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Abstract

The application of natural products has drawn increasing attention in recent times. Artesunate (ART) and Dihydroartemisinin
(DHA), being natural products with anti-inflammatory and cartilage protective capabilities, have shown potential in osteoarthritis
(OA) treatment. OA is a highly prevalent degenerative joint disease globally, leading to a diminished quality of life and is a major
cause of disability. Matrix metalloproteinase 3 (MMP-3) and MMP-13 play crucial roles in OA progression. Although ART and
DHA have been found to downregulate the protein levels of MMP-3 and MMP-13 and suppress the activity of inflammatory factors
in chondrocytes, their interaction mechanisms with MMP-3 and MMP-13 remain unclear. This study aimed to conduct an in-silico
exploration of the binding affinity, action mode, and stability of ART and DHA to the active sites of MMP-3 and MMP-13 using
molecular docking and molecular dynamics simulation techniques. The results demonstrated that ART and DHA possess favorable
binding affinities (<—7.0 kcal/mol) for MMP-3 and MMP-13, establish hydrogen bonds and hydrophobic interactions with amino
acid residues in the active sites, and form interactions with Zn>*. During the 50 ns simulation, the root mean square deviation
(RMSD) of ART and DHA on MMP-3 was less than 2A. The binding free energies were all negative, indicating a stable binding
state. These findings disclose a novel function of ART and DHA as potential inhibitors of MMP-3 and MMP-13, presenting valuable
insights and research directions for the development of novel OA therapeutics. However, further in vitro and in vivo investigations
are required to validate the biological activities of these molecules.
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l. Introduction cause is not fully understood [4]. In addition to ageing,

the development of OA may be associated with multiple
Arthritis is a common clinical disease, with various sub- risk factors, including obesity, sex, injury, inflammation,
types, among which osteoarthritis (OA) is the most preva-  and prolonged high-intensity exercise [5,6]. OA is esti-
lent. OA is a chronic degenerative joint disease charac-  mated to affect hundreds of millions of people worldwide
terized by pain, stiffness, and limited mobility. Patho- and has become a leading cause of disability [7], with a
logical features include degradation of articular cartilage  gjgnificant impact on the quality of daily life and a finan-
extracellular matrix, synovial inflammation, osteophyte cjal burden for patients [8]. In recent years, research on
formation, joint space narrowing, ligament and meniscus  therapeutic agents for OA has made some progress. For in-
damage, and subchondral bone remodelling, with irre-  gtance, intra-articular injection of mesenchymal stem cells
versible degradation of the articular cartilage being the  has significantly improved pain and function in patients
central pathological feature of OA [1-3]. OA is more ith knee OA [9]. Additionally, a novel neurovascular
common in middle-aged and older adults, and the exact inhibitory hydrogel has demonstrated potential in delay-
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ing the progression of OA by targeting inflammation and
promoting cartilage repair [10]. However, the long-term
effects of these treatments remain unclear, and there is
heterogeneity among different research findings. As the
world’s population ages and obesity rates rise, the preva-
lence of OA is expected to increase, so there is an urgent
need for effective treatment strategies to relieve symp-
toms, slow disease progression, and improve patients’
quality of life [11,12].

Matrix Metalloproteinases (MMPs) are a class of
Zn**-dependent endopeptidases, and calcium, zinc, and
other metal elements participate in the composition of
these enzymes as cofactors. MMPs play a crucial role in
the degradation and remodeling of the cartilage extracellu-
lar matrix, and they significantly impact the pathogenesis
of OA. In particular, MMP-13 and MMP-3, both closely
associated with the pathogenesis of osteoarthritis (OA),
can degrade various matrix components, including pro-
teoglycans, osteopontin, and type I, II, and III collagen,
thereby playing key roles in the pathological progression
of OA [13]. MMP-3, which is highly expressed in the
early stages of OA, can degrade proteoglycans, thereby
disrupting cartilage matrix integrity, and it can also acti-
vate other MMPs (such as MMP-1), further accelerating
the degradation of the cartilage matrix [14,15]. MMP-13
is a key enzyme responsible for degrading type II colla-
gen. It not only directly degrades collagen but also in-
duces chondrocyte apoptosis, exacerbating cartilage dam-
age [16]. Its expression persists throughout the entire pro-
gression of OA, and in the synovial tissues of OA patients,
the high expression of MMP-13 is closely associated with
inflammatory responses. Various inhibitors, such as AQU-
019 [17] have been shown to effectively inhibit the activity
of MMP-13 and demonstrate cartilage-protective effects
in animal models. Therefore, MMP-3 and MMP-13 are
potential targets for the development of OA therapeutic
agents.

Artesunate (ART) and Dihydroartemisinin (DHA)
are natural compounds used to treat malaria and have var-
ious biological properties, including the regulation of in-
flammation and apoptosis in various cells. Several studies
suggest that they play an important role in the treatment of
OA. Yicheng Li et al. [ 18] found that ART delayed the pro-
gression of OA and significantly reduced the overexpres-
sion of MMP-3 and MMP-13 in chondrocyte-like ATDC
5 cells stimulated by IL-13. Chengjin Zhao et al. [19]
showed that ART ameliorated cartilage damage in OA,
and that in in vitro cell experiments, ART reduced the
expression of MMP-3 and MMP-13, increased type II col-
lagen expression, and decreased the levels of IL-6 and
TNF-« in cell supernatant. In addition, DHA has been
shown to reduce OA by inhibiting aberrant bone remodel-

ing and angiogenesis in subchondral bone, and decreasing
MMP-13 expression in articular cartilage [20]. However,
further clarification is still required regarding their inter-
action with MMP-3 and MMP-13.

Computer simulation research is a new type of effi-
cient, rapid, and economical means of drug discovery and
mechanism of action research, which has been success-
fully applied to drug development [21-24]. Molecular
docking, a computational technique for predicting protein-
small molecule interactions, is pivotal in structure-based
drug discovery. Recent advancements include EquiBind30
and TankBind29, leveraging deep learning for enhanced
prediction accuracy of drug-protein binding structures [25,
26]. DiffDock, employing a diffusion generative model,
outperforms traditional docking algorithms [27]. Feature-
Dock, a transformer-based deep learning framework, uti-
lizes protein local environment features to predict protein-
ligand binding poses and facilitates virtual screening with
robust scoring [28]. In OA-targeted drug research, molec-
ular docking has elucidated binding mechanisms of OA-
related drugs with their targets. For example, studies com-
bining molecular docking and spectroscopy revealed the
encapsulation and targeting mechanisms of camptothecin
drugs with bovine serum albumin (BSA) [29]. Thus, dock-
ing simulations optimize drug binding to matrix metallo-
proteinases, facilitating the development of effective in-
hibitors.

In this study, the interaction of MMP-3 and MMP-
13 with ART and DHA was analyzed in detail by using
molecular docking, and the molecular interaction pattern
under physiological conditions was simulated at a dy-
namic level. The results showed that ART and DHA all
exhibited significant binding affinity and stable binding
to the protein, indicating their potential to inhibit MMP-3
and MMP-13. These results provide a scientific basis for
understanding how ART and DHA work by reducing the
protein expression of MMP-3 and MMP-13. Moreover,
these findings provide an important reference point for
the future discovery of more effective MMP-3 and MMP-
13 inhibitors through structural modification, which has
potentially important value in the prevention and treat-
ment of arthritis. Nonetheless, further validation tests are
required to confirm the biological activity and safety of
these compounds.

2. Materials & Methods
2.1. Materials

Molecular docking analysis was performed using Autodock
Vina [30], PyMol [31], Discovery Studio 2024 client (DS),
VMD and AutoDockTools-1.5.6 software [32]. Molecular
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dynamics (MD) simulation was carried out using Gromacs
5.1.4 software [33].

2.2. Preparation of Ligand

The 3D chemical structures of ART and DHA were origi-
nally obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov (accessed on 6 July
2024)) and downloaded in SDF format. Subsequently,
these compounds were processed using Pymol and saved
in PDB format. To ensure that the ligands were prop-
erly prepared for subsequent molecular docking, they
were optimized using AutoDockTools-1.5.6 before molec-
ular docking.

2.3. Preparation of Protein

The crystal structures of the MMPs are reported in the
PDB (https://www.rcsb.org/), showing the protein confor-
mation with co-crystallized with various inhibitors. In
this study, crystal structures of MMP-3, MMP-13, along
with their corresponding inhibitors, were used for analy-
sis. The PDB IDs for MMP-3 and MMP-13 are 2D10(A
chain) [34] and 3KRY (A chain) [35], with resolution of
2.02 A and 1.90A, respectively. 2D10 file included one
polypeptide chain (named chain A) with 171 residues, an
inhibitor (PDB ID: FA4), three calcium ions, and two zinc
ions. 3KRY file included one polypeptide chain (named
chain A) with 164 residues, an inhibitor (PDB ID: 3KR),
two calcium ions, and two zinc ions. To perform molecu-
lar docking studies on the selected crystal structures, water
molecules and eutectic ligands were first removed, and hy-
drogen atoms were added to the protein structures. Both
Zn?" and Ca®" are retained in the protein complex and are
included in the analysis.

2.4. Molecular Docking

After the preparations were completed, molecular dock-
ing was carried out using AutoDock Vina software to
predict the binding pattern of the protein-ligand com-
plex. PD-166793 is a potent, selective, orally active, and
broad-spectrum inhibitor of MMP, exhibiting nanomo-
lar potency against MMP-3 and MMP-13 (IC5y = 7 and
8 nM, respectively) [36]. Therefore, PD-166793, along
with co-crystal ligands FA4 and 3KR, were adopted as
positive controls. The active site of the protein structure
was set as specific amino acid residues interacting with
the cocrystallized ligand in X-ray crystallography. The
grid parameters were as follows: the grid center coordi-
nates of MMP-3 and MMP-13 are (29.194, 7.769, 14.716),
(—11.439, —1.082, 0.865), respectively, and the grid sizes
are both 23 A. Protein-ligand interaction complexes were

visualized using Pymol and DS to identify strong binding
positions of active site residues and their binding distances.
The conformation with the lowest binding energy and in-
teraction with Zn>" was selected for the initial structure of
the subsequent MD simulations.

2.5. Molecular Dynamics

To study their stability with MMP-3 and MMP-13, MD
simulations of the optimal complex conformation were
carried out for 50 ns using Gromacs 5.1.4 software. The
simulation process included three stages: energy mini-
mization, system balance, and free simulation. In the
simulation, root mean square deviation (RMSD), root
mean square fluctuation (RMSF), and binding free energy
were used to evaluate the stability of the simulation and
the binding strength of the protein-ligand complex. The
RMSD is a measure of how much the protein conforma-
tion deviates from the initial structure in the simulation.
A smaller value indicates that the simulated protein con-
formation is closer to the initial structure, allowing for an
assessment of protein stability. When the RMSD value
tends to stabilize, it indicates that the protein structure has
reached a steady state, and the simulation can be consid-
ered to have stopped. However, RMSF analysis deeply
reveals the internal dynamics of proteins, in particular the
specific effects of ligand binding on the dynamics of dif-
ferent atoms or residues in MMP proteins. This analysis
helps to identify protein regions that become more flexible
or stable with ligands.

3. Results

3.1. Binding Affinity Analysis

Molecular docking technology evaluated the binding affin-
ity of ART and DHA to the active site of MMP-3 and
MMP-13. The docking results are shown in Table 1. The
lower binding affinity value usually indicates a higher
binding affinity, which means stronger interactions be-
tween the molecules.

In this study, we evaluated the binding affinities of
ART and DHA to MMP-3 and MMP-13 using molecular
docking, and compared them with known inhibitors PD-
166793, FA4, and 3KR. PD-166793 exhibited strong bind-
ing affinities of —9.2 kcal/mol for MMP-3 and
—9.6 kcal/mol for MMP-13, which are consistent with
its nanomolar potency (ICso = 7 and 8 nM, respectively).
These results validated the reliability of our docking method.
FA4 and 3KR, which are co-crystallized ligands of MMP-3
and MMP-13, respectively, exhibited binding affinities of
—7.8 kcal/mol and —9.5 kcal/mol to MMP-3 and MMP-13.
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Table I: Binding affinity for docking with MMP-3, MMP-13.

. Binding Affinity
PubChem Ligand
(kcal/mol)
CID Name
MMP-3 MMP-13
6914601 FA4 —7.8 /
49866490 3KR / -9.5
9887870 PD-166793 —-9.2 —-9.6
6917864 ART —8.1 —8.0
3000518 DHA —7.6 -7.0

ART demonstrated binding affinities of —8.1 kcal/mol
for MMP-3 and —8.0 kcal/mol for MMP-13. which were
comparable to those of FA4 for MMP-3 but slightly lower
than those of 3KR for MMP-13. DHA showed a binding
affinity of —7.6 kcal/mol for MMP-3, similar to FA4, but
only —7.0 kcal/mol for MMP-13, indicating a significant
difference from 3KR. Despite the lower binding affini-
ties of ART and DHA compared to PD-166793, these
compounds still exhibit substantial potential as inhibitors
of MMP-3 and MMP-13. These findings suggested that
ART may have dual inhibitory activity against both MMP-
3 and MMP-13, while DHA appeared to be more selective
for MMP-3.

TIMP-3 [37], an endogenous inhibitor, had a bind-
ing affinity of approximately —7.8 kcal/mol for MMP-13.
Additionally, the synthetic inhibitor Batimastat (BB-94),
which had been extensively studied for its inhibitory ef-
fects on MMP-13, exhibited a binding affinity of around
—9.0 kcal/mol [37]. In comparison, the binding affinities
of ART and DHA were comparable to TIMP-3 but slightly
lower than those of Batimastat. The recent studies demon-
strated that ART and DHA can form covalent bonds with
the zinc ions in the catalytic domain of MMPs, thereby
showing strong inhibitory potential [38]. These results
highlight the potential of ART and DHA as novel MMP
inhibitors for the treatment of OA.

3.2. Binding Modes Analysis

To further explore the binding modes of ART and DHA
on MMP-3 and MMP-13, the interaction of the complex
was visualized by Pymol and DS (Figures 1 and 2). ART
and DHA are located in the same active pocket as the co-
crystal ligands (FA4 and 3KR), form interactions with the
Zn*" in MMP-3 and MMP-13, and have hydrogen bonds
and hydrophobic interactions between the proteins.
Figure 1 demonstrates the binding details of all com-
pounds with MMP-3. FA4 formed a series of key non-
covalent interaction networks with the active site residues of
MMP-3, including the formation of six hydrogen bonds and
five hydrophobic interactions with His211, Thr215, Leu222,
Alal65, Leul64, Leu218, Ala217, Leul97, His201, Tyr223,

and Val163. Furthermore, FA4 formed stable chelating inter-
actions with Zn?" within the active site through potential co-
ordination atoms in its molecular structure. The PD-166793
formed two conventional hydrogen bonds with Leul64 and
Alal65, and multiple hydrophobic interactions with Leu218,
Leul97, Vall63, Val198, and His201. Additionally, it coor-
dinated with Zn**, which is crucial for the activity of the
enzyme. However, there was also an unfavorable factor
present. The binding of ART on MMP-3 exhibited three
hydrogen bonds and eight hydrophobic interactions with
residues such as Alal67, His166, Alal65, Leul64, Val198,
Leu222, His211, and Pro221. In particular, specific func-
tional groups of ART interacted with Zn*, further enhanc-
ing its binding affinity to MMP-3. Although DHA formed
only one hydrogen bond interaction in binding to MMP-
3, its five hydrophobic interactions with residues Leul64,
Val198, Vall63, and Pro221 also contributed significantly
to the binding affinity.

Figure 2 demonstrates the interaction of all compounds
with MMP-13. There were six hydrogen bonds and five hy-
drophobic interactions between 3KR and residues His222,
Leul85, Alal86, Thr245, Leu239, Val219, Ala238, Pro242,
and Zn>*, but one interaction that may adversely affect bind-
ing was also observed. PD-166793 formed two conven-
tional hydrogen bonds with LEU185 and ALA186, and estab-
lished eight hydrophobic interactions with Leu218, Leu239,
ValL219, Leul84, and His222. Additionally, it also coor-
dinated with Zn?*. ART formed three hydrogen bonds and
five hydrophobic interactions with Leul85, Leu239, Pro242,
Alal86, His222, His226, and His232, while DHA formed
two hydrogen bonds and five hydrophobic interactions with
Leul85, Pro242, His232, Leul 84, and Val219.

In addition to the hydrogen bonds and hydrophobic
interactions, the ligand coordinates with Zn>", which is
crucial for the enzyme’s activity. This coordination with
Zn?*" is a key feature of effective MMP inhibitors, as Zn>*
plays a central role in the catalytic mechanism of these
enzymes. Compared with known inhibitors such as PD-
166793, which also coordinates with Zn>*, ART and DHA
demonstrated a similar mode of interaction but with dis-
tinct binding affinities. All of them form interactions with
Zn?" through oxygen atoms. The bond lengths of ART and
Zn>" were 2.6 A (MMP-3) and 3.1 A (MMP-13), respec-
tively, while the corresponding bond lengths of DHA were
3.4 A (MMP-3) and 3.1 A (MMP-13). These distance data
provided important information for understanding their
binding mode and possible inhibition mechanisms.
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Figure I: 3D and 2D molecular interaction maps of the best configuration for ligand molecules and MMP-3 docking.

3.3. MD Simulation Analysis

To study the dynamic behaviour and stability of bioactive
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Figure 2: 3D and 2D molecular interaction maps of the best configuration for ligand molecules and MMP-13 docking.

MMP-13, MD simulations were performed. Due to the
limitations of our current computational resources, we ex-

tended the MD simulation time to 50 ns. During the en-
tire simulation, visualization with VMD revealed that the
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ligand-maintained interaction with Zn?*. Although this du-
ration was relatively short, we conducted a detailed anal-
ysis of the stability of our system within this timeframe.

3.3.1. Root Mean Square Deviation

Figure 3 shows the changes in RMSD of the simulation
system with simulation time. The figure indicated that the
RMSD change trend of FA4, ART, and DHA in the MMP-
3 system was largely consistent, with the value fluctuating
within a narrow range after 10 ns and approaching equilib-
rium. The fluctuation range is less than 2.0 A. MMP-13-
3KR entered a stationary state after 10 ns, with RMSD
fluctuating less. In contrast, MMP-13-ART and MMP-13-
DHA exhibited significant fluctuations in the 50 ns simula-
tion, with an RMSD average value of 2.286 + 0.760 A and
2.876 + 0.582 A, respectively. These fluctuations were
evident from the beginning of the simulation, indicating
that these two complexes failed to reach a stable state in
the solvent and did not achieve convergence. The instabil-
ity could be due to interactions between ligands and MMP-
13’s active site. During simulations, ART and DHA might
not have formed stable bindings with MMP-13, causing
significant conformational changes in the solvent. This is
consistent with previous findings that the binding of cer-
tain ligands to MMP-13 can increase the conformational
flexibility of its active site, thereby affecting overall sta-
bility [39].

Additionally, simulation time may also be a crucial
factor affecting stability. While a 50 ns simulation par-
tially captures the system’s dynamic behavior, longer sim-
ulation timescales could potentially reveal more stable
conformations. Hence, future investigations will contem-
plate extending the simulation duration to more compre-
hensively evaluate the stability and convergence of these
complexes.

3.3.2. Root Mean Square Fluctuation

As illustrated in Figure 4, the RMSF of the amino acids
was measured in the MD to gain further insight into the
fluctuations of amino acids in each system. The RMSF
curves of ART, DHA-conjugated MMP-3, and MMP-13
complex systems were similar to those of the protopro-
tein complex, indicating that the two small molecules
have analogous binding modes with FA4 and 3KR. In
the MMP-3 system, most amino acid residues exhibited
fluctuations within a range of less than 2.0 A, except for
those in the terminal regions. In contrast, in the MMP-13
system, residues in the central region displayed minimal
fluctuations.

3.4. Binding Free Energy

For a more detailed analysis of the binding affinities, we
selected the structures from the last 10 ns of the MD tra-
jectory and performed MM/PBSA binding free energy cal-
culations. The calculated binding free energy values were
presented in Table 2.

Table 2: Binding free energy for molecules with MMP-3, MMP-13
(kcal/mol).

Complex AEvdw AEele AEGB AESA AEhind
ART-MMP-3 —35.47 —90.67 24.36 —4.98 —106.76
DHA-MMP-3 —31.08 —110.51 44.42 —5.32 —102.49
ART-MMP-13 —3433 —113.47 50.75 —5.02 —102.07
DHA-MMP-13 —30.21 —101.87 46.69 —6.85 —92.24

AE,4w, Van der Waals Energy; AE,e, Electrostatic Energy; AEgg, Po-
lar Solvation Energy; AEga, Non-Polar Solvation Energy; AEy;,q, Bind-
ing Free Energy.

Among the ligands, ART exhibited the strongest
binding free energy to MMP-3, second only to DHA.
DHA had the lowest binding free energy with MMP-13,
which is consistent with the binding affinities observed
in the molecular docking studies. Specifically, the nega-
tive electrostatic energy reflected favorable electrostatic
interactions between the ligand and the protein, while the
negative van der Waals energy highlighted the presence of
attractive forces at the binding interface. Additionally, the
negative non-polar solvation energy suggested that the sol-
vation process enhances the stability of the ligand-protein
complex. Among them, the contribution of electrostatic
interactions was the largest, followed by van der Waals
energy. Collectively, the electrostatic, van der Waals, and
non-polar solvation energies were all negative, indicat-
ing that these interactions significantly contribute to the
binding of the small molecule to the protein.

4. Discussion

OA is a common joint disease that mainly affects the
articular cartilage, resulting in joint pain, swelling, and
reduced mobility. Traditional treatment of OA is to re-
lieve symptoms through the use of analgesics, NSAIDs,
hyaluronic acid conjugates, or surgical procedures [40].
However, they can only control the symptoms of OA, do
not reverse the damage to the joints, and are likely to cause
some unexpected side effects [41]. Natural products as a
source of drug discovery offer an alternative to avoiding
the side effects of traditional therapeutic agents [42,43].
Exploring natural products for potential OA treatments is
a promising direction.

The pathogenesis of OA involves three key factors:
cartilage degradation, synovial immune response, and
pathological changes in subchondral bone [44]. The pro-
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Figure 4: RMSF in different simulation systems. (A) MMP-13 system and (B) MMP-3 system.

gressive loss of articular cartilage is a significant sign of involved in extracellular matrix remodelling and articu-
OA. In OA tissue, the accumulation of glycans in carti- lar cartilage destruction in OA [45]. Meanwhile, several
lage and chondro-specific type II collagen, two types of studies have shown that ART and DHA can improve OA,
ECM, can rupture significantly, leading to chronic pain reduce the expression of MMP-3 and MMP-13, and im-
and disability in patients. MMPs contain many subtypes, prove type II collagen expression. However, their mecha-
including MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, nism of action for improving OA, especially with MMP-3
MMP-10, MMP-13, and MMP-14, which are capable of and MMP-13, is unclear. Therefore, MMP-3 and MMP-
degrading different collagen proteins and are closely as- 13 were selected as target proteins in this study, and the
sociated with the development of OA, most of which are
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interaction between ART and the DHA and both targets
was investigated through molecular docking and MD.

In this study, the potential binding capacity of ART
and DHA on both MMP-3 and MMP-13 was evaluated us-
ing molecular docking methods. The results showed that
ART has a significant binding affinity for these two key
MMPs, which is consistent with its potential role in carti-
lage protection and inflammation regulation. In particular,
the binding energy of ART on MMP-3 was the same as that
of MMP-13, which may hint at its specific mode of action
on different MMPs. Although DHA showed similar bind-
ing ability to MMP-3 as a positive control, it was slightly
weaker to MMP-13, suggesting that it may have selective
inhibitory properties of MMP-3.

Hydrogen bonding, hydrophobic interactions, and
Zn>" interactions form the basis of the interaction be-
tween the ligand and the active site of the enzyme. In
this study, it was found that ART and DHA formed dif-
ferent numbers of hydrogen bonds and hydrophobic inter-
actions with MMP-3 and MMP-13. However, only ART
was linked to the catalytic zinc of MMP-3 via an oxygen
atom in its side chain, while the others interacted with
the catalytic zinc through the oxygen atom in the ring..
These interactions jointly determined the binding strength
and specificity of ligands and enzymes. ART interacted
slightly more with the two enzymes than DHA, and the
mode of action was slightly different, which is consis-
tent with the difference in binding energy. Moreover, the
length of the Zn®>* coordination bond between ART and
MMP-3 was longer than that of Zn?>" of MMP-13, while
DHA formed longer coordination bonds with both MMP-
3 and MMP-13, and this change may reflect the effect of
micro-environment differences in the active sites of dif-
ferent MMP isoenzymes on coordination geometry. Con-
sidering the above results, it was speculated that ART and
DHA may decrease MMP-3 and MMP-13 expression by
inhibiting MMP-3 and MMP-13.

To verify the kinetic stability of the complex system,
MD simulations of 50 ns were performed. The RMSD
fluctuation with simulation time indicates that the MMP-
3 complex system can reach equilibrium after simulation,
exhibiting high kinetic stability. In contrast, the MMP-13
complex system exhibited significant fluctuations during
the simulation and is not stable in the solvent. In MMP-
3 and MMP-13, the amino acid residues that interacted
with the ligand and bind tightly had lower RMSF values
with less fluctuation and the weakest thermal movement of
the atoms, which enhanced the stability of the amino acid
residues in this region. Conversely, ART and DHA exhib-
ited greater stability in their binding to MMP-3. The cal-
culation of binding free energy indicated that ART had a
strong binding ability with MMP-3, which was consistent

with the docking results. Among these interactions, elec-
trostatic interactions were the major stabilizing factors.

This study deepens the understanding of the poten-
tial applications of ART and DHA in the treatment of OA,
especially in the reduction of MMP-3 and MMP-13 ex-
pression. These findings not only provide a molecular
basis for the structural optimization of ART and DHA as
inhibitors of MMP-3 and MMP-13, but also provide valu-
able information for the design of novel MMP-targeting
drugs. Although these simulation results provide valu-
able preliminary insights, we currently lack experimen-
tal validation to support these findings, relying primar-
ily on computer simulations. To enhance the credibility
and scientific nature of our conclusions, future research
should include experimental validation. For example, cell
experiments or animal models could be used to verify
the inhibitory effects of ART and DHA on MMP-3 and
MMP-13.

5. Conclusions

Molecular docking results show that ART and DHA ex-
hibit significant affinity for MMP-3 and MMP-13 through
hydrogen bonding, hydrophobic, and Zn>* coordination,
and that ART has better binding affinity in MMP-3 than
the cocrystallized ligand FA4. MD simulation results in-
dicate that ART and DHA bind to the two proteins like
the native protein complex, and ART and DHA can sta-
bly bind to MMP-3. However, it is important to note that
these in silico findings are subject to the limitations inher-
ent in computational models, which may not fully account
for the dynamic nature of protein-ligand interactions. Fur-
thermore, the generalizability of these results may be lim-
ited by the specific conditions of the simulations and the
need for experimental validation to confirm the biological
relevance. In summary, ART and DHA may reduce the
expression of MMP-3 and MMP-13 by inhibiting their ac-
tivity, but further in vitro and in vivo studies are required
to validate these preliminary computational insights.
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