: 10.1016/j.intimp.2014.04.015

18. Liang, P, Peng, S, Zhang, M, Ma, Y, Zhen, X, and Li, H. Huai qi Huang corrects the balance of Th1/Th2 and Treg/Th17 in an ovalbumin-induced asthma mouse model. Biosci Rep (2017) 37(6):BSR20171071. doi: 10.1042/BSR20171071

19. Zhang, Y, Gu, XR, Zhou, YY, Si, N, Gao, WY, Sun, B, et al. An integrative analysis of qingfei paidu decoction for its anti-HCoV-229E mechanism in cold and damp environment based on the pharmacokinetics, metabolomics and molecular docking technology. Phytomedicine (2023) 108:154527. doi: 10.1016/j.phymed.2022.154527

20. Bates, DO. Vascular endothelial growth factors and vascular permeability. Cardiovasc Res (2010) 87(2):262–71. doi: 10.1093/cvr/cvq105

21. Lawetzky, A, and Hünig, T. Analysis of CD3 and antigen receptor expression on T cell subpopulations of aged athymic mice. Eur J Immunol (1988) 18(3):409–16. doi: 10.1002/eji.1830180314

22. Bauer-Negrini, G, Deckmann, I, Schwingel, GB, Hirsch, MM, Fontes-Dutra, M, Carello-Collar, G, et al. The role of T-cells in neurobehavioural development: Insights from the immunodeficient nude mice. Behav Brain Res (2022) 418:113629. doi: 10.1016/j.bbr.2021.113629

23. Masson, MJ, Collins, LA, and Pohl, LR. The role of cytokines in the mechanism of adverse drug reactions. Handb Exp Pharmacol (2010) 196:195–231. doi: 10.1007/978-3-642-00663-0_8

24. Sheikh, AM, Nagai, A, Ryu, JK, McLarnon, JG, Kim, SU, and Masuda, J. Lysophosphatidylcholine induces glial cell activation: Role of rho kinase. Glia (2009) 57(8):898–907. doi: 10.1002/glia.20815

25. Liu, BT, Jing, YQ, and Guo, MF. Analysis on the factors af ecting the adv erse reac tio ns of s henm ai injection. H ainan M ed J (2018) 29(14):2049–51. doi: 10.3969/j.issn.1003-6350.2018.14.038

26. Yang, Y, Islam, MS, Wang, J, Li, Y, and Chen, X. Traditional Chinese medicine in the treatment of patients infected with 2019-new coronavirus (SARS-CoV-2): A review and perspective. Int J Biol Sci (2020) 16(10):1708–17. doi: 10.7150/ijbs.45538

27. Li, L, Yang, D, Li, J, Niu, L, Chen, Y, Zhao, X, et al. Investigation of cardiovascular protective effect of shenmai injection by network pharmacology and pharmacological evaluation. BMC Complement Med Ther (2020) 20(1):112. doi: 10.1186/s12906-020-02905-8

28. Li, W, Zhao, F, Xie, X, Yang, J, Pan, J, and Qu, H. Quantitative profiling of comprehensive composition in compound herbal injections: An NMR approach applied on shenmai injection. Phytochem Anal (2022) 33(7):1045–57. doi: 10.1002/pca.3158

29. Uzzaman, A, and Cho, SH. Chapter 28: Classification of hypersensitivity reactions. Allergy Asthma Proc (2012) 33 Suppl 1:96–9. doi: 10.2500/aap.2012.33.3561

30. Miyagawa, F, and Asada, H. Current perspective regarding the immunopathogenesis of drug-induced hypersensitivity Syndrome/Drug reaction with eosinophilia and systemic symptoms (DIHS/DRESS). Int J Mol Sci (2021) 22(4):2147. doi: 10.3390/ijms22042147

31. Pavlos, R, Mallal, S, Ostrov, D, Buus, S, Metushi, I, Peters, B, et al. T Cell-mediated hypersensitivity reactions to drugs. Annu Rev Med (2015) 66:439–54. doi: 10.1146/annurev-med-050913-022745

32. Pichler, WJ. Pharmacological interaction of drugs with antigen-specific immune receptors: the p-i concept. Curr Opin Allergy Clin Immunol (2002) 2(4):301–5. doi: 10.1097/00130832-200208000-00003

33. Hung, SI, Chung, WH, Liou, LB, Chu, CC, Lin, M, Huang, HP, et al. HLA-B*5801 allele as a genetic marker for severe cutaneous adverse reactions caused by allopurinol. Proc Natl Acad Sci U.S.A. (2005) 102(11):4134–9. doi: 10.1073/pnas.0409500102

34. Picard, D, Janela, B, Descamps, V, D’Incan, M, Courville, P, Jacquot, S, et al. Drug reaction with eosinophilia and systemic symptoms (DRESS): A multiorgan antiviral T cell response. Sci Transl Med (2010) 2(46):46ra62. doi: 10.1126/scitranslmed.3001116

35. Goh, SJR, Tuomisto, JEE, Purcell, AW, Mifsud, NA, and Illing, PT. The complexity of T cell-mediated penicillin hypersensitivity reactions. Allergy (2021) 76(1):150–67. doi: 10.1111/all.14355

36. Masopust, D, and Schenkel, JM. The integration of T cell migration, differentiation and function. Nat Rev Immunol (2013) 13(5):309–20. doi: 10.1038/nri3442

37. Hay, JB, and Hobbs, BB. The flow of blood to lymph nodes and its relation to lymphocyte traffic and the immune response. J Exp Med (1977) 145(1):31–44. doi: 10.1084/jem.145.1.31

38. Soltys, J, and Quinn, MT. Selective recruitment of T-cell subsets to the udder during staphylococcal and streptococcal mastitis: Analysis of lymphocyte subsets and adhesion molecule expression. Infect Immun (1999) 67(12):6293–302. doi: 10.1128/IAI.67.12.6293-6302.1999

39. Chimen, M, Apta, BH, and Mcgettrick, HM. Introduction: T cell trafficking in inflammation and immunity. Methods Mol Biol (2017) 1591:73–84. doi: 10.1007/978-1-4939-6931-9_6

40. Gill, FA. The association of increased spontaneous lymphocyte transformation in vitro with clinical manifestations of drug hypersensitivity. J Immunol (1967) 98(4):778–85. doi: 10.4049/jimmunol.98.4.778

41. Mullen, AC, High, FA, Hutchins, AS, Lee, HW, Villarino, AV, Livingston, DM, et al. Role of T-bet in commitment of TH1 cells before IL-12-dependent selection. Science (2001) 292(5523):1907–10. doi: 10.1126/science.1059835

42. Das, J, Chen, CH, Yang, L, Cohn, L, Ray, P, and Ray, A. A critical role for NF-kappa b in GATA3 expression and TH2 differentiation in allergic airway inflammation. Nat Immunol (2001) 2(1):45–50. doi: 10.1038/83158

43. Lee, EJ, Ko, E, Lee, J, Rho, S, Ko, S, Shin, MK, et al. Ginsenoside Rg1 enhances CD4(+) T-cell activities and modulates Th1/Th2 differentiation. Int Immunopharmacol (2004) 4(2):235–44. doi: 10.1016/j.intimp.2003.12.007

44. Sun, B, Jiang, S, Li, ML, Zhang, Y, Zhou, YY, Wei, XL, et al. Lipidomics combined with transcriptomic and mass spectrometry imaging analysis of the Asiatic toad (Bufogargarizans) during metamorphosis and bufadienolide accumulation. Chin Med (2022) 17(1):123. doi: 10.1186/s13020-022-00676-7

45. Cieslik, K, Zembowicz, A, Tang, JL, and Wu, KK. Transcriptional regulation of endothelial nitric-oxide synthase by lysophosphatidylcholine. J Biol Chem (1998) 273(24):14885–90. doi: 10.1074/jbc.273.24.14885

46. Morimoto, M, Kume, N, Miyamoto, S, Ueno, Y, Kataoka, H, Minami, M, et al. Lysophosphatidylcholine induces early growth response factor-1 expression and activates the core promoter of PDGF-a chain in vascular endothelial cells. Arterioscler Thromb Vasc Biol (2001) 21(5):771–6. doi: 10.1161/01.atv.21.5.771

47. Oka, H, Kugiyama, K, Doi, H, Matsumura, T, Shibata, H, Miles, LA, et al. Lysophosphatidylcholine induces urokinase-type plasminogen activator and its receptor in human macrophages partly through redox-sensitive pathway. Arterioscler Thromb Vasc Biol (2000) 20(1):244–50. doi: 10.1161/01.atv.20.1.244

48. Wang, D, Han, J, Pan, C, Li, C, Zhao, Y, Liu, S, et al. Penilloic acid is the chief culprit involved in non-IgE mediated, immediate penicillin-induced hypersensitivity reactions in mice. Front Pharmacol (2022) 13:874486. doi: 10.3389/fphar.2022.874486

49. Riento, K, and Ridley, AJ. Rocks: multifunctional kinases in cell behaviour. Nat Rev Mol Cell Biol (2003) 4(6):446–56. doi: 10.1038/nrm1128

50. Lafont, V, Hivroz, C, Carayon, P, Dornand, J, and Favero, J. The lectin jacalin specifically triggers cell signaling in CD4+ T lymphocytes. Cell Immunol (1997) 181(1):23–9. doi: 10.1006/cimm.1997.1191

51. Ling, M, and Murali, M. Analysis of the complement system in the clinical immunology laboratory. Clin Lab Med (2019) 39(4):579–90. doi: 10.1016/j.cll.2019.07.006

52. Webb, SR, and Gascoigne, NR. T-Cell activation by superantigens. Curr Opin Immunol (1994) 6(3):467–75. doi: 10.1016/0952-7915(94)90129-5



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.

Copyright © 2023 Jiang, Sun, Zhang, Han, Zhou, Pan, Wang, Si, Bian, Wang, Wang, Wei and Zhao. 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.


OEBPS/Images/fimmu-14-1135701-g002.jpg
BS BSMI

NS NSMI

Z
2
g
2
Time (min)
D E
4 Wss
Mssvi 3
1]
40000 ® 4
\ 12
{ [
20000 ®o® il
= ..
g U °® .
£ ( L
. @
-20000 o®
o
®
40000 .
60000 y . — 2
-50000 -30000 -10000 10000 30000 -02 0.1 o 0.1
1.01941 * [1) pI1)
H
LysoPC (20:3(5Z,8Z,11Z)) LysoPC(18:1(9Z))
4107 2.5x107
-
Pl .
2x107 .
3x107 =
1.5%107. .
2x107- v * i v
" TA Y 1x107 AI' Ada
7 R 2T . L ¥
A . 5x105 ‘
BS BSMI NS NSMI BS BSMI NS NSMI
M
LysoPC(16:1(92)) LysoPE(20:5/0:0)
1.5%107 5%108
. o
4x108 s
1%107 ] 2108 o
oty v o
5x108 R S S
x
¢ 4 yyy

02

BS BSMI

NS NSMI

B c
\
F G
NS
M2picor1] [} =VSM]
| |
05 ®
_ 20000 ° @
g 1 L4 @
o 80— ®
i °
-20000-] . ‘
1 [ ]
0 -40000-
'WUUUj
B ]
O pleomn] ~80000 -
VP 140] -40000-30000-20000-10000 0 10000 20000 30000
100112 41)
K
LysoPC(22:5(42,72,102,13Z,162)) LysoPC(15:0)
5x108 6x108 .
.
4x108 " v
4%108 - L
3x108 _i_ LS
5. L g =
2x10 2x108 ¥
1106
0
BS BSMI NS NSMI BS BSMI NS NsMI

3x108

2x108

1x108

LysoPC(18:2(9Z,122))

BS BSMI

NS NSMI

LysoPC(20:4(5Z,8Z,11Z,14Z))

24—

025 -02-015 0.1 -0.05 0

Q

BS BSMI

NS NSMI

4x108

3x%108

2x108

1x%108

5x108
4x108
3x108
2x108

1x108

M3 plcomi1]
L]
05
L]
By
o | |
o
05
Bl

O picorni)
EIVIP[143+0]

005 01 015 02 025
Ul

LysoPC(18:3(6Z,9Z,122)0:0)

NS NSMI

BsSmI

LysoPC(18:0)

#

BS BsSMI

NS NSMI





OEBPS/Images/fimmu.2023.1135701_cover.jpg
& frontiers | Frontiers in Immunology

The immediate adverse drug reactions
induced by ShenMai Injection are mediated
by thymus-derived T cells and associated
with RhoA/ROCK signaling pathway





OEBPS/Images/fimmu-14-1135701-g004.jpg
BS BSMI NS NSMI

GTP-Rhoa e — o d—

Kiioa M

15

GTP-RhoA/RhoA ratio

BS BSMI NS NSMI

BSMI NS NSMI

PMYPT1/MYPT1 ratio

D

BS BSMI NS NSMI

ROCK] e (D we G

GAPDH D N "D o

1.4
° o=
E 1.2
E
g -
g 1.0 4
g
2 0.8 °

0.6

BS BSMI NS NSMI
BSM[ NSMI

PMLC2/MLC2 ratio
[
>
>

-

BS BSMI NS NSMI





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The immediate adverse drug reactions induced by ShenMai Injection are mediated by thymus-derived T cells and associated with RhoA/ROCK signaling pathway

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Animals

          



          		

            Vascular leakage test after SMI injection

          



          		

            Evaluation of histological examination

          



          		

            Cytokine detection in lung

          



          		

            Flow cytometric analysis of CD4+ T cell subsets

          



        



        



        		

          Untargeted metabolomics analysis of mice plasma

        

          		

            Sample preparation

          



          		

            Data acquisition for untargeted metabolomics

          



          		

            Multivariate analysis of LC-MS/MS data

          



          		

            Spearman correlation analysis

          



          		

            Protein-protein interaction network construction

          



          		

            Western blot analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            SMI induced immediate ADRs in BALB/c mice

          



          		

            The immediate ADRs induced by SMI might be thymus-derived T cell-mediated in BALB/c mice

          



          		

            The abnormal lysolecithin metabolism might be causally linked to the thymus-derived T cell-mediated immediate ADRs in BALB/c mice after injecting SMI

          



          		

            The correlation between cytokine and metabolites

          



          		

            The RhoA/ROCK signaling pathway was activated in the thymus-derived T cell-mediated immediate ADRs of SMI

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1135701-g003.jpg
0.2

0.1

0.0

RDA2: 7.09%

0.dzi-11

0.6

0.5

0.4

0.3

0.2

L
%
Mo
e
Mo
)
6 5
H M7 Mé
00 02 04 056

RDA1: 83.48%

RDA2: 7.09%

Group

® BS
® BSMI

-25 0.0 25
RDA1: 83.48%





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1135701-g005.jpg
——> Be activated and up-regulation
Cell trafficking





OEBPS/Images/fimmu-14-1135701-g001.jpg
Body weight
(@)

IL-2
(pg/mL)

BS BsMI

BS BsMI

NS NsMmI

NS NsMmI

EB extravasation in ear

BS BsMI

NS NSNI

IL-4
(pg/mL)

BS BsSMI

NS NsMmI

Singlet (93.09%)

CD3+T. cells (56.52%)

CD8+Tc cells (14.15%)

CDA+Th cell (15.36%)

Thi (27.69%)

Th2 (5.99%)

Th17 (6.20%)

Treg (8.88%)

BS BSMI
N

]
°
o
-

.
(=]
a
¥

i
e 4
a
o

P

g
E
~
=
&
[

-
o

-
o

o
o

(54
o

NS NsMmI

BS

BS

A A *
BS BSMI NS NSMI
O 40 ook
.
30
.
o~
=
. = 20
&
=
10 i
0
BSMI BS BSMI

BSMI





OEBPS/Images/table1.jpg
Max fold

g lon Theoretical  Experimental  Error B VIP : :
Num 3 Formula Change Identification
(min) mode Mass m/z Mass m/z (ppm)  value e e value
M+H 34E- LysoPC (20:3
Ml 10.14 N CasHs30,NP 54635541 54635522 0359 5 13 36 (7.87.112))
M+H 34E-
M2 1026 2 CaeHs30,NP 522.35541 52235547 0.104 ” 13 23 LysoPC (18:1(92))
M+H 1.8E- LysoPC (2255
M3 1038 CsoHs30,NP 570.35541 57035583 0726 16 14
* 30Hs30/ 02 (42,72,102,13Z,16Z))
M+H 63E-
M4 1166 N C,3HysO,NP 48232411 48232422 0216 o 14 15 LysoPC (15:0)
M+H 23E- LysoPC (182
M5 950 ph CaHs 1 O,NP 520.33976 52033990 0258 o 14 12.5 (02.122))
M6 8.85 M:'H C,4HysO,NP 49432411 49432404 -0.153 2‘3;5' 13 16 LysoPC (16:1(92))
M+H 1.6E-
M7 943 - CysHisO,NP 500.27716 50027481 -4.709 0 15 11 LysoPE (20:5/0:0)
M+H LIE- LysoPC (18:3
M8 8.72 CagHisO,NP 51832411 51832404 0.076 1.8 14
¥ Gk 05 (62,92,122)/0:0)
[2M 1.3E- LysoPC (20:4
M9 949 )+ CeeHioOuNaPy 1087.67225 1087.67017 1917 0 24 33 (S2AZINZAAT)
M 14E-
M10 9% | Na* CoeHsNOP 546.35541 54635577 0648 75 15 12 LysoPC (18:0)

tr,: Retention time.





