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Abstract:



Radix Sophorae Flavescentis (RSF) and Fructus Cnidii (FC) compose a typical herbal synergic pair in traditional Chinese medicine (TCM) for pruritus symptom treatments. The mechanisms of action for the synergy are not understood. This paper aims at predicting the anti-pruritus targets and the main active ingredients for the RSF and FC herbal pair. We demonstrate that the RSF–FC herbal pair can be elucidated by mining the chemical structures of compounds derived from RSF and FC. Based on chemical structure data, the putative targets for RSF and FC were predicted. Additional putative targets that interact with the anti-pruritus targets were derived by mapping the putative targets onto a PPI network. By examining the annotations of these proteins, we conclude that (1) RSF’s active compounds are mainly alkaloids and flavonoids. The representative putative targets of the alkaloids are inflammation-related proteins (MAPK14, PTGS2, PTGS2, and F2) and pruritus-related proteins (HRH1, TRPA1, HTR3A, and HTR6). The representative putative targets of the flavonoids are inflammation-related proteins (TNF, NF-κB, F2, PTGS2, and PTGS2) and pruritus-related proteins (NR3C1 and IL2). (2) FC’s active compounds are mainly coumarins. Their representative putative targets are CNS-related proteins (AChE and OPRK1) and inflammation-related proteins (PDE4D, TLR9, and NF-κB). (3) Both RSF and FC display anti-inflammatory effects, though they exhibit their anti-pruritus effects in different ways. Their synergy shows that RSF regulates inflammation-related pruritus and FC regulates CNS-related pruritus.
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1. Introduction


Pruritus, especially when associated with chronic diseases such as atopic dermatitis, can be difficult to cure in the clinic and has a major impact on the quality of life of patients. Inflammation, dry skin, immune disorders, and many pathogens can cause pruritus symptoms [1]. Currently, therapeutic agents, such as glucocorticoids, cyclosporin A, and tacrolimus, can only partially meet patient needs [2,3,4]. Topical corticosteroids have many side effects such as skin atrophy [5]. New anti-pruritus agents without side effects are therefore in demand.



With its long history, traditional Chinese medicine (TCM) has accumulated significant anti-pruritus prescription data [6]. One of the most important TCM treatment characteristics involves herbs used in pairs. Herbs in a pair must be compatible and work together against specific pruritus symptoms [7]. The relationships between a herb pair can be mutual enhancement, assistance, or complementary [8]. Herbs can also work against one another, though we will not discuss this relationship in this paper.



Radix Sophorae Flavescentis (RSF) and Fructus Cnidii (FC) belong to a classic antipruritic herb-pair in TCM. RSF, the dried roots of Sophora Flavescens Aiton, was first recorded in “Shennong Bencao Jing” 2000 years ago [9]. RSF has diuresis, detoxification, expelling dampness, and insect repellent functions [10]. RSF is also one of the major ingredients in a Chinese Food and Drug Administration (CFDA)-approved topical vaginal medication (Jie Er Yin) for the treatment of contact dermatitis and local pruritus [11]. Recent studies have demonstrated that RSF has many other pharmacological effects including anti-inflammation, antibacterial, analgesic, anti-tumor, and anti-hepatitis B virus [12,13]. However, the evidence is not sufficient to recommend matrine for routine clinical use yet due to the low methodological quality of the studies. Further rigorous trials are needed [9,14,15].



FC is the dried ripe fruit from Cnidium monnieri (L.) Cusson. It has functions in warming kidney tissue, promoting virility, removing dampness, dispelling wind, and repelling parasites [16]. FC is commonly used for anti-pruritus in the genitalia, and for curing suppurative dermatitis. Pharmacological studies showed that FC does have anti-allergic, androgenic disorder, antibacterial, and antipruritic effects [17,18].



The RSF and FC herbal pair are commonly used as a topical medication against pruritus and are the main ingredients in many CFDA-approved drugs (such as, the TCM drugs listed in http://eng.sfda.gov.cn/WS03/CL0755/). However, the mechanism of action of the herbal pair remains unclear because the TCM prescription contains many chemical compounds and the ligand–target relationships involve sophisticated networks [19,20,21,22,23,24].



To investigate the synergic mechanism of RSF and FC for anti-pruritus, we collected the active ingredient data and associated target information for RSF and FC from publications. A herb-scaffold-target network was constructed based on the data. Since the predicted and literature-reported anti-pruritus targets are not completely consistent, we selected the intersections of the two target sets as putative anti-pruritus targets. With a protein–protein interaction network, we identified major hub nodes as significantly associated with anti-pruritus targets. This study proposes a protocol to identify the synergic mechanism of RSF and FC. The protocol (Figure 1) aims to investigate the potential synergistic mechanism of RSF and FC compounds.


Figure 1. Flow chart for elucidating the mechanisms of action for the synergy of the RSF–FC herbal pair against pruritus.
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2. Results


2.1. Putative Target Prediction of RSF and FC


To predict the putative targets of RSF and FC, we derived molecular scaffolds from the active components of RSF and FC. By comparing the scaffolds of herbs against the ligands of known targets, we identified 321 known targets of 32 molecular scaffolds from the Annotated Scaffold Database (ASDB) [25]. The other 28 molecular scaffolds have 285 putative targets, which are predicted by the Pharmaceutical Target Seeker (PTS, http://www.rcdd.org.cn/PTS/index) with a 3D structure similarity threshold of 90% and a ligand activity threshold (IC50/Ki/Kd) <10 μM. Thus, a total of 494 putative targets of 57 molecular scaffolds (3 molecular scaffolds, such as flavone, chromone, and simple coumarin, derived from both RSF and FC) were studied with respect to RSF and FC in this article.




2.2. The Relationship among the Herbs, Ingredients, and Targets of RSF and FC


TCM exerts biological and pharmacological effects through multiple compounds that regulate multiple targets. These relationships are demonstrated in an herb-scaffold-target network as shown in Figure 2. This network consists of 553 nodes (2 herbs, 57 candidate scaffolds and 494 putative targets) and 2599 compound–target interactions. The average degree of the nodes (molecular scaffolds) is 45.5, of which 21 molecular scaffolds possess degrees greater than 46. These scaffolds are more likely to regulate multiple targets. Alkaloids and flavonoids are the main RSF moieties [26,27]. In RSF, matrine and oxymatrine (alkaloids) are active components, and are associated with 84 putative targets. (2r)-flavanone and isokurarinone (dihydrogen flavonoids) from RSF are associated with 61 targets. In FC, coumarins are the main components [16]. The coumarins (such as osthole, ostruthin, and isomexoticin) in FC are associated with 92 putative targets. The biological activities of RSF and FC were identified by means of network analyses (Supplementary Table S1).


Figure 2. Herb-scaffold-target network. The black nodes represent herbs, the blue nodes represent scaffolds, and the red nodes represent putative targets. RSF, Radix Sophorae Flavescentis and FC, Fructus Cnidii.
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Many targets are associated with multiple compounds in the network. Thrombin (F2), prostaglandin G/H synthase 1 (PTGS1), and nuclear factor-kappa-B p105 subunit (NF-κB) are potentially regulated by 14 (representing 21 compounds), 13 (representing 55 compounds), and 10 (representing 49 compounds) scaffolds derived from RSF or FC. These targets are responsible for inflammation and immune system activation [28,29,30].



RSF and FC have 335 common putative targets, 159 uncommon putative targets, and 3 common molecular scaffolds that associate with common putative targets.




2.3. Putative Anti-Pruritus Targets of RSF and FC


Anti-pruritus targets were derived from the Therapeutic Targets Database (TTD) [31] by using the keyword “pruritus”. The anti-pruritus targets included histamine H1 receptor (HRH1), 5-hydroxytryptamine 3 receptor (HTR3), proteinase activated receptor 2 (F2RL1), vanilloid receptor 1 (TRPV1), chlorine/potassium channel receptor, and 5-hydroxytryptamine 6 receptor (HTR6). By reviewing the literature [32,33,34,35,36,37], we summarized 81 pruritus-related targets (including the above-mentioned targets), which are the myriad of mediators capable of stimulating pruritus sensory nerve terminals (includes both unmyelinated C-fibers and thinly myelinated Ad nerve fibers) leading to itch, including biogenic amines, proteases, cytokines, and peptides. (Supplementary Table S2).



As shown in Figure 3, the three target sets, anti-pruritus targets (orange), putative targets for RSF (green), and putative targets for FC (blue), have intersections containing 30 targets. Among the intersected targets, 21 targets are at the intersections of three target sets, 6 targets are at the intersections of the green and orange sets, and 3 targets are at the intersection of the blue and orange sets. The 30 targets were considered as putative anti-pruritus targets.


Figure 3. Putative anti-pruritus targets of RSF and FC. Venn diagram for putative targets of RSF and FC and known anti-pruritus targets. The list of targets in the intersection sets.
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2.4. Interactions between Putative Targets and Anti-Pruritus Targets


We constructed a protein–protein interaction network from the 81 anti-pruritus targets and the 494 putative targets [38]. Our analysis resulted in a connected network of 451 proteins and 3782 interactions. From them, 66 were anti-pruritus targets, 385 were putative targets, and in the intersection lay 26 putative anti-pruritus targets. The detailed interactions are depicted in Figure 4A. With a hub node defined as a node with a degree greater than 2-fold of the average degree of all the nodes in the network [39] (the average degree of all the nodes in the network is 17 in our studies), 65 major hub nodes were identified (Figure 4B).


Figure 4. Protein–protein interaction (PPI) network of anti-pruritus targets and proteins that directly or indirectly interact with the targets. (A) The PPI network of anti-pruritus protein targets (The size of the circle represents the degree of a node); (B) A list of 65 important proteins which interact with the anti-pruritus targets.
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2.5. Functions of the 95 Putative Targets of RSF and FC


GO enrichment analysis on the 95 putative targets of RSF and FC (combining the 30 putative anti-pruritus targets with 65 important targets) indicated that they are involved in signal transduction, regulation, and response processes, such as intracellular signaling cascade (73.40%), second-messenger-mediated signaling (43.61%), and cell surface receptor-linked signal transduction (73.40%) (Table 1). Many targets are involved in G-protein coupled receptor (GPCR) signaling pathways. RSF and FC are targeting different proteins in the same pathway.



Table 1. The top 15 biological processes enriched by the 95 putative targets.







	
Term

	
Count of Proteins

	
%

	
Proteins Associate with RSF

	
Proteins Associate with FC

	
p-Value






	
Intracellular signaling cascade

	
69

	
73.40

	
57

	
56

	
1.05 × 10−50




	
Second-messenger-mediated signaling

	
41

	
43.61

	
31

	
33

	
1.09 × 10−46




	
Cell surface receptor linked signal transduction

	
69

	
73.40

	
55

	
56

	
1.97 × 10−39




	
G-protein coupled receptor protein signaling pathway

	
55

	
58.51

	
41

	
45

	
5.81 × 10−35




	
Cyclic-nucleotide-mediated signaling

	
27

	
28.72

	
18

	
24

	
8.46 × 10−32




	
G-protein signaling, coupled to cyclic nucleotide second messenger

	
26

	
27.65

	
17

	
23

	
1.48 × 10−31




	
Positive regulation of catalytic activity

	
36

	
38.29

	
34

	
28

	
3.49 × 10−26




	
Positive regulation of molecular function

	
37

	
39.36

	
34

	
29

	
1.32 × 10−25




	
Protein kinase cascade

	
31

	
32.97

	
28

	
26

	
1.21 × 10−24




	
behavior

	
32

	
34.04

	
28

	
28

	
8.15 × 10−23




	
CAMP-mediated signaling

	
18

	
19.14

	
13

	
17

	
4.94 × 10−20




	
G-protein signaling, coupled to cAMP nucleotide second messenger

	
17

	
18.08

	
12

	
16

	
2.82 × 10−19




	
Cellular calcium ion homeostasis

	
21

	
22.34

	
19

	
17

	
5.05 × 10−19




	
Calcium ion homeostasis

	
21

	
22.34

	
19

	
17

	
8.69 × 10−19




	
Cellular metal ion homeostasis

	
21

	
22.34

	
19

	
17

	
2.00 × 10−18










The pathway enrichment analysis indicated that the 95 putative targets of RSF and FC were enriched in 46 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (FDR corrected p value < 0.05). The top 20 pathways associated with the herbs are listed in the Table 2. Those pathways are divided into the following four groups: organismal system, environmental information processing, human disease, and cellular process. The four immune system pathways (toll-like receptor (TLR) signaling pathway, chemokine signaling pathway, T cell receptor signaling pathway, and Fc epsilon RI signaling pathway) and two nerve-related pathways (neurotrophin signaling pathway and neuroactive ligand-receptor interaction) are depicted in Figure 5.


Figure 5. The interaction network of the proteins that are involved in the pruritus-related pathways.
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Table 2. The top 20 KEGG pathways of 95 putative targets with Benjamini Hochberg corrected p-values < 0.05 generated by DAVID.







	
KEGG Pathway

	
Count of Proteins

	
Proteins Associate with RSF

	
Proteins Associate with FC

	
p-Value

	
Class






	
Toll-like receptor signaling pathway

	
12

	
12

	
10

	
8.77 × 10−7

	
Organismal Systems; Immune system




	
Chemokine signaling pathway

	
20

	
20

	
16

	
1.76 × 10−10

	
Organismal Systems; Immune system




	
T cell receptor signaling pathway

	
13

	
13

	
11

	
2.13 × 10−7

	
Organismal Systems; Immune system




	
Fc epsilon RI signaling pathway

	
11

	
11

	
9

	
6.19 × 10−7

	
Organismal Systems; Immune system




	
Neurotrophin signaling pathway

	
12

	
12

	
11

	
6.77 × 10−6

	
Organismal Systems; Nervous system




	
Progesterone-mediated oocyte maturation

	
11

	
11

	
11

	
1.56 × 10−6

	
Organismal Systems; Endocrine system




	
Neuroactive ligand-receptor interaction

	
44

	
31

	
37

	
8.44 × 10−34

	
Environmental Information Processing; Signaling molecules and interaction




	
Calcium signaling pathway

	
17

	
15

	
12

	
2.98 × 10−8

	
Environmental Information Processing; Signal transduction




	
Jak-STAT signaling pathway

	
14

	
13

	
10

	
1.73 × 10−6

	
Environmental Information Processing; Signal transduction




	
VEGF signaling pathway

	
10

	
10

	
10

	
4.13 × 10−6

	
Environmental Information Processing; Signal transduction




	
Pancreatic cancer

	
13

	
13

	
11

	
1.94 × 10−9

	
Human Diseases; Cancers




	
Prostate cancer

	
14

	
13

	
14

	
2.11 × 10−9

	
Human Diseases; Cancers




	
Endometrial cancer

	
9

	
9

	
9

	
2.16 × 10−6

	
Human Diseases; Cancers




	
Renal carcinoma

	
10

	
9

	
10

	
2.29 × 10−6

	
Human Diseases; Cancers




	
Non-small cell lung cancer

	
9

	
9

	
9

	
2.91 × 10−6

	
Human Diseases; Cancers




	
Chronic myeloid leukemia

	
10

	
10

	
10

	
4.13 × 10−6

	
Human Diseases; Cancers




	
Acute myeloid leukemia

	
9

	
9

	
9

	
5.06 × 10−6

	
Human Diseases; Cancers




	
Pathways in cancer

	
19

	
18

	
16

	
7.50 × 10−6

	
Human Diseases; Cancers




	
Glioma

	
9

	
9

	
9

	
9.54 × 10−6

	
Human Diseases; Cancers










Nine pathways are associated with both cancer (Table 2) and pruritus. It could explain how cancer patients often exhibit pruritus symptoms [40]; for example, a pancreatic cancer patient can have pruritus symptoms, which indicates the situation is getting worse [41]. Interleukin-2 (used to treat pruritus) can be used as a new therapy to cure renal carcinoma [42]. Prostate cancer patients often complain that the itching is the worst symptom [43].



The toll-like receptor signaling pathway involves pro-inflammatory cytokine production via activation of NF-κB and MAPK [44]. TLRs play an important role in the development and severity of pruritus by increasing the excitability of primary sensory neurons [45]. The RSF and FC putative targets were mapped to the TLR signaling pathway as shown in Figure 6. Seven putative targets are associated with both RSF and FC (highlighted in red). Two putative targets are associated with RSF (highlighted in green). These proteins regulate inflammation-related gene expression in the TLR signaling pathway.


Figure 6. The participation of RSF and FC targets in the toll-like receptor signaling pathways.
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3. Discussion


RSF–FC is a herb pair widely used for pruritus treatments. In this study, we elucidated the synergistic mechanism of this herb pair with data mining methods. The relationship between the herbs, ingredients, and targets of RSF and FC has been constructed. In RSF, alkaloids and flavonoids are the main active moieties. Matrine and oxymatrine (alkaloids) are known as anti-inflammatory, anti-allergic, anti-virus, anti-fibrotic, anti-tumor, and cardiovascular protective agents [46]. RSF flavonoids are known as anti-inflammatory and anti-arthritic [13] agents. FC coumarins are known as anti-pruritic, anti-allergic, and anti-inflammatory [17,18] agents.



By analyzing 30 putative anti-pruritus targets of RSF and FC, we found that the targets can be divided into the following two anti-pruritus target classes: (1) 17 nerve-related targets (such as serotonin receptors, opioid receptor, and transient receptor potential vanilloid receptor) and (2) 13 inflammation-related targets (such as cyclooxygenase, histamine receptors, cannabinoid receptors, and phosphodiesterase) [32]. Histamine H1 receptor (HRH1) plays a pivotal role in allergic inflammation and is considered a primary target for the pharmaceutical relief of pruritus [47]. Transient receptor potential vanilloid receptor 1 (TRPA1) is expressed in epidermal keratinocytes and in sensory neurons and plays an important role in pruritus pathogenesis [48]. Pretreatment with topical cannabinoid receptor agonists has been found to significantly reduce histamine-induced itch and vasodilatation in healthy volunteers [49]. Proteinase activated receptor 2 (F2RL1) is expressed in the epidermis of individuals with atopic dermatitis and plays an important role in pruritus pathogenesis [50].



By analyzing the PPI networks, we found 65 hub proteins that interact with the anti-pruritus targets. These 65 proteins can still be important for pruritus-related signal transduction. For example, signal transducer and activator of transcription 1 (STAT1) interacts with 5 proteins (interleukin-2 (IL2), mitogen-activated protein kinase 14 (MAPK14), nuclear factor kappa B p105 subunit (NF-κB), interleukin 6 (IL6), and mitogen-activated protein kinase 11(MAPK11)), of which four are related to anti-pruritus activity. NF-κB (which is associated with 5 putative anti-pruritus targets) is related to chronic inflammation and pathogenesis [51]. STAT1, IL2, and NF-κB are in the toll-like receptor signaling pathway and are related to pruritus pathogenesis [52].



Based on the functional analyses, we believe that compounds of RSF and FC may regulate at least 20 signal transduction pathways. The RSF–FC herb pair can regulate immune pathways (such as the TLR signaling pathway, chemokine signaling pathway, T cell receptor signaling pathway, and Fc epsilon RI signaling pathway) and nerve-related pathways (neurotrophin signaling pathway and neuroactive ligand-receptor interaction). TLRs are type I transmembrane receptors expressed in innate immune cells that detect pathogen infection or tissue damage. The activation of innate immune cells leads to the expression of inflammatory mediators such as cytokines, chemokines, leukotriene molecules, and histamine [52,53]. TLRs play an important role in the development and severity of pruritus by increasing the excitability of primary sensory neurons [45]. Chemokines are small chemoattractant peptides in cell trafficking, that are vital for a protective host response in an inflammatory immune response [54]. Chemokines are related to the development of atopic dermatitis itch [55]. The chemokine and TLR signaling pathways are associated with chronic mucocutaneous candidiasis (CMC), which is associated with pruritus and Candida albicans [56]. The neurotrophin signaling pathway is associated with acne inversa/hidradenitis suppurativa, which is also associated with pruritus [57]. Histamine receptors, opioid receptors, transient receptor potential vanilloid receptor, and cannabinoid receptors are pruritus pathogenesis modulators [32,33,34,35,36,37]. Mast cells can be activated and release biogenic amine granules (such as histamines) and proteoglycans (such as heparin) in the Fc epsilon RI signaling pathway [58]. The IgE receptor in myeloid dendritic cells also plays a major role in atopic dermatitis [59]. Based upon the above analyses, compounds of RSF and FC may regulate up to 20 signal transduction pathways. The RSF–FC herb pair can regulate immune pathways and nerve-related pathways.




4. Materials and Methods


4.1. Data Preparation


The chemical compound data derived from RSF and FC were collected from the Traditional Chinese Medicine Systems Pharmacology Database (TCMSP) [60] and other publications [26,27,61,62,63,64]. RSF includes 113 compounds, while FC includes 114 compounds. These compounds were clustered by a scaffold-based classification approach [65].



Anti-pruritus targets were derived from the Therapeutic Targets Database (TTD) [31] and literature [32,33,34,35,36,37].



Protein–protein interaction (PPI) data were derived from the Search Tool for the Retrieval of Interacting Genes (STRING) [38]. A protein–protein interaction was ranked with the three following confidence levels: low, scores < 0.4; medium, 0.4 to 0.7; and high, > 0.7. We only selected the high confidence scores (scores > 0.7) PPIs to construct the PPI network. There are 3782 PPIs with high confidence values (Supplementary Table S3).




4.2. Drug Targets Prediction for RSF and FC


Putative targets of RSF and FC were predicted based on molecular scaffolds which derived from the active components of RSF and FC. The known putative targets of RSF and FC were identified from the Annotated Scaffold Database (ASDB) [25]. The putative targets of other molecular scaffolds which don’t have known putative targets were predicted by the Pharmaceutical Target Seeker (PTS, http://www.rcdd.org.cn/PTS/index) with a 3D structure similarity threshold of 90% and a ligand activity threshold (IC50/Ki/Kd) <10 μM.




4.3. Network Construction and Network Analysis


A herb-scaffold-target network consists of the herbs, molecular scaffolds, and putative targets. The network was constructed based on the data from Section 4.1 and Section 4.2. Based on the PPI data in Section 4.1, we constructed a PPI network for the putative target proteins of herbs and the anti-pruritus target proteins to obtain the hub effective proteins. The networks were visualized with Cytoscape [66].



A network node degree is the number of edges connected to the node. A node with a higher degree (hub node) is more important in the network. A hub node degree should be two times greater than the average node degree in the network [39].




4.4. Gene Ontology and Pathway Enrichment Analysis


The Database for Annotation, Visualization and Integrated Discovery (DAVID) [67] was used to perform Gene Ontology (GO) enrichment analysis for putative targets targeted by RSF and FC. DAVID was also employed to conduct pathway enrichment analysis for the same gene products to identify the potential synergistic effects of RSF and FC against pruritus. Homo sapiens was selected as the species, and the default background was the whole genome of Homo sapiens. Enriched GO terms and pathways were defined as those with adjusted p-values < 0.05.





5. Conclusions


Our studies demonstrate that the mechanisms of action of the RSF–FC herbal pair can be elucidated through data mining approaches. Using the chemical structures of the compounds derived from RSF and FC, we were able to predict RSF and FC targets. By mapping the putative targets onto a PPI network, we found more proteins that interact with the putative anti-pruritus targets for RSF and FC. By examining the biological function annotations of these proteins, we learned that; (1) The active compounds of RSF are mainly alkaloids and flavonoids. The alkaloids can be targeting inflammation-related proteins (MAPK14, PTGS2, PTGS1, and F2) and pruritus-related proteins (HRH1, TRPA1, HTR3A, and HTR6). The representative putative targets of the flavonoids are inflammation-related proteins (TNF, NF-κB, F2, PTGS2, and PTGS1) and pruritus-related proteins (NR3C1 and IL2); (2) The active compounds of FC are mainly coumarins, which target CNS-related proteins (AChE and OPRK1) and inflammation-related proteins (PDE4D, TLR9, and NF-κB); (3) Both RSF and FC have anti-inflammatory effects, though they exhibit anti-pruritus effects in different ways.
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