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Abstract

:

Vaccinium dunalianum leaf buds make one of the most commonly used herbal teas of the Yi people in China, which is used to treat articular rheumatism, relax tendons, and stimulates blood circulation in the body. In addition, 6′-O-caffeoylarbutin (CA) is a standardized extract of V. dunalianum, which has been found in dried leaf buds, reaching levels of up to 31.76%. Because of the uncommon phenomenon, it is suggested that CA may have a potential therapeutic role in hyperlipidemia and thrombosis. This study was designed to study the efficacy of CA on treating hyperlipidemia and thrombosis and the possible mechanisms behind these effects. Hyperlipidemia and thrombosis zebrafish models were treated with CA to observe variations of the integrated optical density within the vessels and the intensity of erythrocyte staining within the hearts. The possible mechanisms were explored using network pharmacology and molecular docking. The results demonstrate that CA exhibits an excellent hypolipidemic effect on zebrafish at concentrations ranging from 3.0 to 30.0 μg/mL and shows thrombosis inhibitory activity in zebrafish at a concentration of 30.0 μg/mL, with an inhibition rate of 44%. Moreover, network pharmacological research shows that MMP9, RELA, MMP2, PRKCA, HSP90AA1, and APP are major targets of CA for therapy of hyperlipidemia and thrombosis, and may relate to pathways in cancer, chemical carcinogenesis-receptor activation, estrogen signaling pathway, and the AGE–RAGE signaling pathway in diabetic complications.
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1. Introduction


Hyperlipidemia is a metabolic disorder characterized by dyslipidemia and has a rapidly increasing incidence. Long-term abnormal blood lipid levels can directly cause complications, such as thrombosis, pancreatitis, and coronary heart disease, which seriously endanger human health [1,2,3]. Among the common complications of hyperlipidemia, thrombosis is one of the leading reasons for death in the elderly across the world [4,5]. Statins are commonly used to treat hyperlipidemia and thrombosis; however, their levels need to be maintained for a long time to achieve therapeutic effects, which may cause adverse events, such as myopathy or rhabdomyolysis and polyneuropathy [6,7]. Hence, the pathogenesis of hyperlipidemia and thrombosis and the development of novel and safe natural drugs have become high-interest research topics.



Vaccinium dunalianum Wight is an evergreen perennial of the Ericaceae family primarily located in southwest China, Bhutan, Myanmar, and Vietnam. As a traditional Chinese medicinal plant, the dried leaf buds of V. dunalianum are used to treat articular rheumatism, relax tendons, and stimulates blood circulation. Previous studies have suggested that V. dunalianum contains caffeoyl derivatives, the main compounds being 6′-O-caffeoylarbutin (CA), arbutin, and chlorogenic acid [8]. In addition, CA has been found to be enriched to a high degree in different parts of V. dunalianum and reaches levels of up to 31.76% in dried leaf buds [9]. Studies have found that CA exhibited effects like inhibiting melanin production [10], protecting the liver [11], and promoting virus resistance [12]. The medicinal value of V. dunalianum and its high CA content suggest that CA might have a high exploitation prospects in pharmaceutical research.



Network pharmacology is an emerging method for drug development that provides a new strategy for investigating new drugs based on proteins, genes, and drug and disease pathways [13,14]. In network pharmacology, the core concept is network targeting, which investigates the drugs–diseases relationship from the biological network perspective and clarifies the action mechanism of drugs [15]. Zebrafish lipid metabolism and circulatory system is simple and similar to that of humans in some respects, and, therefore, zebrafish hyperlipidemia and thrombus models have been widely used to assess hypolipidemic and antithrombotic activity in vivo [16,17]. In this research, the effect of CA on hyperlipidemia and thrombosis was assessed using a zebrafish model, and its mechanism of action was investigated based on Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and molecular docking analyses. This study provides a research strategy for elucidating the action mechanism of CA in hyperlipidemia and thrombosis treatment and offers data support for CA as a novel hypolipidemic and antithrombotic therapeutic agent.




2. Results


2.1. Hypolipidemic Effect of CA


The hypolipidemic effect of CA was detected using the Oil Red O (ORO) staining assay. The results show that both CA and lovastatin possess good inhibitory effects on egg-yolk-induced hyperlipidemia at concentrations of 3.0, 10.0, and 30.0 μg/mL (Figure 1A). The zebrafish integrated optical density (IOD) values of both the positive and CA groups were significantly less than those of model group (Table 1). In addition, the effect on lipid lowering of CA was 35 ± 7% at a concentration of 3.0 μg/mL, which was better than that of lovastatin (0.081 μg/mL) (Figure 1B and Table 1). These findings indicate that CA exerts significantly hypolipidemic effects.




2.2. Antithrombotic Effect of CA


The antithrombotic effect of CA was investigated using the dianisidine staining assay. As shown in Figure 2 and Table 2, the intensity of erythrocyte staining (IES) of the positive control and CA groups were significantly greater than the model group. The inhibition value of CA on arachidonic acid (AA)-induced thrombosis in zebrafish was 44 ± 12% at a concentration of 30.0 μg/mL, which indicates that CA possesses a preventive effect on thrombosis.




2.3. Intersection Targets of CA, Hyperlipidemia, and Thrombosis


As shown in Figure 3A, 132 bioactive targets for CA, 2088 hyperlipidemia targets, and 3169 thrombosis targets were identified based on a network computational prediction approach. The corresponding target genes were then converted to “Gene Symbol” using the UniProt database and 35 human-derived hyperlipidemia and thrombosis intersection targets were obtained after removing duplicate targets (Figure 3B).




2.4. Protein–Protein Interaction (PPI) Network Analysis


A PPI network for CA, hyperlipidemia, and thrombosis with 35 nodes and 96 edges was created using the STRING online server, with a minimum required interaction score greater than 0.4. As shown in Figure 4, solid circle represents target protein, the center of the dot denotes the protein structure, and the linkage of each node denotes protein homology, gene co-expression, and gene co-evolution. With the help of the “CytoNCAA” plug-in in Cytoscape v3.7.2, the top 10 targets in the hyperlipidemia and thrombosis network (ESR1, MMP9, HSP90AA1, RELA, IL2, PRKACA, APP, MMP2, HNF4A, and PRKCA) were determined according to their degree values.




2.5. GO Functional and KEGG Pathway Enrichment Analysis


Enrichment analysis of GO functions were conducted by DAVID database with 35 intersection targets, and the results were attained after ranking according to p < 0.01 (Figure 5A). The GO analysis shows that the occurrence of hyperlipidemia and thrombosis involves biological processes (BP), molecular function (MF), and cellular components (CC), and CA can exert hypolipidemic and antithrombotic effects by regulating these processes.



Enrichment analysis of KEGG pathways were carried out by DAVID database with 20 pathways selected with p < 0.01. As shown in Figure 5B, CA is mainly used to treat hyperlipidemia and thrombosis by regulating cancer, estrogen signaling, chemical carcinogenesis-receptor activation, and AGE–RAGE signaling pathways in diabetic complications, etc. Notably, major targets, such as NFKB1, RELA, MMP9, and PRKACA, were enriched in the above pathways, which suggests possible important roles in therapy.




2.6. Molecular Docking and Analysis


The molecular docking are commonly used to determine the most energetically favorable conformation of a small molecule ligand bound to a target protein. Generally, binding energy < −5.0 kcal/mol indicates that the target protein binds strongly to the small molecule ligand, and the lower the binding energy suggests stronger binding [18]. The re-docking analysis of the co-crystallized inhibitors to the protein targets verifies that the RMSD values for each co-crystallized inhibitors pose are below 2.00 Å, which indicates that the docking scheme is in an acceptable range of precision. The top ten targets screened based on the PPI network and CA were molecularly docked. As shown in Table 3, CA has a strong binding affinity for MMP9, RELA, MMP2, PRKCA, HSP90AA1, and APP. Additionally, the docking mode, functional groups, and protein residues of CA with hypolipidemic and antithrombotic core proteins were used for visualization by PyMol software 2.6.0 (Figure 6).




2.7. Calculation of ADMET-Related Properties


With the web server ADMETlab, physicochemical properties, medicinal chemistry, and ADMET properties of CA and lovastatin were calculated (Table 4). Based on the predicted results of ADMET properties, comparison to lovastatin, CA showed better performance in ADMET toxicological properties, such as hERG (hERG blockers), H-HT (human hepatotoxicity), SkinSen (skin sensitization), FDAMDD (FDA maximum daily dose), and respiratory toxicity. The predicted results demonstrate the safety of CA.





3. Discussion


Hyperlipidemia and thrombosis are serious chronic diseases with sudden risks that can lead to a serious decline in quality of life [19]. A long-term high-fat diet can change blood fat levels, trigger the deposition of vascular lipids on vessel walls, thicken channels, and narrow the lumen, thereby greatly increasing the risk of thrombosis [20]. Current medications for the treatment of hyperlipidemia and thrombosis are relatively homogeneous in efficacy and can cause side effects. Statin-related drugs are the leading medications for hyperlipidemia treatment, such as lovastatin, simvastatin, and resuvastatin, however, they may have a possible side effect of mild myalgia [21,22]. Compared with chemically synthesized drugs, natural products exhibit lower toxicity, higher safety levels, and wider sources. Moreover, natural products exert therapeutic effects through multi-targets and multiple pathways, providing unique advantages in the treatment of metabolic diseases [23]. Therefore, the development of new and safe hypolipidemic and antithrombotic drugs from natural products has attracted widespread attention.



V. dunalianum is a common herbal tea of the Yi people in China with hypolipidemic properties. The extracts of V. dunalianum improved high-density lipoprotein (HDL) levels and reduced triglyceride (TG), total cholesterol (TC), and low-density lipoprotein (LDL) levels in individuals with a high-fat diet [24]. In addition, an aqueous extract of V. dunalianum was found to improve steatosis and lower TG, TC, LDL, alanine transaminase, and aspartate transaminase levels in model rats [25]. These studies indicate that CA, the main compound in the buds of V. dunalianum, may have high inhibitory activity against hyperlipidemia. Although natural products such as curcumin, resveratrol, and dihydrotanshinone also exhibit hypolipidemic or antithrombotic effects [26,27,28], compared with them, CA shows a high degree of safety and is a macroscopic active ingredient in V. dunalianum, making it feasible to prepare in large quantities.



CA has received increasing attention as the most abundant natural product found in the buds of V. dunalianum. Studies have found that both the safety and melanogenesis-inhibiting activity of CA were twice as high as those of arbutin [10]. In addition, CA could exert protective effects against APAP-induced liver injury via regulating the PI3K/Akt and Nrf2 signaling pathway [11]. In this study, a zebrafish model was used to evaluate the hypolipidemic and antithrombotic activities of CA, and the potential mechanism of action was explored using network pharmacology. These results suggest that CA show a good inhibitory activity against hyperlipidemia and thrombosis, which mainly works through pathways in cancer, estrogen signaling pathway, chemical carcinogenesis-receptor activation, and the AGE–RAGE signaling pathway in diabetic complications, etc. Evidently, hyperlipidemia and cancer share some of the same hormonal metabolic pathways. Studies have found that hyperlipidemia is closely associated with cancer, and cholesterol plays an important role in the proliferation of cancer cells [29,30].



The estrogen signaling pathway is not only commonly associated with female reproduction but also exerts functions in a variety of other physiological and pathological processes, including glucose metabolism, vascular tissue repair, and lipid homeostasis [31,32]. It has been indicated that the estrogen signaling pathway is linked to hypolipidemic and antithrombotic effects [33,34]. Estrogens improve tissue lesions mainly via conjugation and activation of estrogen receptors (ERs) including the unique subtypes of ER-α and ER-β, with ER-α being the main mediator of hypolipidemic and antithrombotic effects [35,36]. Conformational shifts occur when estrogen binds to ER-α, which homodimerizes and associates with specific genetic estrogen response elements, thereby modifying related target gene expression. Studies have shown that pathway complexes can phosphorylate and activate nitric oxide synthase or other protein/enzyme systems associated with cardiovascular function despite the lack of ligands [37,38]. The estrogen signaling pathway was regulated by CA binding to HSP90AA1, MMP2, RARA, PRKACA, ESR1, MMP9, and ESR2 in this present research, which underlies the improvements observed in hyperlipidemia and thrombosis.



The AGE–RAGE signaling pathway in diabetic complications has been proven to play a key role for the pathogenesis of hyperlipidemia and thrombosis [39,40]. Prior research has shown that a high-fat diet increased the production and build-up of advanced glycosylation end products (AGE), which resulted in oxidative stress and the activation of fat storage [41,42]. NADPH oxidases can be activated by the AGE–RAGE pathway to generate active oxygen through the AGE receptor (RAGE), which resulted in the expression of redox-sensitive molecules [43,44]. The evidence demonstrates that MMP2, MMP9, and NF-κB play critical roles in the antithrombotic process [45]; moreover, MMP2 and MMP were the core targets of CA in our study.



The findings of this study reveal the potential hypolipidemic and antithrombotic mechanisms of CA, which can possibly provide a natural and cost-effective treatment for hyperlipidemia and thrombosis. However, due to the limitations of the target database, not all CA active targets have been collected. Thus, comprehensive in vitro and in vivo experiments are necessary to further investigate the pharmacological mechanism of CA in hypolipidemia and anti-thrombosis.




4. Materials and Methods


4.1. Preparation of CA and Medicine


V. dunalianum was collected from Wuding County, Yunnan Province, China. The structure formulas of main compounds, namely, CA, arbutin, and chlorogenic acid in V. dunalianum are shown in Figure 7. According to previously reported study, the purity of CA isolated from V. dunalianum was 95% [8]. AA and aspirin were purchased from Shanghai Aladdin Reagent Co., Ltd. (Shanghai, China). Lovastatin was obtained from Dalian Meilun Biological Technology Co., Ltd. (Dalian, China). CA, AA, aspirin, and lovastatin were dissolved in DMSO (Sigma, Tokyo, Japan, BCBN0845V) and subsequently diluted to their respective working concentrations.




4.2. Zebrafish


All experiments were performed using albino zebrafish, which were naturally pair-bred with mutant melanin alleles. All zebrafish were kept in 28 °C water with soluble salts; 200 mg/L of reverse osmosis water, pH 6.9–7.2, conductivity 480–510 μS/cm, and hardness 53.7–71.6 mg/L CaCO3. Feeding management complied with the international Assessment and Accreditation of Laboratory Animal Care (AAALAC) accreditation standards.




4.3. The Effect of CA on Hyperlipidemia and Thrombosis


After adding 0.1% egg yolk to the fish water for 48 h, the fat content in the blood of zebrafish increases rapidly and obvious lipid accumulation is visible through the naked eyes, indicating that the zebrafish hyperlipidemia model is successfully constructed [46]. In addition, after adding AA to fish water for 48 h, thrombus is generated in the trunk of zebrafish, leading to the slowing of blood flow and the reduction in blood reflux volume. When the number of cardiac erythrocytes in zebrafish heart is observed to be significantly lower than that in normal zebrafish via erythrocyte specific staining, this suggests that the zebrafish thrombus model is successfully constructed [47]. In recent years, the above methods for constructing zebrafish hyperlipidemia and thrombosis models have been widely used in the research of hypolipidemic and antithrombotic functions for natural products [48,49,50].



Specifically, 30 zebrafishes were chosen randomly and placed in 6-well culture plates for all experiments as the model group, positive group, and CA experimental group. The zebrafish hyperlipidemia model was established by adding 0.1% egg yolk to the fish water for 48 h. Subsequently, 3 mL of CA (3.0, 10.0, and 30.0 μg/mL) and lovastatin (0.081 μg/mL) was added to each experimental group. After dosing for 48 h, 10 ORO-stained zebrafishes were randomly chosen from groups, and image analysis was performed using a dissecting microscope (SZX7, Olympus, Tokyo, Japan). Image-Pro Plus 6.0 was utilized for calculating IOD within the tail vessels of the zebrafish. The effect on lipid lowing rate of CA was calculated using the following formula:


   Effect   on   lipid   lowing = [ IOD   ( model   group )    −  IOD   ( test   group ) ] / IOD   ( model   group )  ×    100 %   











Specifically, 30 zebrafishes were chosen randomly and placed in 6-well culture plates for all experiments as the model group, positive group, and CA experimental group. Then, 3 mL of CA (3.0, 10.0, and 30.0 μg/mL) of aspirin (22.5 μg/mL) was added to each experimental group. After administration for 3 h, AA was additionally added to induce and establish a zebrafish thrombus model. Then, 10 zebrafish were randomly picked from groups for dianisidine staining, and IES in zebrafish hearts was measured using a dissecting microscope and Image-Pro Plus 6.0 image processing software. The thrombosis inhibition rate of CA was calculated using the following equation:


   Thrombosis   inhibition   rate = [ IES   ( test   group )    −    IES   ( model   group ) ] / IES   ( model   group )  ×  100 %   












4.4. CA Target Prediction and Disease Target Identification


The SMILES string of CA was acquired from the PubChem database (https://www.ncbi.nlm.nih.gov/, accessed on 1 April 2023) and then uploaded to the SwissTargetPrediction database (http://www.swisstargetprediction.ch/, accessed on 1 April 2023), SEA database (https://sea.bkslab.org/, accessed on 1 April 2023), and TargetNet database (http://targetnet.scbdd.com/home/index/, accessed on 1 April 2023), together with the potential targets of CA-related bioactive components [51,52,53,54]. Standard gene names of potential targets were acquired from UniProt (https://beta.uniprot.org/, accessed on 1 April 2023) [55].



The keywords of “hyperlipemia”, “hypolipidemic”, “hyperlipidemial”, “thrombi”, “thrombosis”, and “thrombus” were used to search for hypolipidemic and antithrombotic targets in the GeneCards database (https://www.genecards.org/, accessed on 1 April 2023) [56], DisGeNET database (https://www.disgenet.org/, accessed on 1 April 2023) [57], and OMIM database (https://omim.org/, accessed on 1 April 2023) [58], and then a Venn diagram of CA with the above related disease targets was established.




4.5. PPI Network Construction and Functional Enrichment Analysis


Protein–protein interaction (PPI) data were generated from the STRING database (https://cn.string-db.org/, accessed on 2 April 2023), and PPI networks were constructed after filtering out datasets with minimum required interaction scores less than 0.4 [59,60].



GO biological processes and KEGG signaling pathways for CA targets were annotated and visualized using DAVID (http://david.abcc.ncifcrf.gov/, accessed on 2 April 2023) [61]. With the background being set to Homo sapiens, data enrichment was performed using hypergeometric test, with p < 0.01.




4.6. Molecular Docking


The key component structure files of IL2 (PDB ID: 7M2G, 1.790 A), PRKCA (PDB ID: 2GZV, 1.120 A), HSP90AA1 (PDB ID: 6TN5, 1.170 A), RELA (PDB ID: 8ONV, 1.010 A), APP (PDB ID: 2FMA, 0.850 A), PRKACA (PDB ID: 5M6Y, 1.367 A), MMP2 (PDB ID: 7XJO, 2.000 A), MMP9 (PDB ID: 6ESM, 1.104 A), ESR1 (PDB ID: 7NFB, 1.330 A), and HNF4A (PDB ID: 8C1L, 2.000 A) in SDF format were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 25 January 2024) [51] and converted to protein data bank (PDB) format using the OpenBabel program. The core target protein’s 3D structure was retrieved in PDB format from the PDB database (https://www.rcsb.org/, accessed on 25 January 2024) [62,63]. The co-crystal inhibitors of each protein target were re-docked to validate the reliability of the docking scheme before performing molecular docking on the new compounds. The core target protein was then dehydrated, hydrogenated, and semi-flexibly docked to the hydrogenated CA to calculate the binding energy using AutoDockTools-1.5.7 tool [64]. Visualization of the docking results were performed by PyMol software 2.6.0 to show the functional groups and protein residues at the CA-binding site of the protein [65].




4.7. Prediction of ADMET in Silico


The SMILES string of CA and lovastatin were acquired from the PubChem database (https://www.ncbi.nlm.nih.gov/, accessed on 4 February 2024) [51] and then uploaded to ADMETlab 2.0 predictor platform (https://admetmesh.scbdd.com/, accessed on 4 February 2024) [66] for calculation of physicochemical descriptors and prediction of the ADMET properties and drug-likeness of CA and lovastatin (absorption, distribution, excretion, and toxicity).





5. Conclusions


The present research results indicate that CA has dual therapeutic effects on hyperlipidemia and thrombosis. The hypolipidemic activity was better than that of lovastatin (0.081 μg/mL) at CA concentration of 3.0 μg/mL. Simultaneously, CA reduced zebrafish thrombosis at a dose of 30.0 g/mL, with an inhibition rate of 44%. Network pharmacology research showed that MMP9, RELA, MMP2, PRKCA, HSP90AA1, and APP were major targets of CA for therapy of hyperlipidemia and thrombosis and may relate to pathways in cancer, estrogen signaling pathway, chemical carcinogenesis-receptor activation, and the AGE–RAGE signaling pathway in diabetic complications, etc. This investigation demonstrates the potential for CA as a hypolipidemic and antithrombotic drug candidate, offering a basis for exploring the action mechanism. Moreover, the study provides a reference for further drug development of CA in combination with pharmacological and molecular biology assays.
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Figure 1. The hypolipidemic activity of CA in a zebrafish model. (A) Vena caudalis (green dashed line) stained with ORO in the zebrafish; (B) effect on lipid lowering of CA in the zebrafish. 
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Figure 2. The antithrombotic activity of CA in a zebrafish model. (A) Cardiac red blood cells (green dashed line) stained with dianisidine in the zebrafish. (B) Thrombosis inhibition rate of CA in the zebrafish. All data are represented by their mean ± SE. 
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Figure 3. Interaction target analysis. (A) “CA-Target” network; (B) Venn diagram and intersection targets of CA, hyperlipidemia, and thrombosis. 
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Figure 4. The PPI network of the 35 CA, hyperlipidemia, and thrombosis intersection targets. 
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Figure 5. GO functional and KEGG pathway enrichment analysis. (A) BP, MF, and CC in the GO analysis (p < 0.01); (B) the signaling pathways identified in the KEGG pathway enrichment analysis (p < 0.01). 
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Figure 6. The molecular docking results of CA with core hyperlipidemia and thrombosis targets. (A) CA with PRKACA (PDB ID: 5M6Y); (B) CA with ESR1 (PDB ID: 7NFB); (C) CA with HNF4A (PDB ID: 8C1L); (D) CA with HSP90AA1 (PDB ID: 6TN5); (E) CA with IL2 (PDB ID: 7M2G); (F) CA with MMP9 (PDB ID: 6ESM); (G) CA with MMP2 (PDB ID: 7XJO); (H) CA with APP (PDB ID: 2FMA); (I) CA with PRKCA (PDB ID: 2GZV); (J) CA with RELA (PDB ID: 8ONV). 
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Figure 7. The structure formulas of main compounds in V. dunalianum. 
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Table 1. Quantitative hypolipidemic activity results of CA in a zebrafish model.
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Groups

	
Concentration (µg/mL)

	
IOD (Mean ± SE)

	
Effect on Lipid Lowering (%)






	
Model

	
-

	
3276 ± 51

	
-




	
Lovastatin

	
22.5

	
2259 ± 83 ***

	
31 ± 3




	
CA

	
3.0

	
2129 ± 233 ***

	
35 ± 7




	
10.0

	
2310 ± 214 ***

	
29 ± 7




	
30.0

	
2535 ± 273 ***

	
23 ± 8








*** p < 0.001 vs. model group.













 





Table 2. Quantitative antithrombotic activity results of CA in a zebrafish model.
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Groups

	
Concentration (µg/mL)

	
IES (Mean ± SE)

	
Thrombosis Inhibition Rate (%)






	
Model

	
-

	
987 ± 94

	
-




	
Aspirin

	
22.5

	
1729 ± 99 ***

	
78 ± 10




	
CA

	
3.0

	
1102 ± 25

	
13 ± 3




	
10.0

	
1191 ± 94 *

	
22 ± 10




	
30.0

	
1398 ± 113 ***

	
44 ± 12








* p < 0.05 vs. model group, *** p < 0.001 vs. model group.













 





Table 3. The LiDockScore between CA and target proteins.
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Ligand

	
Core Proteins Target

	
PDB ID

	
LiDockScore (kcal/mol)






	
CA

	
IL2

	
7M2G

	
−4.61




	
PRKCA

	
2GZV

	
−6.11




	
HSP90AA1

	
6TN5

	
−5.98




	
RELA

	
8ONV

	
−6.53




	
APP

	
2FMA

	
−5.23




	
PRKACA

	
5M6Y

	
−4.29




	
MMP2

	
7XJO

	
−6.25




	
MMP9

	
6ESM

	
−7.32




	
ESR1

	
7NFB

	
−4.53




	
HNF4A

	
8O1L

	
−3.12











 





Table 4. Predicted values of physicochemical, medicinal chemical, and ADMET properties of CA and lovastatin.
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Property

	
Predicted Values






	
Physicochemical property

	
CA

	
lovastatin




	
TPSA

	
166.140

	
72.830




	
LogS (solubility)

	
−2.421

	
−4.665




	
LogD (distribution coefficient D)

	
1.581

	
4.067




	
LogP (distribution coefficient P)

	
1.013

	
3.414




	
Medicinal chemistry

	

	




	
QED

	
0.211

	
0.672




	
SA score

	
3.710

	
4.690




	
Absorption

	

	




	
Papp (Caco-2 permeability)

	
−6.257

	
−4.824




	
Pgp-inhibitor

	
0.001

	
0.998




	
Pgp-substrate

	
0.227

	
0.005




	
HIA (human intestinal absorption)

	
0.765

	
0.161




	
Distribution

	

	




	
Plasma protein binding (PPB)

	
97.47%

	
94.28%




	
Volume distribution (VD)

	
0.420 L/kg

	
1.005 L/kg




	
Blood–brain barrier (BBB)

	
0.293

	
0.746




	
Elimination

	

	




	
T 1/2 (half life time)

	
0.839

	
0.232




	
CL (clearance rate)

	
7.014

	
18.012




	
Toxicity

	

	




	
hERG (hERG blockers)

	
0.020

	
0.388




	
H-HT (human hepatotoxicity)

	
0.042

	
0.966




	
DILI (drug-induced liver injury)

	
0.037

	
0.033




	
SkinSen (skin sensitization)

	
0.932

	
0.957




	
FDAMDD (FDA maximum daily dose)

	
0.021

	
0.970




	
Respiratory toxicity

	
0.034

	
0.678







