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Computational approaches for exploring the potential
synergy and polypharmacology of Duhuo Jisheng
Decoction in the therapy of osteoarthritis
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Abstract. The Duhuo Jisheng Decoction (DHJISD), a tradi-
tional Chinese medicine (TCM), has been widely used to treat
osteoarthritis (OA). However, the mechanisms of action of the
DHISD have not been clearly elucidated. In the present study,
the compounds in the DHJSD were characterized by three
computational methods; the ligand clustering, chemical space
distribution and network construction and analysis methods.
The compounds that formed the medical composition of the
DHIJSD were divided into 10 clusters and possessed a broad
diversity in chemical space distribution. The compounds
also had the same coverage of chemical space as the OA
drug/drug-like compounds from DrugBank. In addition,
multiple active compounds were identified as able to target
multiple proteins in the drug-target association networks (D-T
networks). A certain number of key compounds in the D-T
networks have been previously reported in the literature. The
present study also constructed drug-drug association networks
(D-D networks) and classified the DHJISD compounds into five
clusters. The clusters represented multiple diverse combina-
tions binding to the OA targets. These results suggested that
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the DHJSD had drug- and lead-like compounds with potential
synergy and polypharmacology against OA.

Introduction

Osteoarthritis (OA) is the most common cause of chronic
disability in older adults and is a progressive and multi-
factorial disease characterized by cartilage degeneration,
osteophytes and synovial fibrosis. To date, pharmacological
management for the majority of OA patients has targeted the
symptoms of the disease rather than the underlying cause and
pathophysiology (1). This means that there are no satisfactory
pharmacological therapies for OA. The main drugs on the
market for OA treatment are analgesics and non-steroidal
anti-inflammatory drugs. These drugs mainly alleviate the
symptoms but have numerous side-effects and poor cost-effec-
tiveness (2). The requirement to develop new and relatively
inexpensive treatment strategies for OA, which are able to
restore full function or return the tissue to its native normal
state, has gained medical acknowledgement.

At present, several lines of evidence suggest that the
traditional notion of ‘one drug-one protein’ for one disease
is no longer applicable and that treatment for the most
complex diseases may best be attempted using polypharma-
cological approaches (3,4). The model for drug discovery
must be transformed from a single target-based to system
biology-oriented one (4). Herbal remedies are the most preva-
lent and effective treatment in the management of chronic
illnesses in a number of Asian countries (5). The synergistic
actions of the herbal ingredients may be responsible for this
therapeutic efficacy (6). In addition, numerous herbs have
shown potential anti-inflammatory mechanisms in a variety
of clinical trials. Extracts from these herbs may be able to
alleviate OA symptoms and incur fewer side effects (7,8).
Thus, it is important to elucidate the synergy and polyphar-
macology of traditional Chinese medicine (TCM) to aid the
identification of new OA drugs.

The Duhuo Jisheng Decoction (DHJSD), a TCM from
Bei Ji Qian Jin Yao Fang developed by Sun SM in the Tang
Dynasty (9), has been prescribed to treat OA in China. The
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results of animal experiments showed that DHJSD was able
to decrease the levels of tumor necrosis factor (TNF)-a and
matrix metalloproteinase (MMP)-3 in the serum and synovial
fluid of rabbits with OA (10). The results of clinical experi-
ments showed that DHJSD reduced the levels of TNF-a and
high-sensitivity C-reactive protein (hs-CRP) in the synovial
joints in patients with knee OA (11). Clinical observations also
suggested that the DHISD was able to reduce pain, stiffness
and improve physical functions (12). To the best of our knowl-
edge, however, the underlying mechanisms of the DHJSD in
the management of OA are not fully understood. Therefore,
the aim of the present study was to identify the synergy and
polypharmacology of the DHJSD, using well-known compu-
tational methods (4,13), in order to obtain a general method to
benefit modern TCM development.

The flow chart of the computational design in the present
study is shown in Fig. 1.

Materials and methods

Ligandpreparationand clustering. DHISD consists of 15 species
of medicinal herbs: Angelica pubescens, Saposhnikovia
divaricata, Ligusticum chuanxiong, Achyranthes bidentata,
Loranthus parasiticus, Gentiana macrophylla, Eucommia
ulmoides, Angelicae sinensis, Poria cocos, Codonopsis pilo-
sula, Radix rehmanniae preparata, Radix paeoniae alba,
Asarum sieboldii, Glycyrrhiza uralensis and Cinnamomum
cassia. The compounds identified in the medicinal herbs of the
DHIJSD were collected from the Chinese Herbal Drug Database
and the Handbook of the Constituents in Chinese Herb Original
Plants (14,15). Subsequent to excluding the duplicates, the total
number of compounds obtained was 496. All the compounds in
the collection were converted into three-dimensional structures
and energy optimizations were performed using the Discovery
Studio 2.0 (DS 2.0) software (Accelrys Inc., San Diego, CA,
USA) based on the Merck molecular forcefield (MMFF). The
protocol for the cluster ligands method was then used to cluster
the compounds from the DHJSD (16).

Molecular descriptors calculation. Chemical space is a
generalized data visualization method used to describe the
well-known belief among chemists that similar compounds
may have similar properties (17). Prior to virtual screening,
the chemical space of the compounds from the DHISD was
studied. Chemical space was defined by calculating a given
set of descriptors for each molecule and using these values as
coordinates in the multi-dimensional space (18). The protocol
to calculate the molecular properties in the quantitative
structure-activity relationship (QSAR) module of DS 2.0 was
introduced to characterize the compounds from the DHJISD
and their chemical space was constructed using 150 diversity
descriptors, including the molecular properties in 1-, 2- and
3-dimensions. Principal component analysis (PCA) was
then performed to map the distribution of the compounds in
chemical space.

Virtual screening. LigandFit, a modern docking program
within DS 2.0 was used for each run. The three-dimensional
crystal structures of 20 key proteins that were associated
with OA (19) were selected as the docking receptors from
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Table I. 20 key proteins related to OA.
Protein PDB code
ADAMTS-4 2RJP
TNF-a 2A7Z5
iNOS 2Y37
COX-1 3NTI
COX-2 3N8X
MMP-1 966C
MMP-8 1ZS0
MMP-9 1GKC
MMP-11 1HVS
MMP-12 3RTS
MMP-13 3171
Caspase-3 2CNN
Caspase-8 1QDU
CDK2 3PXY
HO-1 3TGM
PPARY 2VSR
GSK-3p 3L1S
ER 1UOM
VDR 1DB1
TGF-p1 1RWS
OA, osteoarthritis; PDB, protein data bank; ADAMTS-4,

Aggrecanase-1; MMP, matrix metalloproteinase; TNF-a, tumor
necrosis factor a; iNOS, inducible nitric oxide synthase; COX, cyclo-
oxygenase; CDK, cyclin-dependent kinase; HO, heme oxygenase;
PPARY, peroxisome proliferator-activated receptor-y; GSK-3f3, gly-
cogen synthase kinase-3p; ER, estrogen receptor; VDR, vitamin D
nuclear receptor; TGF-f1, transforming growth factor-f3 type I
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Figure 1. Flow chart of the computational design in the present study. DHISD,
Duhuo Jisheng Decoction.

the RCSB Protein Data Bank (PDB; Table I). All crystallo-
graphic waters were removed from the file and the hydrogen
atoms were added. The inhibitor from the PDB file was used
to define the active site. A total of 496 compounds from the
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Table II. Mean, standard deviation, minimum and maximum values of the key molecular descriptors of the DHISD compounds.

Name Mean Std dev Minimum Maximum
Molecular weight 331.51 187.99 59.11 1013.13
Number of hydrogen acceptors 545 521 0 26
Number of hydrogen donors 274 3.11 0 17
ALogP 244 3.26 -9.55 13.60
Molecular solubility -3.73 2.94 -15.01 1.92
Number of rotatable bonds 5.33 4.94 0 32
Nitrogen count 0.11 0.63 0 8
Oxygen count 541 5.20 0 26

DHIJSD, Duhuo Jisheng Decoction; Std dev, standard deviation.

DHISD were docked into the protein models. The DockScore
evaluated the ligand position and orientation based on the
most favorable energy production from the interactions
between the ligand conformations and receptor proteins (20).
All 496 docked structures were thus sorted according to their
DockScore.

Network construction and analysis. Cytoscape 2.8.3 was
carried out to construct the subsequent networks (21).
According to the DockScore sorting of the compounds, the
top 14 compounds (the top 3%) were selected (22). These
compounds and the corresponding target proteins were
regarded as network nodes. Therefore, drug-target associa-
tion networks (D-T networks) were constructed by linking
the compound and proteins. If two compounds shared =1
target proteins, they were linked to map the drug-drug asso-
ciation networks (D-D networks). Data were analyzed using
Cytoscape plugins.

Results

Clustering of the DHJSD compounds. Clustering was used
to group the DHJSD compounds by employing the default
settings of the cluster ligands method. In total, 10 compounds
with maximum dissimilarity were selected as the cluster
centers and the other compounds were attached to their clus-
ters according to the cluster assignment and their properties
with regard to the distance to the center. The distribution of
the various clusters (Fig. 2) suggested that the DHISD may
be considered a natural combinatorial chemical library with
molecular diversity.

Distribution of the DHJSD compounds in chemical space.
Fig. 3A shows the global property map of chemical space,
starting from 1-, 2-and 3-dimensional-based descriptors of
the DHJISD compounds. The DHISD compounds possessed
a broad diversity in chemical space. Table II shows that the
majority of the DHISD compounds had good drug-like prop-
erties according to Lipinski's rule of five (23). To confirm the
drug-like properties of the DHJSD compounds, the chemical
space distribution of the known drug/drug-like compounds for
OA from DrugBank was also charted (24). The overlap frac-
tion (Fig. 3B) represented the drug/drug-like chemical space,

Table III. Network properities of the D-T and D-D networks.

Parameters D-T network D-D network
Network density 0.027 0.169
Network heterogeneity 1.185 0.568
Network centralization 0.072 0.39
Characteristic path length 4.138 2.204
Mean number of neighbors 3.875 20.839
Shortest paths, n (%) 20592 (100) 15252 (100)
Cluster coefficient 0 0.829

D-T network, drug-target association network; D-D network,
drug-drug association network.

indicating that the nature of the DHJSD compounds was
extremely similar to that of the drug/drug-like compounds.

Investigation of the multi-target compounds of the
DHJSD. Screening of the DHJSD compounds and their
targets was performed to generate a bipartite graph of the
compound-protein interactions in which a compound and a
protein were connected to each other if the protein was an
action target of the drug, thus leading to a D-T network (Fig. 4).
The histogram of the number of targets associated with each
compound is shown in Fig. 5. The majority of compounds
acted on only one target, but a small number of compounds
acted on a large number of targets, up to a maximum of 14.
The general network properties and key compounds of the D-T
networks are listed in Tables III and IV, respectively.

Combination therapy of the DHJSD for OA. In the D-D
network (Fig. 6), the nodes represented the compounds, two
of which were connected to each other if they shared at least
one target protein. The general network properties of the D-D
networks are listed in Table III. MCODE, a Cytoscape plugin,
was used to identify five clusters in the D-D networks (Fig. 7;
Table V) and to show the various compounds in different types
of networks and the various clusters with their effect targets.
This revealed the combination therapy mechanism of the
DHIJSD for OA.
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Table IV. Top-10 key compounds in the D-T network that acted on the largest number (degree) of targets.

Index Known Chemical name Degree
65 Yes Chlorogenic acid 14
59 Yes Avicularin 12

152 Yes Macrophylloside D 10
74 No Erytho-dihydroxydehydrodiconiferyl alcohol 10

151 Yes Macrophylloside C 9

148 No 6'-0O-p-D-Glucosyl Gentiopicroside 9
95 No Methyl chlorogenate 8

222 No Folic acid 6
31 No Marmesin 6
82 Yes Geniposidic acid 5

D-T, drug-target.
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Figure 2. Clustering distribution of the DHISD compounds. DHISD, Duhuo
Jisheng Decoction.

Discussion

OA is much more complex than initially anticipated as it is
often caused by multiple molecular abnormalities, rather
than being the result of a single effect (25). In this regard,
the application of combinational drugs or multi-target drugs,
in which =2 drugs interact with multiple targets simultane-
ously, may be considered as a rational and effective treatment
strategy for OA. Notably, TCM is a holistic approach to health
that attempts to bring the body, mind and spirit into harmony,
thus it advocates drug-combined administrations (26). Several
studies have demonstrated that Chinese medicinal herbs have
the potential to ameliorate the progress of OA and such herbs
have received increasing attention (7,8).

DHISD, an extremely common TCM, has been used in
the treatment of patients with OA in China. In the present
study, a system using the compounds in the original plants
of the DHJSD were chosen. The compounds were classified
into 10 groups and possessed a broader diversity in chemical
space. The corresponding means of the molecular descriptors,
including the molecular weight, number of hydrogen acceptors,
number of hydrogen donors and ALogP were 331.51,5.45,2.74
and 2.44, respectively. This showed that the majority of the
compounds satisfied Lipinski's rule of five. Moreover, common
chemical space was observed between the two compounds sets
from the DHJISD and DrugBank. Any overlap was extremely
likely to contain active compounds and synergistic therapeutic
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Figure 3. Distribution of the first two principal components of the DHJSD and
drug/drug-like compounds in chemical space. The black and white circles
represent the chemical space of the DHISD compounds and drug/drug-like
compounds, respectively. (A) Global property map of chemical space.
(B) The overlap fraction represented the drug/drug-like chemical space,
indicating that the nature of the DHJSD compounds was extremely similar
to that of the drug/drug-like compounds. DHJSD, Duhuo Jisheng Decoction.

actions, therefore, the present study used drug-target interac-
tion model experiments to aid in clarifying the effect of the
DHIJSD compounds on OA.

A virtual screening study was performed in the search for
the DHJSD compounds with the potential to inhibit targets
related to OA. The top 3% of the compounds with the highest
DockScores and the corresponding target proteins were linked
to construct the D-T networks, which were used to search for
multi-target compounds (promiscuous drugs) in the DHISD.
The results demonstrated that the DHISD is a broad-spectrum
recipe inhibiting a number of significant target proteins. Each
compound from the DHISD was correlated with 2.26 targets
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Figure 4. Drug-target association network (D-T network). The white and pink circles represent the target proteins associated with OA and the DHJSD com-

pounds, respectively. OA, osteoartritis; DHISD, Duhuo Jisheng Decoction.
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Figure 5. Distribution of the number of targets associated with each com-
pound. DHJSD, Duhuo Jisheng Decoction.

on average and the maximum number of targets a compound
acted on was 14. Table III shows the biological activities of
certain compounds that have been reported in the litera-
ture (27-30). Investigators have shown that multi-targeted or
‘promiscuous’ drugs may often more effective than precisely
targeted drugs, particularly in complex diseases (31). This
may be one reason to explain for DHISD being effective in
curing OA.

To gain an improved understanding of the functions of
the DHJSD, the D-D network was contructed and five clus-
ters were identified that were used to classify the DHISD
compounds into varying network types. Each cluster repre-
sented a separate multi-drug combination and function. The
botanical sources of each cluster also varied (Table V). The
compounds in cluster 1 were associated with 17 target proteins

Figure 6. The drug-drug association network (D-D network).

and the compounds in cluster 2 had interactions with 15 target
proteins. The compounds in the two clusters interacted with
14 common target proteins. The results indicated that the
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Table V. Information related to the categories of the subnetworks.

Cluster Effect targets

Botanical sources of compounds

1 MMP-1, MMP-8, MMP-9, MMP-11,
MMP-12, PPARY, GSK-383, VDR,
iNOS, ER, Caspase-3, Caspase-8,
CDK2,HO-1, TGF-1, COX-1, TNF-a

2 MMP-1, MMP-8, MMP-9, MMP-12,
MMP-13, PPARY, GSK-383, VDR,
iNOS, ER, Caspase-3, CDK?2, HO-1,
TGF-p1, COX-2

3 ADAMTS4

MMP-13,ER, VDR
5 COX-1,COX-2, ER, TGF-p1

Angelica pubescens, Saposhnikovia divaricata, Ligusticum chuanxiong,
Achyranthes bidentata, Loranthus parasiticus, Gentiana macrophylla,
Eucommia ulmoides, Poria cocos, Codonopsis pilosula,

Radix rehmanniae preparata, Radix paeoniae alba, Glycyrrhiza uralensis,
Cinnamomum cassia

Angelica pubescens, Saposhnikovia divaricata, Ligusticum chuanxiong,
Gentiana macrophylla, Eucommia ulmoides, Angelicae sinensis,
Codonopsis pilosula, Asarum sieboldii, Glycyrrhiza uralensis

Saposhnikovia divaricata, Ligusticum chuanxiong, Eucommia ulmoides,
Angelicae sinensis, Codonopsis pilosula, Radix rehmanniae preparata

Saposhnikovia divaricata, Glycyrrhiza uralensis

Ligusticum chuanxiong, Achyranthes bidentata, Angelicae sinensis,
Codonopsis pilosula, Glycyrrhiza uralensis

ADAMTS-4, Aggrecanase-1; MMP, matrix metalloproteinase; TNF-a., tumor necrosis factor a; iNOS, inducible nitric oxide synthase; COX,
cyclooxygenase; CDK, cyclin-dependent kinase; HO, heme oxygenase; PPARY, peroxisome proliferator-activated receptor-y; GSK-3f, gly-
cogen synthase kinase-3f3; ER, estrogen receptor; VDR, vitamin D nuclear receptor; TGF-$1, transforming growth factor-f type I

Figure 7. Subnetworks made up of highly interconnected regions. The pink nodes represent the DHISD compounds. Clusters: (A) 1, (B) 2, (C) 3, (D) 4 and

(E) 5. DHISD, Duhuo Jisheng Decoction.



1818

compounds of cluster 1 and 2 appeared to target multiple
pathological processes and had combined synergistic effects.
In addition, other combination patterns (clusters 3 and 4 or
clusters 4 and 5) may produce alternative synergistic effects.
Generally, multiple agents are used to achieve a maximum
efficacy by aggressively attacking several targets simul-
taneously to exploit synergy and to minimize individual
toxicity (32). Clinical observation has demonstrated that the
effect of DHJISD on knee OA is superior to the efficacy of
glucosamine sulfate and has good safety (33).Therefore, the
DHISD compounds with various mechanisms of anti-OA
action interact principally in an additive or synergistic manner.
This is easily explained by the fact that clusters (DHJSD) in
various holistic combinations attack various targets or steps in
the pathological process of OA.

In summary, in the present study, DHJSD was identified as
diverse and drug-like in molecular composition. The DHISD
possessed abundant multi-target compounds and had signifi-
cant potential for synergistic drug combinations against OA.
The results demonstrated that potential synergy and polyphar-
macology properties exist in the curative mechanism of the
TCM recipe.
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