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[Abstract]            Objective  To investigate the underlying drug enhancement mechanisms of the Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) combination and toxicity reduction of Chuanwu combined with Gancao (Glycyrrhizae Radix et Rhizoma) in Wutou Decoction (乌头汤, WTD), and to elucidate the compatibility principle. Methods  The active compounds and potential effective targets of the selected combinations were retrieved from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) and Traditional Chinese Medicines Integrated Database (TCMID). The toxicity of Chuanwu (Aconiti Radix) was investigated by selecting all five toxic compounds from the literature and the TCMSP database, and obtaining their targets through SwissTargetPrediction. Targets related to rheumatoid arthritis (RA) were searched using DisGeNET, GenCards, and Online Mendelian Inheritance in Man (OMIM). Mutual targets between the drug pairs and RA were selected as potential RA therapy targets. The medicinally active compound-target network was constructed using Cytoscape 3.9.0. Gene ontology (GO) term enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment were performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) platform. Results  We obtained 191 active compound targets for Gancao (Glycyrrhizae Radix et Rhizoma), 171 for Huangqi (Astragali Radix), and 103 for Chuanwu (Radix Aconiti) (hypoaconitine’s target was obtained through literature and SwissTargetPrediction). A total of 5872 genes were obtained for RA. A drug-active compound-target network involving 13 effect-enhancing and nine toxicity reduction targets was constructed. PGR was the main effect enhancement target, and KCNH2 was the main toxicity reduction target. The effect-enhancing targets were related to 23 GO terms (such as positive regulation of transcription from RNA polymerase II promoter, steroid hormone-mediated signaling pathway, plasma membrane, and protein binding) (P < 0.01), and 13 KEGG pathways related to synergism [such as estrogen signaling pathway, cholinergic synapse, and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling pathway]. The toxicity reduction targets were related to 28 GO terms (mainly involes G-protein coupled receptor signaling pathway, plasma membrane, and drug binding) (P < 0.01), and five KEGG pathways related to toxicity reduction (cholinergic synapse, calcium signaling pathway, regulation of actin cytoskeleton, neuroactive ligand-receptor interaction, and serotonergic synapse). Conclusion  The combination of Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) plays an important effect-enhancing role in WTD and involves the estrogen and PI3K/Akt signaling pathways, with PGR as the core. The Chuanwu (Aconiti Radix) and Gancao (Glycyrrhizae Radix et Rhizoma) combination decreases toxicity in WTD and is associated with the cholinergic synapse and calcium signaling pathways, with KCNH2 as the core.       
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1  Introduction
The duality of effect and toxicity is an innate drug characteristic. Chinese doctors often use combinations of Chinese herbal prescriptions following the principle of “sovereign-minister-assistant-envoy” (Jun-Chen-Zuo-Shi in Chinese) to enhance drug efficacy or reduce toxicity.
The Wutou Decoction (乌头汤, WTD) consists of Chuanwu (Aconiti Radix), Mahuang (Ephedrae Herba), Shaoyao (Paeonia lactiflora Pall.), Huangqi (Astragali Radix), and Gancao (Glycyrrhizae Radix et Rhizoma), which is a well-known traditional Chinese herbal formula often used to treat rheumatoid arthritis (RA) and other arthritic syndromes with a significantly positive response [1]. A meta-analysis of 11 randomized controlled clinical trials (RCTs) demonstrated that treatment with WTD significantly improved therapeutic efficacy by decreasing the Disease Activity Score in 28 Joints (DAS28), joint tenderness and swelling, the duration of morning stiffness, the erythrocyte sedimentation rate (ESR), serum C-reactive protein (CRP) levels, rheumatoid factor (RF) scores, and anticyclic citrullinated peptide (anti-CCP) antibody levels, compared to treatments without WTD [2]. Chuanwu (Aconiti Radix) is a toxic traditional Chinese medicine (TCM) that generally causes paroxysmal muscle spasms, convulsions, arrhythmia, shortness of breath, and nose flapping, however, no significant differences regarding the incidence of adverse reactions [3, 4] were noted in patients with or without WTD, indicating that other herbs in WTD may relieve the toxicity associated with Chuanwu (Aconiti Radix).
TCM states that drug combinations are a basic characteristic of the compatibility of Chinese herbal formulas. Based on clinical WTD experience, Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) combination enhances the therapeutic effect of RA treatments, and Chuanwu (Aconiti Radix) and Gancao (Glycyrrhizae Radix et Rhizoma) combination reduces the toxicity of Chuanwu (Aconiti Radix). However, the underlying compatibility mechanisms remain unclear. Our initial study demonstrated that Huangqi (Astragali Radix) intensified the anti-arthritic effects of Chuanwu (Aconiti Radix) by regulating the NF-κB-mediated inflammatory and the Nrf2-mediated anti-oxidation pathways, which are the major WTD pathways involved in alleviating RA symptoms [5]. Combination of Chuanwu (Aconiti Radix) and varying Gancao (Glycyrrhizae Radix et Rhizoma) proportions increased the low toxic (LD50) and median toxic (TD50) doses, inhibited the acceleration of myocardial beating rhythm caused by aconite, and reduced the lactate dehydrogenase content [6]. Researchers have also found that the 50 to 100 mg/kg total flavonoids in Gancao (Glycyrrhizae Radix et Rhizoma) could prolong the incubation period of aconitine-induced arrhythmia in mice and reduce the duration of aconitine-induced arrhythmia in rats [7].
Network pharmacology can generate complicated interaction networks based on target molecules, biological functions, and bioactive compounds, which can systematically elucidate the mechanism of action of Chinese herbal formulas at the molecular level [8]. Thus, we aimed to elucidate using a network pharmacology to analysis the effect enhancement mechanisms of Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) combination, and the toxicity reduction mechanisms of Chuanwu (Aconiti Radix) and Gancao (Glycyrrhizae Radix et Rhizoma) combination.
2  Methods
2.1  Screening the active compounds and targets of Chuanwu (Aconiti Radix), Huangqi (Astragali Radix), and Gancao (Glycyrrhizae Radix et Rhizoma)
We screened the active compounds and targets of the three herbs using the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (https://old.tcmsp-e.com/index.php), based on an oral bioavailability (OB) of ≥ 30% and a drug-likeness (DL) of ≥ 0.18. For compounds without target information in the TCMSP and Traditional Chinese Medicines Integrated Database (TCMID, http://www.tcmip.cn), data were obtained from the available literature. We also downloaded the structural formulas of these compounds from PubChem (https://pubchem.ncbi.nlm.nih.gov/), followed by the application of SwissTargetPrediction (http://www.sib.swiss/). The UniProt database (https://www.uniprot.org/) was used to convert the protein names to gene symbols.
2.2  Summary of RA-related targets
We used “Rheumatoid arthritis” as the key phrase to summarize disease-related targets through the DisGe-NET, GenCards, and Online Mendelian Inheritance in Man (OMIM) databases. Deduplication was performed, and RA-related disease genes were obtained for follow-up research.
2.3  Definition and analysis of “synergistic targets” and “attenuated targets”
We first intersected the Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) effective component targets with the RA targets. The two intersection targets were sorted, identified, and defined as synergistic targets. For attenuation targets, all active compounds of Chuanwu (Aconiti Radix) were screened from the databases (no OB and DL restrictions were set) to identify the toxic compounds, including aconitine, mesaconitine, benzoylmesaconine, talatisamine, and hypaconitine. Attenuated targets were then defined by screening available literature and applying SwissTargetPrediction (probability > 0.1), followed by deduplication.
2.4  Compound-target network construction
The drug compound-target interaction network was constructed using Cytoscape 3.9.0 software. We adjusted the size and transparency of each compound and target according to the different degree values to highlight the different components and target proportions more intuitively. We set the adjustment range and the target shape size from a minimum of 60 to a maximum of 130, and the transparency from a minimum of 150 to a maximum of 300. Compounds or targets with larger shapes and darker colors had larger degree values, indicating that they are more likely to play an important role in enhancing or decreasing toxicity.
2.5  Gene Ontology (GO) function enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
The Database for Annotation, Visualization, and Integrated Discovery (DAVID, https://david.ncifcrf.gov/home.jsp) was used for GO enrichment and KEGG analysis. For GO enrichment analysis, items with P < 0.01 were selected to make bar graphs. For KEGG enrichment analysis, we listed all enriched pathways.
3  Results
3.1  Active compounds of Chuanwu (Aconiti Radix), Huangqi (Astragali Radix), and Gancao (Glycyrrhizae Radix et Rhizoma)
In total, 87, 12, and 280 compounds were identified for Huangqi (Astragali Radix), Chuanwu (Aconiti Radix), and Gancao (Glycyrrhizae Radix et Rhizoma), respectively. Twenty active compounds for Huangqi (Astragali Radix), three for Chuanwu (Aconiti Radix), and 92 for Gancao (Glycyrrhizae Radix et Rhizoma) were identified through further screening based on the OB and DL values (Supplementary file).
3.2  Target protein prediction and cross-validation
We used the TCMSP and TCMID databases to obtain target records for the three herbal medicines. These were then compared with the active compounds selected using absorption, distribution, metabolism, and excretion (ADME) parameters. We subsequently obtained 191 effective targets for Gancao (Glycyrrhizae Radix et Rhizoma), 171 for Huangqi (Astragali Radix), and 103 for Chuanwu (Aconiti Radix) (hypoaconitine’s target was obtained using SwissTargetPrediction). We selected five toxic compounds (aconitine, mesaconitine, benzoylmesaconine, talatisamine, and hypaconitine) to study the toxicity of Chuanwu (Aconiti Radix) and obtained 48 targets through SwissTargetPrediction (probability > 0.1, listed in Supplementay file). Based on the DisGeNET, GenCards, and OMIM databases, 5 872 RA-correlated genes were predicted. The Venn diagram identified 13 intersection targets between Chuanwu (Aconiti Radix), Huangqi (Astragali Radix), and RA (Figure 1). We also identified nine overlapping targets from the toxic component targets of Chuanwu (Aconiti Radix) and Gancao (Glycyrrhizae Radix et Rhizoma) (Figure 2).
[image: liuliang-1.jpg]
Fig. 1  Venn diagram of the herbs and RA cross-validation analysis on efficacy enhancement and toxicity reduction
A, cross-validation of Chuanwu (Aconiti Radix), Huangqi (Astragali Radix), and RA demonstrating enhanced effects. B, cross-validation of the toxic compounds in Chuanwu (Aconiti Radix) and Gancao (Glycyrrhizae Radix et Rhizoma).
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Fig. 2  Target gene frequency related to efficacy enhancement and toxicity reduction
A, frequencies of the 13 target genes associated with efficacy enhancement. B, frequencies of the nine target genes associated with toxicity reduction.
3.3  Drug-active compound-target network
Thirteen effect-enhancing and nine toxicity reduction targets were imported into Cytoscape to construct a drug-active component-target network model. The effect-enhancement network contained 39 nodes and 92 edges, with a maximum target point degree of 19 (PGR gene) (Figure 3A). The toxicity-reduction network contained 23 nodes and 35 edges, with a maximum target point degree of three (KCNH2 gene) (Figure 3B).
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Fig. 3  Drug active compound-target networks associated with effect enhancement and toxicity reduction
A, the active compound-target network of Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix). B, the active compound-target network of Chuanwu (Aconiti Radix) and Gancao (Glycyrrhizae Radix et Rhizoma). CW represents Chuanwu (Aconiti Radix); HQ represents Huangqi (Astragali Radix); and GC represents Gancao (Glycyrrhizae Radix and Rhizoma). Yellow represents the herb compounds; blue represents the herb name; and purple represents the target.
3.4  Functional terms and pathways involving the target proteins
Ten GO biological process functional terms, seven GO cellular component functional terms, and six GO molecular function terms were enriched for 13 targets associated with effect enhancement with an adjusted P < 0.01. GO enrichment analysis revealed that the biological processes mainly involved positive regulation of the RNA polymerase II promoter, the steroid hormone-mediated signaling pathway, the plasma membrane, and protein binding (Figure 4A). However, 12 GO biological process functional terms, 11 GO cellular component functional terms, and five GO molecular function terms were enriched for nine toxicity reduction targets with an adjusted P < 0.01. The main biological processes involved were the G protein-coupled receptor signaling pathway, the plasma membrane, and drug binding (Figure 4B). KEGG function enrichment analysis identified 13 enriched pathways associated with effect enhancement, in which the estrogen signaling, cholinergic synapse, and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling pathways were the main pathways (Figure 5A). Conversely, five enriched pathways were associated with toxicity reduction, namely the cholinergic synapse, the calcium signaling pathway, actin cytoskeleton regulation, neuroactive ligand-receptor interaction, and serotonergic synapse (Figure 5B).
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Fig. 4  GO enrichment analysis of effect enhancement and toxicity reduction
A, GO enrichment analysis of effect enhancement. B, GO enrichment analysis of the toxicity reduction.
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Fig. 5  KEGG enrichment analysis of effect enhancement and toxicity reduction
A, KEGG enrichment analysis of effect enhancement. B, KEGG enrichment analysis of toxicity reduction.
4  Discussion
WTD is an effective treatment for RA [9]. This is the first study to elucidate the underlying RA treatment effect-enhancing and toxicity-reduction mechanisms of the WTD Chinese herbs associated with therapeutic drug pairs. The main genes responsible for the enhanced effects of the Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) combination were PGR. Excess estrogen and progesterone may play a protective role in RA etiology. Women may have a decreased risk of developing RA during pregnancy when estrogen and progesterone levels are high [10]. However, the main gene responsible for WTD toxicity is KCNH2, which is the most common gene associated with long QT (time from the start of the QRS complex to the end of the T wave) and Brugada syndromes. Several studies have reported cardiovascular toxicity associated with Chuanwu (Aconiti Radix) [11, 12]. Interestingly, the expression of CHRM2, CHRM3, MMP2, and SLC6A2 were identical concerning effect enhancement and toxicity reduction. Most genes in the cholinergic system were enhanced. The first study to explore cholinergic anti-inflammatory mechanisms in arthritis evaluated the therapeutic response to nicotine and a selective α7 agonist (AR-R17779) in collagen-induced arthritis in mice [13]. Both drugs reduced the clinical signs of arthritis, decreased joint swelling and bone erosion, and reduced the serum levels of the inflammatory cytokines, tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6). Other studies demonstrated that the severity of arthritis was increased by vagotomy [14] and deletion of the α7nAChR nicotinic receptor [15].
Effect enhancement pathway analyses suggested that Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) combination mainly regulates the estrogen and PI3K/Akt signaling pathways in RA, which has been demonstrated in previous studies. For example, estrogen withdrawal in RA patients with menopause can indirectly affect osteoclast bone resorption and accelerate bone loss and osteoporosis by increasing pro-inflammatory cytokine production [16]. Activation of the PI3K/Akt signaling pathway may affect the anti-apoptotic properties of synovial fibroblasts, thereby affecting synovial proliferation in RA [17-19]. This pathway can also regulate the production of RA-related inflammatory mediators [20, 21]. However, pathway analysis of Gancao (Glycyrrhizae Radix et Rhizoma) and Chuanwu (Aconiti Radix) combination showed that the toxicity pathways mainly included cholinergic synapses, the calcium signaling pathway, actin cytoskeleton regulation, and neuroactive ligand-receptor interactions. Clinical manifestations of drug toxicity caused by Chuanwu (Aconiti Radix) are dominant in the digestive, nervous, and cardiovascular systems [22-24]. Digestive toxicity often manifests as nausea, vomiting, burning stomach sensation, salivation, abdominal pain, diarrhea and so on. Peripheral nervous system damage causes skin ant line feeling, formication, tingling, and numbness. Central nervous system damage is characterized by dizziness, blurred vision, and comatosis. Cardiovascular system damage is characterized by hypotension, arrhythmia, and possible cardiac arrest. Aconitine, mesoaconitine, and hypoaconitine are the main toxic components of Chuanwu (Aconiti Radix).
Combining Chuanwu (Aconiti Radix) with Gancao (Glycyrrhizae Radix et Rhizoma) can reduce the toxicity of Chuanwu (Radix Aconiti) and enhance its efficacy [25]. The combination of aconite alkaloids and active components in Gancao (Glycyrrhizae Radix et Rhizoma) had anti-inflammatory effects, relieving the symptoms of adjuvant arthritis in rats. Combining the two compounds resulted in improved efficacy compared to aconite or alkaloids alone [26]. The toxicity mechanism was associated with significant abnormalities in the spontaneous beating rate, the amplitude of spontaneous oscillations, and relative intracellular   concentrations. Moreover, disruption of intracellular  homeostasis in cardiac excitation-contraction coupling is a crucial mechanism of arrhythmic cytotoxicity in aconitine-induced cardiomyocytes [27]. Glycyrrhizic and glycyrrhetinic acid influenced the absorption and metabolism of aconitine and new aconitine in the body [28]. Licorice flavonoids and triterpene saponins can antagonize the arrhythmias caused by aconitine [29].
Based on the network pharmacology analysis, we suggest that Chuanwu (Aconiti Radix) and Huangqi (Astragali Radix) combination plays an important role in enhancing therapeutic efficacy, which is mainly achieved through the estrogen and PI3K/Akt signaling pathways. Chuanwu (Aconiti Radix) and Gancao (Glycyrrhizae Radix et Rhizoma) combination plays a role in decreasing toxicity, which involves the cholinergic synapses and calcium signaling pathways. Cholinergic synapses were predicted to be the common pathways for effect enhancement and toxicity reduction. An important consideration is also the “window of opportunity” regarding maintaining cholinergic synapse pathway homeostasis as it is crucial to effect enhancement and toxicity reduction.
Our study has some inherent limitations based on network pharmacology analysis. First, the TCMSP database was used to screen the active compounds (OB ≥ 30% and DL ≥ 0.18). Future studies should consider using high-performance liquid chromatography (HPLC) to identify the main chemical components of WTD. Further in vivo and in vitro experimental validation studies should be performed to confirm the compatibility principle of WTD.
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