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Abstract. Coronary heart disease (CHD) is one of the leading causes of death worldwide. The
effectiveness of the current drugs is still restricted due to high side effects; thus, it is urgently
needed to discover novel compounds for drug development. In the field of drug discovery
research, the main target receptors for chemotherapy are identified as ACE, PPAR-y, HMGR,
COX-2, and thrombin. In this study, docking simulations were performed for phytoconstituents
of Salvia miltiorrhiza Bunge in searching for compounds with potential inhibitory activities
against these proteins. As a result, six compounds were suggested as potential multitarget
inhibitors and could be considered for further drug development studies based on docking
conformation and ADMET property analysis.
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Coronary heart disease (CHD) is the single largest cause of death in the developed
countries and is one of the leading causes of disease burden in developing countries [1]. In
recent decades, although the incidence of CHD has decreased slightly, the disease is still
responsible for one third of mortality worldwide and thus remains a burden to the health systems
of the nations [2]. Currently, the common treatment for CHD is the use of oral medications or
stenting in the blood vessels [3, 4]. The stenting method has not been widely used since it
depends on the patient’s condition as well as concerns about the safety of this treatment,
therefore, the development of oral drugs remains the most effective approach. This method
includes searching for bioactive compounds capable of inhibiting multiple receptors to radically
treat coronary heart disease. These receptor targets could be enzymes, proteins regulating
cellular metabolism, whose activity may lead to factors that increase the risk of coronary heart
disease such as blood pressure, contraction vessels, high blood cholesterol, etc. Previous studies
have proven the following proteins are common targets for drug development: ACE
(Angiotensin-converting enzyme), PPAR-y (Peroxisome proliferator activated receptor 7v),
HMGR (Hydroxymethylglutaryl coenzyme-A receptor), COX-2 (Cyclooxygenase-2),
and thrombin.

ACE is a dipeptidyl carboxypeptidase that catalyzes the hydrolysis of dipeptides [5]. The
best known function of ACE is the generation of angiotensin Il, a potent vasoconstrictor [5, 6].
In addition, ACE also affects blood pressure by cleaving bradykinin (BK) thereby eliminating its
vasodilator activity [6]. The PPAR-y protein plays an important role when participating in
cellular lipid metabolism. Dysfunctional macrophage PPAR-y may contribute to accelerated
atherogenesis in blood vessels [7, 8]. HMGR is an enzyme that catalyzes the conversion of
HMG-CoA to mevalonate, a key factor in the regulation of cholesterol levels in the body [9].
During coronary heart disease drug development research, HMGR was identified as one of the
main targets because this protein is directly involved in cholesterol biosynthesis, the main cause
of coronary heart disease. Normally, COX-2 is absent from cells or has very low activity. When
foreign inflammatory factors such as bacteria, viruses, etc. enter, they stimulate the body to
produce cytokines, a marker in the inflammatory process, causing COX-2 to increase in
monocytes, macrophages, and cartilage tissues. In addition, COX-2 also causes vasodilation and
inhibition of platelets, promoting inflammatory responses [10, 11]. Thrombin is an important
enzyme in the hemostasis process because it can perform both coagulation and anticoagulant
functions. It is therefore implicated in wound healing, the formation of blood clots, and the
pathogenesis of conditions such as atherosclerosis, sepsis, and even cancer [12].

In the recent years, computer aided drug design (CADD) play an important role in the
research and development process of pharmaceutical industry which significantly save time and
cost for scientists in novel drugs research. In this study, we used computing tools to predict the
potential of compounds in Danshen (Salvia miltiorrhiza Bunge). Danshen is commonly known
as a precious herb in folklore, so it is often used to treat various diseases such as cerebral
hemorrhage, edema, malignancy, menstrual irregularities, insomnia, liver disorders, anxiety,
miscarriage, and cardiovascular related diseases [13]. The goal of the study is to screen and find
potential compounds in Danshen, thereby guiding other studies to develop drugs for coronary
heart disease.

2. MATERIALS AND METHODS

2.1. Ligand preparation
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A database of 157 compounds from Danshen (Salvia miltiorrhiza Bunge) was established
(Table S1). These compounds were collected from previously published articles [13 - 18]. Their
structures were drawn with Marvinsketch software version 19.27.0 and prepared in 3D using
PYMOL version 2.2.2 [19], followed by energy minimization using GabEdit version 2.5.0 [20].

2.2. Protein preparation

The PDB entries chosen for docking studies including ACE (PDB ID: 1UZE) [21], PPAR-y
(PDB ID: 2HFP) [22], HMGR (PDB ID: 1HWS8) [23], COX-2 (PDB ID: 1CX2) [24] and
thrombin (PDB ID: 1YPJ) [25] were obtained from the Protein Data Bank archive (PDB). All
protein models were chosen based on high resolution criteria (less than 2.5 A). The protein
structure was prepared using the Graphical User Interface program named
Autodock Tools (ADT).

2.3. Docking using Autodock4

The molecular docking study utilizes AutoDock 4.2.6 with Lamarckian genetic algorithm
(LGA) for searching the optimum dock pose together with scoring function to calculate the
binding affinity. The AutoDock Tools was employed to set up and perform docking calculation.
In this study, we performed the docking study assuming a rigid protein and considered the
conformational space of the ligands to analyze the inductive effect of the hybrid compounds.
They were utilized to prepare proteins for docking simulations. The heteroatoms, including
water molecules, were deleted and polar hydrogen atoms and Kollman charges were added to the
receptor molecule. All other bonds were allowed to be rotatable. The binding site was enclosed
in a box such that it incorporates the amino acids involved in constituting the active site of
targeted proteins. Details of key residues for each protein are presented in Supplement
information file. For the ACE, the dimensions in (x x y x z) were 58, 42, 40 with the center
coordinates of the box being 40.394, 34.869, 44.617. PPAR-y had dimensions in (X x y x z) of
62, 70, 56 with box center coordinates of 23.986, -10.506, 2.778. HMGR had dimensions in (X x
y x z) of 34, 36, 44 with box center coordinates of 24.734, -16.949, 16.499. COX-2 had
dimensions in (x x y x z) of 58, 56, 68 with box center coordinates of 23.164, 21.905, 14.653
and thrombin were 64, 42, 52 (x x y x z) with box center coordinates of 15.345, -12.012, 20.414,
with grid spacing of 0.375 A. The AutoGrid and AutoDock were used to calculate the
precomputed binding affinities of each type of ligand atom and to perform simulated molecular
binding, respectively. The parameters of the Lamarckian genetic algorithm (LGA) were set as
follows: 30 runs; elitism was 1; mutation rate was 0.02; population size was 300; crossover rate
was 0.8; number of generation was 27 000; the energy rating was 25 000 000 and the offset
(Root Mean square-RMD) was set to 2.0 A during each run. From the most favored cluster, the
ligand conformation for further analysis was selected on the basis of the lowest free
binding energy.

2.4. ADMET studies

The online server Molinspiration was utilized for bioactivity prediction
(https://www.molinspiration.com) and pkCSM (http://biosig.unimelb.edu.au/pkcsm/prediction)
was used to evaluate drug-like properties. OSIRIS Property Explorer (http://www.

organicchemistry.org/prog/peo) was used to predict side effects, such as mutagenic, tumorigenic
effects.

2.5. Computing resources and data analysis

650



Potential inhibiroty activities of phytoconstituents in Salvia miltiorrhiza ...

All the calculations were done on a single Intel(R) Xeon(R) CPU X5650 @ 2.67 GHz core
on a Linux x86_64 cluster. The outputs from AutoDock 4.2.6 were analyzed using PyMOL and
Discovery Studio Visualizer (‘‘Dassault Systémes BIOVIA, Discovery Studio Visualizer,
v21.1.0.20298, San Diego: Dassault Systémes, 2021°”). The PyMOL was used to calculate the
distances of hydrogen bonds as measured between the hydrogen and its assumed binding
partner. A hydrogen bond (HB) is defined if the angle of an acceptor (A)-hydrogen (H)-donor
(D) is larger than 135 with the distance from A to D is smaller than 0.35 nm.

3. RESULTS AND DISCUSSION
3.1. Molecular docking study
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Figure 1. Dock score of top 15 ligands exhibited highest binding affinity toward each targeted proteins.
(A) ACE; (B) COX-2; (C) Thrombin; (D) HMGR; (E) PPAR-y.

In searching for potential inhibitors against drug targets for CHD treatment, AutoDock4
was used to perform docking studies for 157 compounds isolated from Danshen (Salvia
miltiorrhiza Bunge). In docking simulation, binding free energy (AG) is calculated to estimate
the binding affinity of the ligand—target complex. According to the criteria of AutoDock4, lower
binding free energy values indicate higher stability for the complex and favor the interaction of
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ligand within the binding site when predicting the docking pose [26, 27]. Binding free energies
of all studied compounds are presented in supplementary file (Table S2). The dock score of the
top 15 ligands toward each protein target is presented in Figure 1.

Table 1. Docking results of "hit" compounds against targeted proteins.

Ligand Hydrogen bond interacting amino
ID Compound name efficie?lcy (LE) Yo acids ’
ACE Protein
Dock6 Rosmarinic acid 0.44 GIn281, Gludll, Aspds3, Lys511,
Tyr520
T Thr282, Ala354, Glu376, His383,
Dock16 Salvianolic acid C -0.32 Glud11, Lysa54
Dock18 Methyl salvianolate C -0.39 GIn281, Glu384, Tyr520
Dock72 Salvianic acid C -0.46 GIn281, Asp415, Lysddd, Lys511,
Tyr520
Dock82 Methyl salvianolic acid C -0.35 Thr282, Ala354, Glu384
Dock85 Isosalvianolic acid C -0.31 Ala354, Asp415
Dock117 Salvianolic D -0.39 Asn277, GIn281, Thr282, Lys511
Dock119 Baicalin -0.39 Glul62, Lys511, Tyr510, Tyr523
Dock128 Saccharose -0.57 Aspa53, Lys511, Tyr520
PPAR-y Protein
Dock6 Rosmarinic acid -0.44 Lys265, 11e326, Ser342, Glu343
Dock16 Salvianolic acid C -0.39 11e326, Ser342, Glu343
Dock18 Methyl salvianolate C -0.35 Glu259, Lys265, Arg288, Glu343
Dock72 Salvianic acid C -0.44 Glu259, Ser342
Dock82 Methyl salvianolic acid C -0.35 Glu259, Lys265, Leu270, Ser342
Dock85 Isosalvianolic acid C -0.36 Arg288, Glu291, Leu330, Ser342
Dock117 Salvianolic D -0.38 Glu259, 11e262, Lys265, His266
Dock119 Baicalin -0.37 Lys2654, 11e281
Dock128 Saccharose -0.58 Lys265, Arg280, Cys285
HMGR Protein
Dock6 Rosmarinic acid -0.28 Ser684, Asn686, Lys691
Dock16 Salvianolic acid C -0.21 Arg590, Ser684, Asp690, Lys691
Dock18 Methyl salvianolate C -0.18 Arg590, Ser684, Asn686
Dock72 Salvianic acid C -0.29 Ser684, Asn686, Asp690, Lys691
T Arg590, Ser684, Asn686, Cys688,
Dock82 Methyl salvianolic acid C -0.22 Lys691, Lys692
Dock85 Isosalvianolic acid C -0.19 Ser684, Asn686, Asp690, Lys691,
Lys692
Dock117 Salvianolic D -0.26 Ser684, Asn686, Lys692
Dock119 Baicalin -0.27 Ser684, Asp690, Lys691
Dock128 Saccharose -0.51 Arg590, Asp690, Lys691
COX-2 Protein
Dock6 Rosmarinic acid -0.44 Argl20, Tyr385
Dock16 Salvianolic acid C -0.37 His90, Arg513, 11e517, Phe518,
Alab27
Dock18 Methyl salvianolate C -0.25 Argl20, GIn192
Dock72 Salvianic acid C -0.41 Arg120, Tyr385
Dock82 Methyl salvianolic acid C -0.30 Tyr355, Tyr385, Ser530
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His90, GIn192, Leu352, Arg513,

Dock85 Isosalvianolic acid C -0.31 Asp515, Phe518

Dock117 Salvianolic D 0.36 His90, Leu3s2, Tyr3gs, Args13,
Ser530
Dock119 Baicalin -0.34 GIn192
Dock128 Saccharose -0.53 nil
Thrombin Protein

Dock6 Rosmarinic acid -0.42 His57, Ser195, Gly216, Gly219
Dock16 Salvianolic acid C -0.40 Lys60, Assgrllg%%;; 1241% Ala190,
Dock18 Methyl salvianolate C -0.35 Aspl89, Gly216
Dock72 Salvianic acid C -0.43 Lys60, Gly216

Dock82 Methyl salvianolic acid C -0.40 Lys60, Cys191, Ser195, Gly216
Dock85 Isosalvianolic acid C -0.38 Lyse0, Sg;z;gb:rgﬁgg’flymg’
Dock117 Salvianolic D -0.41 Lys60, Ser195, Gly216
Dock119 Baicalin -0.38 Cys42, Leudl, Lys60, Glul192
Dock128 Saccharose -0.59 Gly216, Gly219

In this study, among investigated molecules, 9 out of 157 compounds were assumed as
multiple inhibitors since they are ranked as topmost in most of the targeted protein, including
compounds 6, 16, 18, 72, 82, 85, 117, 119, and 128 (approximately 5% out of the total studied
compounds). In particular, it is observed that these molecules preferentially bind to ACE and
Thrombin protein targets than the others based on dock score ranking. Compound 6, 18, 72, and
119 exhibited their highest binding affinity toward ACE protein (-11.47, -14.32, -12.40, and -
12.49 kcal/mol) while compound 16, 82, 85, 117 and 128 exhibited their highest binding affinity
toward Thrombin protein (-14.47, -14.80, -13.58, -12.30, and -13.48 kcal/mol, respectively). It
should be noted that compound 6 (rosmarinic acid) and 119 (baicalin) has been reported to
exhibit acetylcholinesterase inhibitory activity through experimental assays [28, 29]. On the
other hand, Liu X. et al. published their study on antithrombotic mechanism of Salvianolic acids
(compound 16 and 117) in 2018 [30]. Based on these evidences, the top rank compounds could
be assumed as "hit" candidates for further analysis. Detailed docking results of "hit" compounds
are tabulated in Table 1.

These nine potential compounds were then further analyzed for the ligand efficiency (LE)
index and their best binding conformation towards their highest binding affinity protein targets
(Table 1). Since ACE and Thrombin proteins are most anchored by potent molecules based on
binding affinity ranking. Figure 2 depicts the energetically most favorable docking conformation
of "hit" against these receptors. It should be noted that most of the interactions formed between
targeted proteins and potential molecules were contributed by residues that participated in
constituting the active site of the corresponding protein (Supplement information). These data
might shed light on the mechanism of action of these compounds within the binding sites of
ACE and Thrombin protein targets.

Ligand efficiency (LE) is a measurement for the binding energy of the ligand per atom.
This unit is calculated according to the following equation:

AG

Ag =

Nnon—hydmgen atoms

in which, Ag: Ligand efficiency; AG: Binding free energy.
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Best docking conformation of compound 119 towards ACE protein.
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Best docking conformation of compound 128 towards Thrombin protein.
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Figure 2. Binding conformations of potential ligands within the active site of studied proteins
suggested by molecular docking simulation.

This parameter is widely used as a useful metric for the selection of potential compounds
for further structure optimization during the drug development process. Statistically, if the LE
value of compound varies within 0.3 < LE < 0.5 then it could be considered as suitable for
further structural modification. According to the obtained data, the LE value of 7 out of 8
potential compounds (except compound 128) fall within this range, thus, this ligand was
excluded from being considered for further drug development steps.

3.2. ADMET studies

The drug-like properties of 157 studied compounds were further assessed by subjecting
them to Lipinski’s Rule of Five (Ro5) and ADMET properties. Analysis results are reported in
Table S3 and Table S4. The Lipinski’s Rule of Five consists of criteria that determine which
compound is considered to be drug-like in nature, such as molecular weight < 500 Da, number
of hydrogen bond donors < 5, number of hydrogen bond acceptors < 10, octanol water partition
coefficient (LogP) < 5 and Molar refractivity (MR) from 40 - 130. It is stated that compound
violates no more than two criteria might be considered to be potential oral bioavailability. The
outcome data indicate that compound 82 should not be considered for future oral drug
development since it violates up to 4 criteria. As a result, 7 out of 8 molecules were assumed as
favorable for oral drug development.

On the other hand, the research compounds were also evaluated for pharmacokinetic
properties and toxicity prediction (Table 2 and Table S4).

656



Potential inhibiroty activities of phytoconstituents in Salvia miltiorrhiza ...

Table 2. Pharmacokinetic properties of potential substances.

Comlpl))ound Name (% algsltﬁbed) Mutangenic | Tumorigenic

6 Rosmarinic acid 44,39 no no

16 Salvianolic acid C 50.21 no no

18 Methyl salvianolate C 77.07 no no

72 Salvianic acid C 36.83 no no

82 Methyl salvianolic acid C 52.34 no no

85 Isosalvianolic acid C 37.04 no no
117 Salvianolic D 29.13 no no
119 Baicalin 40.65 no no

It is stated that an oral drug candidate with an absorbance of less than 30 % is considered to
be poorly absorbed. The assessment results showed that compound 117 possess a HIA value of
29.13, thus, this molecule was considered as not appropriated to develop as an oral drug. The
rest candidates including compound 6, 16, 72, 82, 85, and 119 were suggested as safe since they
are predicted to have no mutangenic or tumorigenic properties.

4. CONCLUSIONS

In this study, phytoconstituents of Salvia miltiorhiza Bunge were investigated for potential
inhibitory activities against five drug targets of coronary heart disease using molecular docking
and ADMET studies. Amongst the 157 studied compounds, 6 molecules including compound 6
(rosmarinic acid), compound 16 (salvianolic acid C), compound 72 (salvianic acid C),
compound 82 (methyl salvianolic acid C), compound 85 (isosalvianolic acid C), and compound
119 (baicalin) were identified as potential candidates for further drug development stages based
on their multiple inhibitory activities against ACE and Thrombin protein targets. These results
might contribute helpful information for developing novel agents used in the treatment of CHD.
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