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Objective. Matrix metalloproteinase-2 (MMP2) overexpression has been considered as a hallmark of tumor aggressiveness. Te
signifcant roles of MMP2 in other human disorders, such as cardiovascular diseases and dental caries, have also been dem-
onstrated. Herein, we used in silico approaches to evaluate the binding afnity of selected cinnamic acids to the MMP2 catalytic
domain. Te obtained fndings were subsequently juxtaposed with those attributed to oleandrin, utilized as a reference phar-
maceutical agent.Methods. Tis research employed the AutoDock software to assess the afnity of 19 herbal compounds derived
from cinnamic acid to the catalytic cleft of MMP2.Te ligands attaining the most negative scores, as determined by the Gibbs free
binding energy assessments, were accorded the highest rankings. Te interactions between the MMP2 and cinnamic acids ranked
highest were elucidated using the Discovery Studio Visualizer tool. Molecular dynamics simulations were performed to investigate
the structural stability of MMP2 backbone atoms when forming complexes with both the top-ranked inhibitor from this study and
a standard drug. Results. Eight cinnamic acids were indicated with ΔGbinding values less than −10 kcal/mol. Cynarin emerged as the
most potent inhibitor of the enzyme, with the ΔGbinding score and inhibition constant value of −15.19 kcal/mol and 7.29 pM,
respectively. Te MMP2 backbone atoms achieve stability around the 20 ns mark, displaying a root mean square deviation of
approximately 3.2 Å when infuenced by the top-ranked cinnamic acid, the standard drug, or in their free form. Conclusion. Te
inhibition of MMP2 by cinnamic acids, particularly cynarin, holds promise as a valuable therapeutic strategy for various human
disorders, encompassing cancer, cardiovascular conditions, and dental caries.

1. Introduction

Matrix metalloproteinases (MMPs) constitute a family of
23 zinc-dependent endopeptidases primarily responsible for
the enzymatic degradation of the extracellular matrix (ECM)
[1]. Moreover, they can alter proteins not associated with the
ECM, encompassing growth factors, integrins, cadherins,
cell surface receptors, and cytokines [2]. MMPs are signif-
icantly involved in cell migration, wound healing, bone
repair, morphogenesis, tumor invasion, and angiogenesis
[3, 4]. MMP2 (gelatinase A), an intrinsic enzyme, can be
located in nearly all cellular varieties, and its function

involves the deterioration of denatured collagen (known as
gelatin) alongside collagen type IV, in addition to various
other ECM proteins [5–7]. MMP2 assumes a pivotal role in
facilitating cancer cell invasion by actively participating in
the degradation of basement membranes and ECM [8],
leading to the metastatic cascade [9]. Gelatinase A is in-
volved in tumor progression, invasion, metastasis, and
skeletal dysplasia. In advanced-stage malignancies such as
prostate and breast cancers, osteolytic bone metastases are
commonly detected, often accompanied by irregular stim-
ulation of MMP2 gene expression [10–12]. Overabundant
triggering of MMP2 fosters osteolytic metastasis and
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substantial bone deterioration in advanced-stage malig-
nancies [10]. Within breast cancer, there exists a demon-
strated association between MMP2 expression and
diminished overall survival rates. To illustrate, the mRNA
expression levels of MMP2 exhibit a notably elevated status
in breast cancer cell lines like MDA-MB-231 and MCF-7
when juxtaposed with the standard HS578Bst cell line [13].

MMP2 expression is elevated in advanced-stage ovarian
cancer in contrast to its benign or early-stage counterparts
[14]. An earlier meta-analysis revealed that MMP2 was
prevalent in a substantial proportion of endometrial cancer
cases, and its expression displayed a strong correlation with
clinical stage, tumor invasion, and the occurrence of me-
tastasis. Tis suggests that heightened MMP2 over-
expression could potentially function as a prognostic
indicator for an unfavorable outcome in endometrial cancer
[4]. MMP2 is also involved in several noncancer disorders.
For instance, enhanced activity of MMP2 and MMP9 is
implicated in various cardiovascular pathological states,
such as heart failure, restenosis, atherosclerosis, and is-
chemic heart disease [15, 16]. In addition, Tjäderhane et al.
[17] reported that bacterial acids are required in tooth decay
to remove minerals and the subsequent activation of host
MMPs, including MMP2, MMP8, and MMP9, leading to
dentin matrix degradation. Terefore, Tjäderhane et al. [17]
concluded that activating MMPs in human saliva is essential
for ultimately destroying the dentin matrix. Karayasheva
also reported that MMP2 and MMP3 are likely to be in-
volved in dental caries susceptibility [18].

Natural products have been important sources of new
drugs against various pathologies [19]. Cinnamic acid de-
rivatives are within the organic compound category, dis-
tinguished by a foundational C6-C3 structure, widely
recognized as the phenylpropanoid backbone. Te synthesis
of these botanical isolates encompasses modifying their
aromatic ring and the acrylic acid group, as documented in
references [20, 21]. Tese compounds naturally occur in
diverse sources, including cinnamon, cofee beans, olives,
fruits, and vegetables [22]. Several cinnamic acid derivatives,
including chlorogenic acid, isoferulic acid, cafeic acid,
sinapic acid, and ferulic acid, have been shown to possess
anti-infammatory [23–25], antioxidative [26], antitumor
[27], cardiovascular [28], and antimicrobial [29] properties.
Te chemical depiction of cinnamic acid, presented in
Figure 1, was created employing ACD/ChemSketch
version 12.01.

Historically, traditional approaches to drug discovery
have efectively led to the development of novel pharma-
ceuticals. Still, the journey from identifying a promising lead
compound to conducting clinical trials is an extended
process, typically exceeding 12 years and incurring an av-
erage cost of around USD 1.8 billion. Lately, in silico or
computer-aided drug design and discovery methodologies
have garnered signifcant attention due to their capacity to
expedite the drug development process in terms of time,
efort, and expenses. Consequently, this has resulted in the
creation of numerous novel pharmaceuticals [30, 31].
Computational drug discovery approaches are based on
discovering small molecules that preferentially bind to the

biological target with the highest binding afnity [32]. Due
to the several pharmacological efects of cinnamic acids,
such as anticancer and anti-infammatory properties, and
the crucial role of MMP2 in tumor development and in-
vasion, this study suggested that cinnamic acid derivatives
might be potential MMP2 inhibitors. Terefore, computa-
tional drug discovery approaches were conducted to explore
cinnamic acids with a high binding afnity to MMP2 and
stable interactions within the MMP2 catalytic cleft. Te
present results may be benefcial in developing new drugs
based on herbal compounds for several human disorders,
including various cancers, cardiovascular diseases, and
dental caries.

2. Materials and Methods

2.1. Structural Preparation of Molecules. Te structural in-
formation for MMP2 (PDB ID: 1QIB) was acquired from the
RCSB database (https://www.rcsb.org), with X-ray resolu-
tion data available at 2.8 Å [33, 34]. Te selection of 1QIB as
the focus of our study was based on several considerations.
Initially, we directed our attention to the MMP2 page within
the UniProt database (https://www.uniprot.org/uniprotkb/
P08253/entry#structure) [35], specifcally emphasizing the
3D structure of the protein. In this context, we opted for the
X-ray method. Initially, there were a total of nine PDB IDs in
consideration. To refne our selection, we excluded 1GXD
due to its comparatively inferior resolution of 3.10 Å.
Subsequently, PDB IDs, such as 1CK7, 1EAK, and 3AYU,
which represented mutant structures of MMP2, were
eliminated from further consideration. Additionally, 1GEN
and 1RTG, representing the c-terminal domain of the en-
zyme and lacking catalytic activity, were also excluded from
the study. After this refnement, three PDB IDs—1QIB,
7XGJ, and 7XJI—remained. Notably, 7XGJ and 7XJI con-
tained inhibitors within their fles, leading us to speculate
that the presence of an inhibitor in the active site might
infuence the structure of the catalytic domain. Conse-
quently, our choice was narrowed down to 1QIB, the sole
PDB ID representing the nonmutant coordination of the
MMP2 active site, prepared using the X-ray method and
devoid of an inhibitor.

Te obtained PDB fle included a singular polypeptide
chain, designated as chain A, comprising 161 residues.
Optimization of the enzyme’s structural stability was
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Figure 1: Lead scafold of cis-cinnamic acids.
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achieved through energy minimization using Swiss-
PdbViewer (https://spdbv.unil.ch). To discern the princi-
pal amino acids within the catalytic cleft of MMP2, the
interactions between the MMP2 inhibitor (BB94) and the
residues at the active site [36] were meticulously examined.
Te following amino acids were identifed as integral
components: G-162, L-163, L-164, A-165, V-198, H-201, E-
202, P-221, and Y-223. Furthermore, the grid box encom-
passed Zn-501, Zn-502, Ca-503, Ca-504, and Ca-505.

A curated set comprising 19 cinnamic acids was as-
sembled, and their binding afnities were systematically
compared to that of oleandrin (PubChem ID, 11541511;
DrugBank ID, 12843), which served as a control inhibitor
achieved from the DrugBank repository [37]. During our
previous examinations [20, 38, 39], a procedure for energy
minimization was executed on the cinnamic acids. PDBQT
fles were created by modifying the MMP2 structure to
incorporate polar hydrogen bonds and Kollman charges.
Additionally, rotational motion and local charge were ap-
plied to ligands as part of the process. To accomplish this, we
made use of MGL tools [40].

2.2. Molecular Docking Analysis. Te docking analyses were
executed on a Windows-based personal computer equipped
with an Intel Core i7 processor, 32GB of installed RAM, and
a 64 bit system architecture [41]. Te ΔGbinding calculation,
representing the binding afnities between cinnamic acids,
a reference drug, and the MMP2 catalytic cleft, was carried
out using the semi-fexible docking approach provided by
AutoDock version 4.0 tool [42]. Te parameters for the grid
box in the docking analysis were confgured as follows: X-
center, 65.763 Å; Y-center, 31.504 Å; Z-center, 23.821 Å; X-
dimension, 60; Y-dimension, 82; and Z-dimension, 86. Each
compound generated 50 models to assess the binding af-
fnities with the MMP2 catalytic domain and oleandrin. Te
docking outcomes underwent clustering with a root mean
square (RMS) tolerance of 2.0 Å [40]. Next, the ΔGbinding
value exhibiting the most negative energy within the most
signifcant cluster was chosen for further analysis. Fur-
thermore, interaction mode analysis was generated using the
DSV tool.

2.3. Cross-Validation Study. Docking analyses underwent
cross-validation for the top-tier cinnamic acids, chosen
based on ΔGbinding values obtained through the AutoDock
tool. Tis validation targeted cinnamic acids, demonstrating
a binding energy below −10 kcal/mol within the MMP2
active site. Te validation procedure was done using the
Schrödinger Maestro docking tool, version 10.2 [43, 44].Te
Glide docking system assessed the binding afnity of top-
ranked cinnamic acids to the MMP2 catalytic cleft. Within
this context, docking values were computed, and the prime
MM-GBSA procedure was employed to ascertain the relative
binding energies of the compounds. Additional information
regarding the confguration parameters in the Schrödinger
Maestro docking tool has been documented in a prior in-
vestigation conducted by Azadian et al. [45].

2.4. Molecular Dynamics Simulation. Molecular dynamics
(MD) examinations were conducted utilizing the Discovery
Studio Client tool version 16.1.0.15350, with simulations
extending for 100 nanoseconds (ns) on unfettered MMP2
and in conjunction with the top-rated inhibitor identifed in
this research, along with oleandrin as a standard drug. A
64 bit system architecture, 64GB of DDR5 installed mem-
ory, and an Intel 24-Core i9-13900KF processor were uti-
lized for the MD simulations, which boasted a more potent
computer setup than the docking analyses. Te advanced
parameters for computer simulations, such as the solvent
type, solvation model, force feld, cell geometry, and fnal
temperature, were determined based on our prior in-
vestigations [41, 46]. Various assessments, including the root
mean square fuctuation (RMSF) and root mean square
deviation (RMSD) of MMP2’s backbone atoms, total energy,
and radius of gyration (ROG) of protein during the simu-
lation period, were conducted using MD simulations [47].

Ensuring the robustness of the MD simulations, with
a focus on MMP2 backbone atoms during a 100 ns trajec-
tory, involved various validation measures. An equilibration
phase was initiated before the production MD run, where
the system attained a stable state by applying positional
restraints. Te system was gradually heated to the desired
temperature (310K), followed by a gradual pressure equil-
ibration. Te selection of a reliable force feld (CHARMM)
[48], recognized for its precision in capturing biomolecular
behavior, was undertaken, ensuring compatibility with the
parameters of the ligands and theMMP2 protein. Oleandrin,
functioning as a standard drug, provided a benchmark for
the dynamics of MMP2-oleandrin in our simulations, fa-
cilitating comparisons with the behavior of free MMP2 and
MMP2 complexed with the top-ranked cinnamic acid. Key
parameters, including RMSD, ROG, and total energy, were
monitored throughout the simulation to gain insights into
the system’s convergence.

2.5. Pharmacokinetics of Cinnamic Acids. Te assessment of
the absorption, distribution, metabolism, and excretion
(ADME) of cinnamic acids was conducted using the
SwissADME web server, available at (https://www.
swissadme.ch/) [49]. Various pharmacokinetic parameters
of the compounds were considered within the ADME
framework, encompassing gastrointestinal absorption,
blood–brain barrier permeability, potential cytochrome
P-450 inhibition, and susceptibility as a substrate for P-
glycoprotein.

3. Results

3.1. Binding Afnities Based on AutoDock. According to the
results, a total of eight cinnamic acid derivatives, including
cynarin, rosmarinic acid, chlorogenic acid, cafeic acid 3-
glucoside, cafeic acid phenethyl ester, phenethyl cafeate,
cinnamyl cafeate, and benzyl cafeate, exhibited ΔGbinding
scores less than −10 kcal/mol and considered as top-ranked
MMP2 inhibitors. Among these, cynarin, rosmarinic acid,
and chlorogenic acid were found to reduce the enzyme’s
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activity in the picomolar concentration. Cynarin emerged as
the most powerful MMP2 inhibitor in this investigation.
Tis ligand attached to the MMP2 catalytic cleft with the
ΔGbinding score and Ki value of −15.19 kcal/mol and 7.29 Pm,
respectively. Te ΔGbinding score of −8.8 kcal/mol between
MMP2 and oleandrin was identifed. Consequently, all top-
ranked cinnamic acids and roscovitine demonstrated greater
afnity to the MMP2 catalytic cleft compared to the control
inhibitor. Table 1 provides the afnities between cinnamic
acids, oleandrin, and MMP2, displaying the calculated
ΔGbinding and Ki values between the enzyme and com-
pounds. Additionally, Table 2 provides a comprehensive
analysis of all energy values calculated between the MMP2
active site and the cinnamic acids ranked highest in our
fndings. Figure 2 compares the binding afnities between
the most potent MMP2 inhibitors, oleandrin, and the en-
zyme’s catalytic cleft.

3.2. Cross-Validations. Te Schrödinger Maestro computed
docking scores for cynarin, rosmarinic acid, and chlorogenic
acid. G scores (docking scores) revealed that rosmarinic acid
displayed the most afnity to the MMP2 catalytic domain,
securing the highest rank among the compounds, followed
by cynarin and chlorogenic acid. Additionally, according to
MM-GBSA binding energies in Table 3, cynarin emerged as
the most potent MMP2 inhibitor, followed by rosmarinic
acid and chlorogenic acid.

Te results from both AutoDock 4.0 and Schrödinger
Maestro concurred in identifying cynarin’s notable binding
afnity to theMMP2 catalytic cleft, justifying its selection for
subsequent MD analysis. Notably, MD analyses were con-
ducted utilizing the docking outcomes from the
AutoDock tool.

3.3. MMP2 Stability. Te RMSF plots indicate reduced
fuctuations in the active site of MMP2 when obstructed by
oleandrin and cynarin compared to its unbound state
(Figure 3(a)). Consequently, it is presumed that the most
potent inhibitor of MMP2 in this investigation provided
greater stabilization to gelatinase A than the free protein. Per
the RMSD plot, the receptor exhibited enhanced stability
when bound to cynarin, surpassing its unbound state.
Notably, the greatest stability was observed when the
standard drug blockedMMP2. According to the information
in Figure 3(b), the protein’s backbone atoms achieve stability
around the 20 nsmark, with an RMSD of roughly 3.2 Å when
hindered by cynarin, oleandrin, or in its free form. During
the 100 ns MD simulation, the ROG values for MMP2,
MMP2–oleandrin, and MMP2-cynarin exhibited oscillatory
changes.

Interestingly, the ROG value of the MMP2–cynarin
complex was lower than that of free MMP2 throughout the
simulation, as shown in Figure 4(a). Besides, the
MMP2–oleandrin complex demonstrated the lowest ROG
value throughout the entire simulation. By the MD simu-
lation results in Figure 4(b), the enzyme’s total energy

complexed with cynarin was lower than that of MMP2 and
MMP2–oleandrin. Figure 5 visually presents the super-
imposed coordinates of free MMP2, MMP2 blocked by
cynarin, and oleandrin before and after computer simula-
tions, as observed using the DSV tool. Furthermore, the
incorporation of cynarin into the gelatinase A active site was
demonstrated using DSV in the hydrophobicity surface
mode, both before and followingMD simulation, as depicted
in Figure 6.

3.4. Interaction Modes. Trough the DSV tool, it was pos-
sible to reveal the interactions between oleandrin, the
highest-ranked MMP2 inhibitor, and the residues within the
active site of the enzyme. Among the scrutinized cinnamic
acids, rosmarinic acid established the highest number of
hydrogen bonds (n� 6), while cafeic acid phenethyl ester
engaged in the most hydrophobic interactions (n� 4) with
the enzyme’s active site. Before MD simulation, cynarin
formed twoH-bonds and two hydrophobic interactions with
MMP2. Subsequently, following MD simulation, cynarin
established one H-bond with the receptor. Before MD
simulation, oleandrin engaged in one hydrogen bond and
nine hydrophobic interactions with the receptor’s active site.

Furthermore, oleandrin exhibited three H-bonds and
fve hydrophobic interactions with amino acids inside the
MMP2 active site. Te chemical connections between the
foremost cinnamic acids, oleandrin, and the MMP2 active
site are comprehensively displayed in Table 4, excluding
hydrogen bonds that had distances exceeding 5 Å. In ad-
dition, Supplementary Figure 1 provides a two-dimensional
view of the docked poses of cynarin, rosmarinic acid,
chlorogenic acid, and oleandrin, within the MMP2
catalytic cleft.

3.5. ADME Prediction. As detailed in Table 5, the ADMET
prediction study reveals distinctive characteristics among
the examined compounds. Cynarin, rosmarinic acid,
chlorogenic acid, and cafeic acid 3-glucoside were identifed
as having a reduced level of gastrointestinal absorbance. In
contrast, other cinnamic acid derivatives exhibited a com-
paratively higher absorption in the gastrointestinal tract.
Furthermore, cynarin, rosmarinic acid, chlorogenic acid,
cafeic acid 3-glucoside, roscovitine, cafeic acid, and sina-
pinic acid demonstrated a notable absence of blood–brain
barrier permeability, in contrast to the remaining com-
pounds that exhibited permeability through the blood–brain
barrier. Regarding susceptibility as a substrate for P-
glycoprotein, SwissADME predictions highlighted that
cynarin and roscovitine have the potential to bind to P-
glycoprotein, indicating a possible risk of inducing drug
resistance. Additionally, phenethyl cafeate, cinnamyl caf-
feate, roscovitine, artepillin C, and N-p-coumaroyltyramine
displayed inhibitory efects against at least one cytochrome
P-450, suggesting potential challenges in drug excretion.
Conversely, the remaining compounds were anticipated to
undergo facile excretion from the body.
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4. Discussion

Te biological roles and expression levels of MMP2 have
been intensively studied. Its heightened presence in nearly
all malignancies was viewed as a distinctive sign of cancer’s
aggressiveness, spurring research eforts focused on

restraining it [50]. Te signifcant roles of MMP2 in several
cardiovascular disorders [15, 16] and dental caries have also
been demonstrated [17, 18].

Te present study evaluated the afnity of several cin-
namic acids to the MMP2 catalytic cleft to discover potential
inhibitors of MMP2 from cinnamic acids. Te AutoDock

Table 2: Diferent energies between top-ranked cinnamic acids, oleandrin, and MMP2 catalytic cleft.

Top-ranked cinnamic
acids

Final intermolecular
energy (kcal/mol)

Final total
internal energy
(kcal/mol)

Torsional free
energy (kcal/mol)

Unbound system’s
energy (kcal/mol)

Estimated free
energy of

binding (kcal/mol)
Cynarin −4.56 −18.97 6.26 −2.07 −15.19
Rosmarinic −10.83 −8.21 4.47 −1.01 −13.56
Chlorogenic acid −8.56 −9.93 4.18 −1.51 −12.81
Cafeic acid 3-glucoside −10.78 −5.22 3.88 −1.19 −10.93
Cafeic acid phenethyl ester −11.81 −2.17 2.98 −0.45 −10.54
Phenethyl cafeate −11.12 −2.29 2.39 −0.53 −10.49
Cinnamyl cafeate −11.57 −1.8 2.39 −0.51 −10.46
Benzyl cafeate −10.48 −1.9 1.49 −0.62 −10.28
Oleandrin (Ctrl+) −9.76 −2.95 2.39 −1.53 −8.8
MMP2, matrix metalloproteinase-2.
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Figure 2: Te ΔGbinding values depict the Gibbs free energy of binding, expressed in kcal/mol units, corresponding to the interactions
between theMMP2 active site, the enzyme’s control inhibitor, and the cinnamic acids ranked highest.Te names of the ligands can be found
on the X-axis, while the Y-axis represents the corresponding Gibbs free binding energy values. A green diamond denotes the reference drug,
and the most potent inhibitors of gelatinase A are depicted by red spots with a Ki value in the picomolar scale. Yellow spots highlight the
additional cinnamic acids with Ki values in the nanomolar range. MMP2, matrix metalloproteinase-2; Ki, inhibition constant.

Table 3: Schrödinger Maestro docking scores and relative binding-free energies obtained by prime MM-GBSA (kcal/mol) of top-ranked
cinnamic acids based on the AutoDock tool against MMP2 active site (PDB ID, 1QIB).

Compound name G score MM-GBSA-dG binding energy
Cynarin −9.77 −26.95
Rosmarinic acid −11 −24.79
Chlorogenic acid −8.76 −20.72
MMP2, matrix metalloproteinase-2.
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tool indicated that eight cinnamic acids had considerable
binding afnities to the gelatinase A active site
(ΔGbinding <−10 kcal/mol), in which cynarin, rosmarinic
acid, and chlorogenic acid demonstrated salient binding
afnities with the ΔGbinding value of −15.19, −13.56, and
−12.81 kcal/mol, respectively. Te Schrödinger Maestro has
substantiated the pronounced binding afnity observed
among cynarin, rosmarinic acid, chlorogenic acid,
and MMP2.

4.1. Primary Sources and Pharmacodynamics of Leading
Compounds. Cynarine represents one of the prominent
cafeoylquinic acid constituents derived from the artichoke
(Cynara scolymus L.) [51]. Cynarin formed two hydrogen

and two hydrophobic interactions with Asp161, Gly162,
Ile222, and Tyr223 within the gelatinase A active site before
MD simulation. Besides, only one hydrogen bond with
Asp161 was observed for this compound after MD simu-
lation, and this bond was found to remain stable throughout
the 100 ns computer simulation.

Chlorogenic acid is predominantly encountered in tra-
ditional Chinese medicinal plants, such as honeysuckle,
hawthorn, eucommia, and chrysanthemum, and is partic-
ularly abundant in cofee [52]. Chlorogenic acid illustrated
fve hydrogen bonds with Leu218 and Ty227 incorporated
inside the enzyme’s active site.

Rosmarinic acid is a favonoid frequently encountered in
Perilla frutescens (L.) Britton, Rosmarinus ofcinalis L., and
Melissa ofcinalis L., commonly present in teas, culinary

A
RG

10
0

PR
O

10
6

TH
R1

12
A

LA
11

8
TR

P1
24

LE
U

13
0

H
IS

13
6

IL
E1

42
A

RG
14

8
G

LY
15

4
LY

S1
60

H
IS

16
6

TH
R1

72

A
RG

88
LY

S9
4

SE
R1

78
G

LU
18

4
LY

S1
90

LE
U

19
5

H
IS

20
1

M
ET

20
7

G
LN

21
3

M
ET

21
9

TY
R2

28
LE

U
23

4
LY

S2
40

TY
R2

46

Residue

0

1

2

3

4

5

6

7

RM
SF

 (Å
)

RMSF for residues of MMP2

** **

Free MMP2
MMP2-Cynarin
MMP2-Oleandrin

(a)

RMSD vs. time for MMP2 backbone atoms

RM
SD

 (n
m

)

2.2
1 10 20 30 40 50 60 70 80 90 100

2.4

2.6

2.8

3

3.2

Time (ns)

Free MMP2
MMP2-Cynarin
MMP2-Oleandrin

(b)
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(a) (b) (c)

Figure 5: Following a 100 ns MD simulation, the superimposition of structures was performed for (a) free MMP2, (b) MMP2 with cynarin,
and (c) MMP2 with oleandrin.Te protein chains were depicted in green and purple to indicate their states before and after theMD analysis.
Additionally, the ligands were portrayed in black and yellow to represent their conditions before and after the MD simulations. MMP2,
matrix metalloproteinase 2; MD, molecular dynamics.

(a) (b)

Figure 6: Te 3D depiction of MMP2 was presented when the enzyme’s active site was blocked by cynarin in (a) ribbon and (b) hy-
drophobicity surface mode. MMP2, matrix metalloproteinase 2; MD, molecular dynamics.

Table 4: Te interaction modes between the MMP2 catalytic cleft, the highest-ranked cinnamic acids, and oleandrin as a positive control
inhibitor.

Ligand name Hydrogen
bonds (distance Å)

Hydrophobic interactions (distance
Å)

Cynarin (before MD) Gly162 (3.60); Asp161 (3.11) Ile222 (5.28); Tyr223 (5.08)
Cynarin (after MD) Asp161 (3.59) NA

Rosmarinic acid Leu218 (3.62); Tr227 (3.54,3.68); Pro215 (4.69);
Leu197 (3.94, 4.50) His201 (5.98)

Chlorogenic acid Tr227 (2.73, 3.21, 4.07); Leu218 (4.26, 3.39) NA

Cafeic acid 3-glucoside Tr229 (3.87); Tr227 (4.59); Pro215 (4.80); Ala217
(3.56); Glu202 (4.56) His201 (5.39); Val198 (5.03); Leu218 (5.90)

Cafeic acid phenethyl
ester Tr227 (3.62, 2.77, 4.02) Val198 (3.65); His201 (3.77); Leu164 (6.11); Ala220 (4.45)

European Journal of Cancer Care 13



seasonings, and spices. Te extensive utilization of ros-
marinic acid for health enhancement is attributed to its
potent antioxidant capabilities [53, 54]. Rosmarinic acid
demonstrated six H-bonds and one hydrophobic interaction
with Leu197, His201, Pro215, Leu218, and Tr227 inside the
gelatinase A catalytic cleft.

4.2. Structure–ActivityRelationship. Examining the ΔGbinding
values between the assessed cinnamic acids and the MMP2
active site can provide insights into these compounds’
structure–activity relationship (SAR), potentially contributing
valuable information to cancer drug design. Based on the
current data, a hypothesis emerges, suggesting that cinnamic
acid derivatives with two C6 rings, such as cynarin, ros-
marinic acid, cafeic acid phenethyl ester, cinnamyl cafeate,
and benzyl cafeate, or those with a single benzene ring ac-
companied by a sugar moiety, like cafeic acid 3-glucoside,
exhibit a stronger binding afnity compared to those with
only a single C6 ring, such as 2-methylcinnamic acid,

cinnamic acid, drupanin, p-coumaric acid, ferulic acid,
methyl cafeate, sinapinic acid, o-coumaric acid, cafeic acid,
and artepillin C.

An exception to this trend is N-p-coumaroyltyramine,
which, despite featuring two C6 rings, demonstrates a low
binding afnity to MMP2 with a ΔGbinding value of
−5.76 kcal/mol. Notably, chlorogenic acid, comprising
a phenolic acid core, quinic acid, and an ester linkage, is
structurally distinct. Although quinic acid is not a true sugar,
being a polyhydroxy carboxylic acid, its presence in
chlorogenic acid contributes to elements resembling sugar
moieties. Tis structural feature results in a high binding
afnity to MMP2, as evidenced by a ΔGbinding value of
−12.81 kcal/mol.

In the context of ADME properties, the following SARs
are suggested for cinnamic acid derivatives:

4.2.1. Gastrointestinal Absorption. Smaller cinnamic acids,
such as 2-methylcinnamic acid, cinnamic acid, drupanin, p-
coumaric acid, ferulic acid, methyl cafeate, sinapinic acid, o-

Table 4: Continued.

Ligand name Hydrogen
bonds (distance Å)

Hydrophobic interactions (distance
Å)

Phenethyl cafeate Glu202 (4.66); Tr227 (4.75) Ala220 (5.82); Val198 (4.35)
Cinnamyl cafeate Glu202 (4.63); Tr223 (4.47) Val198(4.07); Phe232 (5.76); Leu218 (4.37)
Benzyl cafeate Glu202 (4.77); Tr227 (4.84) Ala220 (6.08); Val198 (4.14)
Oleandrin (Ctrl+)
(before MD) Tyr223 (4.23) Ile222 (5.07); Leu164 (4.01, 4.7); Leu163 (3.83, 4.93, 5.79);

His211 (6.78); His201 (6.02); His205 (5.28)
Oleandrin (Ctrl+) (after
MD) Glu210 (3.8); Pro221 (4.35); Tyr223 (4.98) His205 (6.15, 7.03); His201 (7.37); Tyr193 (4.95); Tyr223

(5.88)
MMP2, matrix metalloproteinase-2; Ctrl, control.

Table 5: Predicted ADME for cinnamic acids in this study.

Ligand
name GI abs BBB

permeant
P-gp

substrate
CYP1A2
inhibitor

CYP2C19
inhibitor

CYP2C9
inhibitor

CYP2D6
inhibitor

CYP3A4
inhibitor

Cynarin Low No Yes No No No No No
Rosmarinic acid Low No No No No No No No
Chlorogenic acid Low No No No No No No No
Cafeic acid 3-glucoside Low No No No No No No No
Cafeic acid phenethyl ester (phenethyl
cafeate) High Yes No Yes No Yes No No

Cinnamyl cafeate High Yes No Yes No Yes No No
Benzyl cafeate High Yes No No No No No No
Roscovitine High No Yes Yes No No Yes Yes
Artepillin C High Yes No No Yes Yes No No
Cafeic acid High No No No No No No No
o-Coumaric acid High Yes No No No No No No
Sinapinic acid High No No No No No No No
Methyl cafeate High Yes No No No No No No
Ferulic acid High Yes No No No No No No
p-Coumaric acid High Yes No No No No No No
Drupanin High Yes No No No No No No
Cinnamic acid High Yes No No No No No No
N-p-coumaroyltyramine High Yes No No No No Yes Yes
2-Methylcinnamic acid High Yes No No No No Yes Yes
GI, gastrointestinal; abs, absorption; BBB, blood–brain barrier; P-gp, P-glycoprotein; CYP, cytochrome p-450.
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coumaric acid, cafeic acid, and artepillin C, are predicted to
exhibit higher gastrointestinal absorption compared to
larger ones like cynarin, rosmarinic acid, chlorogenic acid,
and cafeic acid 3-glucoside.

4.2.2. BBB Permeability. Smaller compounds, such as 2-
methylcinnamic acid, cinnamic acid, drupanin, p-
coumaric acid, ferulic acid, methyl cafeate, o-coumaric
acid, and artepillin C, demonstrate greater permeability
through the BBB compared to larger cinnamic acids, in-
cluding cynarin, rosmarinic acid, chlorogenic acid, cafeic
acid 3-glucoside, and roscovitines.

Tese observations suggest that the size of the cinnamic
acid derivatives plays a signifcant role in their ADME
characteristics, with smaller compounds generally showing
more favorable properties in terms of gastrointestinal ab-
sorption and BBB permeability.

4.3. Comparing the Results with the Literature. In a previous
study performed by Malekipour et al. [39], considerable
binding afnities were also observed among cynarin, ros-
marinic acid, chlorogenic acid, and MMP9 active site with
ΔGbinding values of −14.68, −11.85, and −12.62 kcal/mol,
respectively. Te results of the study by Malekipour et al.
[39] were consistent with our fndings, demonstrating the
potential of cinnamic acid derivatives in blocking gelatinase
A and B active sites.

A previous report by Hajiaghaee et al. [55] indicated that
the aerial parts of Scrophularia striata Boiss (S. striata) have
inhibitory efects against the activity and/or expression of
MMP2 and MMP9 in a fbrosarcoma cell line (WEHI-164).
However, the herbal isolates of S. striata were not dem-
onstrated then. A few years later, Monsef-Esfahani et al. [56]
performed an experimental study using chromatography
and proton nuclear magnetic resonance (1H NMR) tech-
niques to unravel chemical compounds isolated from
S. striata.Te authors extracted fve active compounds from
the S. striata, one of which was demonstrated to be cinnamic
acid, suggesting its potential role in inhibiting MMP2
and MMP9.

Yen et al. [57] subjected human adenocarcinoma
A549 cells to varying concentrations (ranging from 0 to
200 μM) of cis-cinnamic acid and trans-cinnamic acid while
exposed to 200 nM phorbol-12-myristate-13-acetate (PMA)
at 37°C for 24 hours. Subsequently, they assessed the ac-
tivities of MMP2 andMMP9, adhesive properties, migratory
capabilities, and invasive behaviors of these cells. In their
study, Yen et al. [57] documented that administering cis-
cinnamic acid and trans-cinnamic acid led to a dose-
dependent decline in the PMA-induced activities of
MMP2 and MMP9. Furthermore, the PMA-triggered mo-
bility was inhibited in a manner directly proportional to the
dosage during the 24-hour exposure to cis-cinnamic acid
and trans-cinnamic acid. Te capacity for invasion exhibited
a noteworthy reduction, reaching 68% and 65%, respectively,
indicating that both cis-cinnamic acid and trans-cinnamic

acid act as inhibitors of A549 cell invasion. Notably, the
inhibitory efect of cis-cinnamic acid appears to surpass that
of trans-cinnamic acid.

Keskin et al. [58] synthesized silver nanoparticles
(AgNPs) using the aqueous solution of leaf extract derived
from Diospyros kaki L. (D. Kaki). Te researchers also
employed liquid chromatography-tandem mass spectrom-
etry to scrutinize the chemical makeup of the D. kaki leaf
extract, to identify potential biologically active components.
As per the fndings from the research conducted by Keskin
et al. [58], the D. kaki leaf extract exhibited the highest
concentrations of cynarin, chlorogenic acid, quercetin-3-D-
xyloside, hyperoside, and quercetin-3-glucoside, in that
respective order. Moreover, in their study, Keskin et al. [58]
executed the MTTassay to study the cytotoxic impact of the
synthesized AgNPs on various cancer cell lines, which in-
cluded human ovarian sarcoma Skov-3, human colorectal
adenocarcinoma Caco-2, glioblastomaU118, and the human
dermal fbroblast (HDF) healthy cell line. Te researchers
illustrated that the DK-AgNPs exhibited an inhibitory in-
fuence on the growth of the cancer cell lines. Te outcomes
of the study by Keskin et al. [58] validate the in vitro an-
ticancer properties of cynarin and chlorogenic acid.

Zhao et al. [59] conducted a comprehensive review
outlining the antineoplastic potential of rosmarinic acid
across diverse cancer types and its role in enhancing chemo-
radiotherapy sensitivity. As an illustration, rosmarinic acid
efectively curbed the expression of MMP2 and MMP9 and
the invasive capabilities of multiple tumor cell lines. Ad-
ditionally, it demonstrated a mitigating efect on lung me-
tastasis in a mouse model of colorectal cancer [60, 61]. By
functioning as a Fyn inhibitor, rosmarinic acid displayed its
ability to downregulate MMP2 and MMP9, suppressing
tumor invasion and migration. Tis efect was observed in
treating both hepatocellular carcinoma and glioma [62]. Te
inhibition of AKT phosphorylation and the concurrent re-
pression of MMPs played a pivotal role in diminishing the
tumor’s invasive capabilities. Tis phenomenon was ob-
served in studies referenced as [63, 64]. Research has in-
dicated that rosmarinic acid had the efect of upregulating
miRNAs, specifcally miR-506 and miR-1225-5p. Tese
miRNAs targeted the MMPs 3′untranslated regions,
inhibiting epithelial-to-mesenchymal (ETM) transition and
consequently suppressing tumor metastasis. Tis in-
formation was derived from studies cited as [65, 66].

4.4. Antitooth Caries Properties of Top-Ranked Compounds.
Mojtabavi et al. [67] documented that the combination of
cinnamic acid (at a concentration of 10mM) and laccase (at
a concentration of 0.125U·ml−1) resulted in a notable re-
duction, approximately 90% in the formation of Strepto-
coccus mutans (S. mutans) bioflms. S. mutans stands out as
the most prominent and widespread species among the
bacterial pathogens responsible for causing dental caries
[68]. Ferrazzano et al. [69] showed that chlorogenic acid
disrupted the adhesion of S. mutans to hydroxyapatite beads
coated with saliva. Koo et al. [70] conveyed that ethanolic
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propolis extracts fromNortheastern Brazil, encompassing p-
coumaric acid, exhibited signifcant biological activity
against S. mutans. Saleh et al. [71] recently published
fndings indicating the presence of elevated concentrations
of chlorogenic and cafeic acids in propolis extract, as de-
termined through high-performance liquid chromatography
(HPLC).Te researchers showcased that propolis extracts, as
well as propolis extract-functionalized hydrogels, displayed
promising antimicrobial properties against various bacteria,
including S. mutans.

5. Conclusion

Te current investigation implies that cynarin, rosmarinic
acid, chlorogenic acid, cafeic acid 3-glucoside, cafeic acid
phenethyl ester, phenethyl cafeate, cinnamyl cafeate, and
benzyl cafeate exhibit substantial binding afnities toward
the active site of MMP2. Among these metabolites, cynarin,
rosmarinic acid, and chlorogenic acid demonstrated in-
hibition constant scores at the picomolar range. Utilizing
AutoDock, the ΔGbinding values for cynarin, rosmarinic acid,
and chlorogenic acid binding to the MMP2 catalytic cleft
were determined as −15.19, −13.56, and −12.82 kcal/mol,
respectively. Additionally, employing Schrödinger, the
MM-GBSA scores computed for these botanical isolates
interacting with MMP2 were −26.95, −24.79, and
−20.72 kcal/mol. Notably, these results from Schrödinger
align with the fndings obtained through AutoDock. After
a 100 ns computer simulation, a stable hydrogen bond was
identifed between cynarin and Asp161. Moreover, the
MMP2 backbone atoms reach a state of stability at ap-
proximately the 20 ns mark, exhibiting an RMSD of 3.2 Å,
whether infuenced by cynarin, oleandrin, or in their free
state. Tese discoveries could provide valuable insights to
scientists who aspire to develop new drug therapies for
various conditions, including malignancy, cardiovascular
disorders, and dental caries. Nevertheless, further in-
vestigations are necessary to validate the current fndings,
encompassing both in vitro and in vivo validation
experiments.
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Supplementary Figure 1: A two-dimensional visual repre-
sentation showcases the highest-ranked cinnamic acids and
the reference drug within the active site of MMP2. Specif-
ically, panels (a) and (b) illustrate cynarin before and after
the molecular dynamics (MD) simulation, respectively.
Panels (c) and (d) present oleandrin before and after the MD
simulation, while panels (e) and (f) also feature rosmarinic
acid and chlorogenic acid, respectively. MMP2, matrix
metalloproteinase-2. (Supplementary Materials)
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[2] C. M. Overall and C. López-Ot́ın, “Strategies for MMP in-
hibition in cancer: innovations for the post-trial era,” Nature
Reviews Cancer, vol. 2, no. 9, pp. 657–672, 2002.

[3] G. Sawicki, “Intracellular regulation of matrix
metalloproteinase-2 activity: new strategies in treatment and
protection of heart subjected to oxidative stress,” Scientifc,
vol. 2013, pp. 130451–12, 2013.

[4] C. Liu, Y. Li, S. Hu et al., “Clinical signifcance of matrix
metalloproteinase-2 in endometrial cancer: a systematic re-
view and meta-analysis,” Medicine, vol. 97, no. 29, 2018.

[5] H. Birkedal-Hansen, W. G. Moore, M. K. Bodden et al.,
“Matrix metalloproteinases: a review,” Critical Reviews in Oral
Biology & Medicine: An Ofcial Publication of the American
Association of Oral Biologists, vol. 4, no. 2, pp. 197–250, 1993.
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