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Abstract

Context: Matrix metalloproteinases (MMPs) play a critical role in wound healing, with higher levels seen in chronic wounds, delaying healing. Since ancient
times, propolis has been widely used for traditional wound healing. However, there is still limited research on MMP1 and MMP12.

Aims: To evaluate new candidates of propolis compounds for targeting MMP1 and MMP12 using in silico studies supported by experimental screening using
LC-MS/MS quadrupole-time of flight (QTOF).

Methods: Compounds in propolis were screened using LC-MS/MS QTOF. The 3D structure of all compounds in propolis and protein targets was prepared in
Autodock and Biovia Discovery Studio. The molecular docking of all compounds in propolis was carried out using Autodock on PyRx 0.9. Drug-likeness and
ADMET analysis of selected compounds in propolis with the lowest affinity were observed. Lastly, molecular dynamic simulations of the best compounds in
propolis were conducted using the GROMACS 2020 package.

Results: Eleven flavonoid and phenolic compounds were identified in propolis using LC-MS/MS QTOF analysis. Molecular docking simulations showed that
licoflavone A and pinostrobin exhibited the lowest binding affinity to MMP1 and MMP12, respectively. Molecular dynamic simulations revealed that
licoflavone A formed a more stabilized complex with MMP1, while pinostrobin formed a more stabilized complex with MMP12 than the native ligand.

Conclusions: This study revealed new candidates for MMP1 and MMP12 inhibitors from propolis compounds that can enhance wound healing. It is hoped that
the evidence gathered in this study provides crucial new information in exploring new wound-healing medications.

Keywords: matrix metalloproteinases; molecular docking simulation; molecular dynamics simulation; propolis; wound healing.

Resumen

Contexto: Las metaloproteinasas de la matriz (MMP) desempefian un papel fundamental en la cicatrizacidn de las heridas, observandose niveles mas elevados
en las heridas crénicas, lo que retrasa la cicatrizacion. Desde la antigliedad, el propdleo se ha utilizado ampliamente para la cicatrizacién tradicional de
heridas. Sin embargo, la investigacion sobre las MMP1y MMP12 sigue siendo limitada.

Objetivos: Evaluar nuevos candidatos de compuestos de propdleo para atacar MMP1y MMP12 mediante estudios in silico apoyados por cribado experimental
utilizando LC-MS/MS cuadrupolo-tiempo de vuelo (QTOF).

Métodos: Los compuestos del propdleo se analizaron mediante LC-MS/MS QTOF. La estructura 3D de todos los compuestos del propdleo y de las proteinas
diana se prepard en Autodock y Biovia Discovery Studio. El acoplamiento molecular de todos los compuestos del propdleo se llevé a cabo utilizando
Autodock en PyRx 0.9. Se observé la afinidad a fairmacos y el anélisis ADMET de los compuestos seleccionados en el propdleo con menor afinidad. Por dltimo,
se realizaron simulaciones de dindmica molecular de los mejores compuestos del propéleo con el paquete GROMACS 2020.

Resultados: Se identificaron once compuestos flavonoides y fendlicos en el propdleo mediante analisis LC-MS/MS QTOF. Las simulaciones de acoplamiento
molecular mostraron que la licoflavona A y la pinostrobina presentaban la menor afinidad de unién con la MMP1 y la MMP12, respectivamente. Las
simulaciones de dindmica molecular revelaron que la licoflavona A formaba un complejo mas estabilizado con la MMP1, mientras que la pinostrobina
formaba un complejo mas estabilizado con la MMP12 que el ligando nativo.

Conclusiones: Este estudio reveldé nuevos candidatos a inhibidores de MMP1 y MMP12 a partir de compuestos de propdleos que pueden mejorar la
cicatrizacion de heridas. Se espera que las pruebas reunidas en este estudio aporten nueva informacién crucial para explorar nuevos medicamentos para la
cicatrizacion de heridas.

Palabras Clave: cicatrizacion de heridas; metaloproteinasas de matriz; propdleo; simulacién de acoplamiento molecular; simulacién de dindmica molecular.
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INTRODUCTION

Skin, the body’s largest organ, serves as the prima-
ry barrier protecting the body from potential assault
by a foreign organism or toxic substances (Grice and
Segre, 2011). Upon injury, a series of biochemical pro-
cesses are initiated to repair the skin damage, known
as wound healing. This process is differentiated into
four main phases: hemostasis (minutes to hours after
injury), inflammation, proliferation (4-21 days), and
tissue remodeling (21 days - 1 year) (Reinke and Sorg,
2012). Any disruption in these phases can result in
delayed wound healing and an increased potential for
excessive scarring (Landén et al., 2016).

Matrix metalloproteinase (MMP), an endopepti-
dase, participates in all the phases of wound healing.
During inflammation, MMPs remove all damaged
proteins and temporary ECM. In the proliferation
phase, MMPs degrade the capillary basement mem-
brane to promote angiogenesis and cell migration.
Meanwhile, in tissue remodeling, MMP activity was
decreased and induced the release of growth factor
for remodeling. In this case, tissue inhibitors of metal-
loproteinase (TIMPs) play critical roles in balancing
MMP activities by binding to the specific site and
preventing ECM breakdown excessively (Ayuk et al.,
2016; Kandhwal et al., 2022). However, in some condi-
tions, the imbalance of MMPs and TIMPs leads to a
poor healing process. MMP1, a significant colla-
genase, is expressed at the wound site during angio-
genesis. It degrades type 1 collagen as an essential
component of the dermis after that re-epidermization
and migration of keratinocytes happen in wound
healing. MMP1 activity is only valid until the wound
is closed, after which it is automatically turned off in
the remodeling phase. However, a high level of
MMP-1 was correlated with chronic wounds and led
to prolonged healing time (Muller et al., 2008). For
example, MMP1 drastically increased in diabetic foot
ulcer patients. A ratio of MMP1/TIMP1 is used as a
predictor of wound healing in diabetic foot ulcers.
While more ratio MMP1 than TIMP1, the worse the
healing. Previous studies have found that MMP levels
are higher in chronic wound exudates than acute
wound exudates (Lobmann et al.,, 2002). MMP12, a
metalloelastase, also plays a significant role in wound
healing. It destroys extracellular matrix elastin and
allows immune cells responsible for inflammation
and granuloma development to infiltrate. MMP12 is
also reported to have an impact on mild inflammation
in patients with type 1 diabetes mellitus. MMP12 has
been linked to mild inflammation in patients with
type 1 diabetes mellitus and shows a positive correla-
tion with celiac disease in intestinal injuries among
type 1 diabetes mellitus patients (Bister et al., 2005).
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Studies have indicated that MMP12 significantly de-
creases the wound-healing process after a specific
plasma therapy was applied to 24 patients with
chronic wounds (Ngoc Tuan et al., 2021). MMP1 and
MMP12 may be MMP major targets in discovering
new wound-healing candidate compounds.

Pharmaceutical studies regarding wound-healing
compounds, particularly those derived from natural
sources, are rapidly expanding. These sources contain
polyphenol and flavonoid compounds with antioxi-
dant activity that can inhibit skin deterioration en-
zymes. A previous study by Karakaya et al. (2020)
showed the antioxidant and collagenase inhibition of
Epilobium angustifolium extract. The bioactive com-
pound of the extract also demonstrated wound-
healing activity by inhibiting collagenase. In a medic-
inal plant Plantago major study, the extract and the
compound calceorioside B exert significant inhibitory
effects against collagenase (Genc et al., 2020).

Propolis, a resin collected by honeybees, contains
high levels of antioxidants, approximately 20% of
which are flavonoids. Several studies have reported
its high antioxidant activity and various pharmaco-
logical effects such as anti-inflammation, antibacterial,
anticancer, immunomodulatory, antiviral, anti-aging,
antidiabetic, neuroprotective, anti-caries, and as a
wound-healing agent (Campos et al., 2015; Fitria et
al., 2021; Forma and Brys$, 2021; Iyyam Pillai et al.,
2010; Jauhar et al., 2022; Kim et al., 2020; Pobiega et
al., 2019; Syaifie et al., 2022a; 2022b; Touzani et al.,
2019). Propolis ointment displays notable wound-
healing activity in rats’ skin and comparable activity
with standard drugs (Iyyam Pillai et al., 2010). In vitro
studies also observed wound-healing activity in hu-
man dermal fibroblasts (Afonso et al., 2020). Studies
have also shown its inhibitory effects on collagenase
and elastase activities, as Senol Deniz et al. (2021)
reported. Another study conducted by Vilela et al.
(2015) demonstrated the activity of caffeic acid
phenethyl ester (CAPE) in reducing secreted protein
levels of MMP1 and MMP9. A more recent focus in
propolis-MMP interaction studies has centered on
targeting MMP9. Immunohistochemistry on a skin
wound model in male Wistar rats treated with Brazil-
ian red propolis yielded decreased levels of MMP9 in
the center and border areas of wounds within 14
days, along with improved wound healing and in-
creased collagen (Conceicao et al., 2022). In diabetic
mice induced by streptozotocin, topical application of
propolis improved the diabetic wound-healing pro-
cess by lowering MMP9 and some inflammatory cy-
tokines to normal levels (Hozzein et al., 2015). A re-
port study also supports wound-healing enhance-
ment of topical application propolis. In diabetic foot
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ulcers, topical propolis application significantly de-
creases MMP9 levels with no adverse effects, leading
to good wound closure (Henshaw et al., 2014). Be-
sides, propolis studies on MMP1 and MMP12 in
wound healing are still limited, and candidate com-
pounds that strongly interact with MMP1 and
MMP12 are still unclear. At the same time, MMP1 and
MMP12 have a significant role in preventing pro-
longed wound healing.

This study aims to reveal new propolis com-
pounds targeting MMP1 and MMP12 in wound heal-
ing. Active compounds of propolis were identified by
LC-MS/MS quadrupole-time of flight (QTOF), fol-
lowed by predicting their interactions with the targets
through molecular docking and dynamic simulations.
Drug-likeness and ADMET, properties of selected
best compounds, were also analyzed. As a result, our
studies discover new candidates of MMP1 and
MMP12 inhibitors derived from propolis compounds
to enhance wound healing. It is hoped that the evi-
dence-gathering of this study provides important new
information in exploring new wound-healing medica-
tions.

MATERIAL AND METHODS

Propolis screening (LC-MS/ MS QTOF)

The propolis, sourced from Apivent in Indonesia,
was obtained in a brownish liquid extract form and
harvested from Apis mellifera bees in East Asia since
2022. The analysis of the propolis extract involved a
series of steps using liquid chromatography-mass
spectrometry (LC-MS/MS). Initially, 1 mL of the ex-
tract was placed in a 10 mL volumetric flask with 9
mL of methanol and filtered through a 0.2 pm pore
size PTFE syringe filter. Subsequently, 2 mL of the
filtered solution was transferred to a 2 mL tube for the
LC-MS/MS analysis. The LC-MS/MS analysis uti-
lized an XEVO G2XS Quadrupole time-of-flight (Q-
TOF) mass spectrometer manufactured by Waters in
New Zealand. Separation was achieved using an Ac-
quity UPLC HSST3 column (100 x 2.1 mm, 1.7 pm).
The column temperature was maintained at 40°C, and
the sample temperature was maintained at 25°C. The
mobile phases included 0.1% formic acid in water (A)
and 0.1% formic acid in acetonitrile (B). The flow rate
was 0.6 mL/min, with an elution gradient from 1% A
to 35% A in 16 min, followed by a linear gradient to
100% A over 2 min and a 2 min hold at 100% A. To
screen the propolis compounds, a 2 pL test solution
was injected, and the chromatographs were recorded
for 20 min. The mass scan range during electrospray
ionization (ESI) in positive ion mode was 50-1200 Da.
The source and desolvation temperatures were set at
120°C and 550°C, respectively. The capillary and cone

https://jppres.com

Propolis compounds as potential MMP1 and MMP2 in wound healing

voltages were maintained at 2.0 kV and 40 V, respec-
tively. The glass flow rates were set at 50 L/h for the
cone and 1000 L/h for desolvation. Additionally, the
low and high collision energies were 6 eV and 15-40
eV (ramp), respectively. For mass correction during
acquisition, a leucine-enkephalin solution (1 ng/ml)
was used as an external reference (lock spray). This
lock spray was injected at 30 s, with a flow rate of 10
to 10 pL/min and a scan time of 0.1 s (Harisna et al.,
2021).

Retrieval and preparation of protein structure for
molecular docking

The 3D forms of MMP1 (PDB ID: 966C) and
MMP12 (PDB ID: 1Y93) were obtained from the Pro-
tein Data Bank (http://www.rcsb.org). The crystal
structure of the proteins involved removing the native
ligand and water molecules. Through the utilization
of Autodock 4.2 (Huey et al., 2012), non-polar hydro-
gens were combined, and polar hydrogens and Gas-
teiger charge were added.

Ligand preparation for molecular docking

The ligands extracted from the protein structure
(native ligand) and the propolis compounds or the
candidate ligands were utilized in docking simula-
tions. Furthermore, reference compounds for each
protein were also used in this study. The reference
compounds were identified using the DrugBank da-
tabase (https://go.drugbank.com/) by searching for
drug compounds that target interstitial collagenase
(MMP1) or macrophage metalloelastase (MMP12). We
found marimastat as an MMP 1 inhibitor and aceto-
hydroxamic acid as an MMP12 inhibitor (Belotti et al.,
1999; Heath and Grochow, 2000; Mannino et al., 2006).
Consequently, eleven compounds of propolis and two
reference compounds (marimastat and acetohydrox-
amic acid) were retrieved in Structure Data Format
(SDF) from the PubChem database
(www.pubchem.ncbi.nlm.nih.gov). Ligands were
prepared using Autodock 4.2 by merging non-polar
hydrogen molecules, polar hydrogen molecules, and
Gasteiger charges (Huey et al., 2012).

Molecular docking and docking validation

The grid position for molecular docking was de-
termined by positioning the native ligand of each
protein in the center of the ligand with the size of 40 x
40 x 40 A using Autodock 4.2 (Huey et al., 2012). The
grid box coordinates for MMP1 were X = 9.166, Y= -
10.353., and Z = 38.398, while coordinate for MMP12
were X = 1.518, Y = -1.956, and Z = 4.736. Molecular
docking analysis was performed using Autodock on
PyRx 0.9 (https://pyrx.sourceforge.io/) (Dallakyan
and Olson, 2015). Molecular docking studies use the
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Lamarck Genetic Algorithm (LGA). In the docking
validation method, the native ligand was re-docked
with the protein to calculate the root mean square
deviation (RMSD) with Autodock 4.2 compared to the
original native ligand confirmation to the receptor
(Huey et al., 2012). After validation steps achieved the
criteria of RMSD less than 2, All propolis compounds
and reference compounds were docked onto MMP1
and MMP12. Visualization of docking was done using
Biovia Discovery Studio 2021. The ligand poses with
the most favorable binding energy (-AG, kcal/mol)
was chosen and used for further analysis. The interac-
tions between H-bond, hydrophobic, charge, and van
der Waals were also examined.

Drug-likeness and ADMET prediction

Absorption, distribution, metabolism, excretion,
and toxicity describe pharmacokinetic profile proper-
ties of oral and dermal. In this study, ADMET proper-
ties and physicochemical parameters of drug-likeness
descriptors like Lipinski’s “rule of five” skin permea-
bility (Log Kp) and skin sensitization of selected hit
compounds and references compounds were evaluat-
ed using SwissAdme (http://www.swissadme.ch/)
and pkCSM web server
(http:/ /biosig.unimelb.edu.au/pkesm) (Daina et al.,
2017; Pires et al., 2015). The data input was in SMILES
format, retrieved from the PubChem database using
DataWarrior software (Sander et al., 2015).

Molecular dynamics

Molecular dynamics (MD) simulations were per-
formed using the GROMACS 2020 package to study
the binding of two ligands and reference compounds
to each of the four proteins. The ligands and proteins
were in PDB format, and the protein topologies were
generated using the Gromacs96 53A6 force field. The
ligand topologies were generated using the PRODRG
web server. A cubic box was created for the protein-
ligand complex, and sodium and chloride ions were
added to neutralize the charge. The system was min-
imized using the steepest descent algorithm for 5000
steps. The solvent and ions were equilibrated in two
restrained phases at 300 K and 1.0 bar. Unrestrained
MD simulations were then performed for 50 ns using
the leapfrog integrator with a step size of 2 fs. The
LINCS algorithm was used to constrain the covalent
bonds, and the electrostatic interactions were calcu-
lated using the Particle Mesh Ewald (PME) method.
The short-range van der Waals cut-off was set to 1.2
nm. Modified Brenden thermostat and Parrinello-
Rahman barostat were used for temperature and
pressure coupling, respectively. The root mean square
deviation (RMSD), root mean square variation
(RMSF), radius of gyration (Rg), and solvent accessi-
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ble surface area (SASA) were calculated from the MD
trajectories using the GROMACS integrated tool
(Abraham et al., 2015; Essmann et al., 1995; Hess et al.,
1997; Oostenbrink et al., 2004; van Aalten et al., 1996).

Data analysis

The data analysis was carried out in multiple
steps: (1) propolis (Apivent) were screened for their
bioactive compounds by using LC-MS/MS QTOF; (2)
3D structure of all propolis compounds and protein
targets (MMP-1 and MMP-12) were prepared; (3)
validation molecular docking was done by re-docking
co-crystallized ligand of each target in optimal condi-
tion to ensure that docking method is reliable, then
molecular docking of all propolis compounds carried
out; (4) drug-likeness and ADMET analysis of select-
ed propolis compounds that have lowest affinity from
docking results were observed; (5) molecular dynamic
simulation of best propolis compounds which have
the best properties of binding affinities, drug-likeness
and ADMET were carried out in 50 ns run; and (6)
finally, this analysis aims to identify novel propolis
compounds targeting MMP1 and MMP12.

RESULTS AND DISCUSSION

Bioactive compounds of propolis identified by LC-
MS/MS QTOF

A total of 11 compounds of commercial propolis
were successfully screened and identified based on
the similarity percentage of their retention time (Rt)
and molecular mass with the database from UNIFI
software (Fig. S1). The isolated compounds were feru-
lic acid, 3,4-dimethoxy-cinnamic acid, genistin, pen-
duletin, isorhamnetin, naringenin, pinostrobin,
kaempferide, ombuin, quercetin-3,3’-dimethyl ether,
and licoflavone A. The structures of these com-
pounds, along with the Rt, can be seen in Table 1.

To validate the screening technique, samples were
gathered over a broad collision energy spectrum, with
a lower energy setting at 6 eV and a higher range
from 15-40 eV to acquire precise mass information for
fragment compounds. Subsequently, the experimental
fragments obtained were cross-referenced with the
accurate mass library using UNIFI software. Identi-
fied compounds were confirmed as precise candidate
compounds by verifying specific fragments in each
sample with mass accuracies greater than 5 ppm
compared to spectral reference data in the library.
This confirmation aids in reducing the number of
similar candidate compounds, including isomers. In
addition to mass accuracies, three other criteria were
used to select accurate candidates through the screen-
ing method: MZ RMS match percentage, responses
greater than 300, and more than one fragment match.
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Table 1. Identified propolis compounds
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Mass Isotope
?:ﬁn) Response Formula error m/z Match Mz Mrsolglusct ion Identification Group
(ppm) RMS (%) P

7.66 3586 C10H1004 4 195.0648 7.79 177.0542, Ferulic acid Phenolic acid
89.0384

9.91 7742 C11H1204 3.76 209.0816 10.51 191.0710, 3,4- Phenolic acid
163.0760 Dimethoxycinnamic

acid

10.86 8237 C21H20010 0.95 455.0938 9.36 271.0605, Genistin Isoflavones
103.0543

11.20 24.915 Ci8H1607 0.07 345.0969 10.44 301.0700 Penduletin Flavanone

12.48 62446 C16H1207 3.88 317.0668 5.8 199.0742, Isorhamnetin Metoxyflavonol
302.0410

12.84 101768 CisH120s 3.94 273.0768 3.24 199.076, Naringenin Flavanone
227.0705,
255.0654

13.67 42577 Ci16H1404 -1.93 271.0960 4.09 168.0373, Pinostrobin Flavonoid o-
167.0338 glycosides

14.34 117813 Ci6H1206 -0.51 301.0705 4.96 286.0481, Kaempferide Methylated
258.0530 flavonol

14.61 164794 Ci7H1407 2.39 331.0825 4.98 316.0588, Ombuin Dimethoxy
301.0352 flavone

14.78 175303 C17H1s07 2.39 331.0820 4.98 316.0584, Quercetin-3,3'- Dimethoxy
301.03478, dimethyl ether flavone
217.0500

16.45 13606 C20H1804 2.90 323.1291 10.79 285.07661, Licoflavone A Flavones
255.0663

This approach suggests that a screening method
relying on precise mass data, comprehensive evalua-
tion of isotopic patterns, accurate mass fragmentation
collection, and compounds with high responses pro-
vide dependable information for detection (Pascali et
al., 2018).

The compounds identified predominantly consist-
ed of bioactive compounds, especially flavonoids,
across diverse groups. Our analysis revealed that
propolis samples contain two dimethoxyflavones, an
isoflavone, a methoxyflavonol, two flavanones, a fla-
vonoid o-glycoside, a methylated flavonol, and a fla-
vone. The diversity of active compounds in propolis
is influenced by the variety of source plants used by
honeybees in the resin production for propolis. Major
components like ferulic acid, genistin, and naringenin
are commonly found in propolis (Bhargava et al,
2021; El-Guendouz et al.,, 2019; Rivera-Yaifiez et al.,
2020).

3D structures of all ligands

Eleven propolis compounds and two reference
compounds [marimastat and acetohydroxamic acid
(HAE)] were visualized in their 3D structures from
accessible PubChem database in .sdf formats and
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processed in Biovia discovery studio visualizer. While
native ligands of MMP1 and MMP12 were identified
as RS2 (n-hydroxy-2-[4-(4-phenoxy-benzenesulfonyl)-
tetrahydro-pyran-4-yl]-acetamide) and HAE (aceto-
hydroxamic acid), respectively. Moreover, marimastat
is a reference drug for MMP1, and HAE acts as a ref-
erence drug for MMP12 and is also a native ligand for
the protein. It has been ensured that native ligands
bind to key active residues of each protein. 3D struc-
tures of all ligands can be seen in Fig. 1.

Molecular docking validation of MMP1 and MMP12

The native ligands of MMP1, RS2 (n-hydroxy-2-[4-
(4-phenoxy-benzenesulfonyl)-tetrahydro-pyran-4-yl]-
acetamide), MMP12, and HAE (acetohydroxamic
acid) were docked into the binding site of MMP1 and
MMP12 with grid box position defined using Auto-
dock. The re-docked orientation was compared with
the crystallized orientation, resulting in RMSD 1.836
A (MMP1) and 1.874 A (MMP12), where RMSD < 2
indicated that the docking protocol was reliable for
the docking studies of propolis compounds against
MMP1 and MMP12. Fig. 2 depicts the overlay of the
native ligand conformation before and after docking
validation.
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i

Penduletin Isorhamnetin

Pinostrobin Kaempferide

Ferulic acid 3,4-Dimethoxycinnamic acid Genistin

= UUOS o 0
=L, 3 S

Naringenin

Ombuin

=

Quercetin-3,3’-dimethyl ether Licoflavone Acetohydroxamic acid
Figure 1. 3D structures of all ligands
(propolis compounds and reference
compounds).
Marimastat RS2
A B

Figure 2. Overlay native ligand
conformation MMP1 (A) before validation
(green), after validation (pink), MMP12
(B) before validation (blue) after
validation (yellow).

Molecular docking analysis of all ligands with
MMP1 and MMP12

In analyzing the molecular docking results, the
value of the free binding energy determined the best
ligand. Binding free energy or binding affinity (AG) is
the energy released because of bond formation or the
interaction of protein and ligand, which modifies the
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energy of both the free receptor (protein) and the lig-
and. The binding energy directly affects the stability
of the receptor-ligand complex, which is more stable
when the free energy is negative. As a result, a nega-
tive value of (AG) is an essential property for an effec-
tive drug based on in silico study (De Vita et al,
2021).
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Table 2. The predicted binding affinity of propolis and reference compounds against MMP1 and MMP12.

Binding affinity (Kcal/mol)

Compounds Code

MMP1 (966C) MMP12 (1Y93)
N-hydroxy-2-[4-(4-phenoxy-benzenesulfonyl)-tetrahydro-
pyran-4-yl]-acetamide (native ligand) RS2 -10.12 )
Marimastat (reference compound) M -5.94 -
Acetohydroxamic acid (native ligand and reference compound)  HAE - -3.82
Ferulic acid P1 -5.17 -5.59
3,4-Dimethoxycinnamic acid P2 -5.05 -5.58
Genistin P3 -8.83 -6.22
Penduletin P4 -7.67 -7.01
Isorhamnetin P5 -8.45 -9.01
Naringenin P6 -9.21 -8.73
Pinostrobin P7 -8.39 -9.36
Kaempferide P8 -8.58 -8.75
Ombuin P9 -9.04 -1.27
Quercetin-3,3'-dimethyl ether P10 -7.65 7.3
Licoflavone A P11 -10.03 -8.68

MMP12, HAE = black, and pinostrobin (P1) = green.

Figure 3. Binding orientation propolis compounds against MMP1 and MMP12 presented how
they could be embedded in the same catalytic site of the receptor.

(A) Binding orientation with MMP1, RS2 = black, and licoflavone A (P8) = green. (B) Binding orientation with

Eleven compounds found in propolis were suc-
cessfully docked at MMP1 and MMP12 active sites.
The docking score of propolis compounds against the
two proteins is presented in Table 2. Among all com-
pounds, licoflavone A (-10.03 kcal/mol) showed the
lowest binding affinity to MMP1, and pinostrobin (-
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9.36 kcal/mol) showed the lowest binding affinity
toward MMP12.

The interaction of the hit compound against
MMP1 and MMP12 was presented in Fig. 3. The bind-
ing score of RS2 (native ligand) is slightly higher than
propolis compound licoflavone A, which was -10.12
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Kcal/mol, lower than all tested propolis compounds.
However, all propolis compounds exhibit better bind-
ing scores to MMP1 than reference compounds,
marimastat. Based on the binding affinity scores, the
good binding affinity of propolis compounds against
MMP1 was listed to licoflavone A (P11), naringenin
(P6), ombuin (P9), genistin (P3), kaempferide (P8),
isorhamnetin (P5), pinostrobin (P7), penduletin (P4),
quercetin-3,3’-dimethyl ether (P10), ferulic acid (P1)
3,4-dimethoxycinnamic acid (P2). Table 3 depicts the
interaction of propolis components at the active site
with MMP1.

Licoflavone A demonstrates a higher binding af-
finity to MMP1 compared to all tested propolis com-
pounds. It forms hydrogen bonds with ALA 182 (2.03
A), ALA 234 (211 A), and TYR 237 (3.03 A), classify-
ing these interactions as intermediate to robust hy-
drogen bonds. It also contacts six hydrophobic bonds
with HIS 218, LEU 181, LEU 235, VAL 215, VAL 246,
and TYR 240. The interactions between the hydro-
phobic side chain protein and the ligand significantly
contribute to free energy binding. Water and other

Propolis compounds as potential MMP1 and MMP2 in wound healing

polar groups are repelled by hydrophobic moieties,
resulting in the net attraction of non-polar ligand
groups (Bronowska, 2011). The molecular interaction
of MMP1 with the ligands is depicted in Fig. 4.

Meanwhile, in MMP12, all compounds found in
propolis have higher scores than acetohydroxamic
acid (HAE), as shown in Table 4. It suggests that the
propolis compounds may exhibit superior inhibitory
activity against elastase compared to acetohydroxam-
ic acid.

As shown in Fig. 3, pinostrobin (P7) could be em-
bedded in the same catalytic site of elastase with
HAE. The exact position of the ligand and the protein
can be seen in Fig. 5. Pinostrobin interacted with ALA
182 (3.00 A) and TYR 240 (2.6 A). A study by Elgamal
et al. (2021) exhibits the potential of Euphorbia retusa
against elastase. In this study, the compound querce-
tin-3-O-pentoside showed an excellent binding affini-
ty toward MMP12 with hydrogen contacts to
ALA182.

Table 3. The interaction of propolis compounds and reference compounds in the active site of MMP1.

Binding energy

Ligands Bond interaction

Amino acid residue

(Kcal/mol)
RS2 -10.12 Hydrogen ALA 182, LEU 181, HIS 218, HIS 222, HIS 228
Hydrophobic VAL 215
lonic HIS 218
Van der Waals ALA 184, ASN 180, ARG 214, GLU 219, LEU 235, HIS 183,
PRO 238, SER 239, THR 241, TYR 237, TYR 240
Marimastat -5.94 Hydrogen GLY179, ALA182, GLU219, TYR210, TYR240
Hydrophobic VAL215, HIS218
lonic
Van der Waals LEU181
P11 -10.03 Hydrogen ALA 182, ALA 234, TYR 237
Hydrophobic HIS 218, LEU 181, LEU 235, VAL 215, VAL 246, TYR 240
lonic HIS 218
Van der Waals ARG 214, GLU 219, SER 239
P6 -9.21 Hydrogen LEU 181,ALA 182, ALA 234
Hydrophobic VAL 215
lonic HIS 218
Van der Waals ASN 180, ARG 214, GLU 219, LEU 235, MET 326, SER 239,
TYR 240, PHE 242
P9 -9.04 Hydrogen ASN 180, ALA 182, GLU 219, THR 241
Carbon hydrogen SER 239
Hydrophobic VAL 215
lonic HIS 218
P3 -8.83 Hydrogen GLY 179, ASN 180, ALA 182, SER 239
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Figure 4. Molecular interaction of (A) RS2. (B) Licoflavone A. (C) Marimastat against MMP1.
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Druglikeness and ADMET prediction of selected
best propolis compounds

The two potential propolis compounds of each
protein and its reference compounds were then eval-
uated for their ADMET physicochemical prediction
using SwissADME and pKCSm (Table 5). None of
these compounds violate the Lipinski rule, the essen-
tial criteria that a compound must meet to have drug-
like properties. Compounds that meet the rule are
more likely to be membrane-permeable and have a
high bioavailability after oral administration, with a
molecular weight of less than 500 g/mol, a Log P of
less than 5, fewer than 5-H bond donors, fewer than
100 H-bond acceptors, and a molar refractivity of 40-
130 (Lipinski et al., 1997). P11 showed a higher mo-
lecular weight than P7, and both values fell within an
acceptable range. Skin permeability, assessed by
LogKp values, remained within acceptable limits for
all compounds. None of these compounds demon-
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strated skin-sensitizing potential upon toxicity analy-
sis. Additionally, the reference compounds (marimas-
tat and HAE) fulfilled nearly all drug-likeness and
ADMET criteria, except for the MLogP parameter for
HAE.

Molecular dynamics simulation of selected best
propolis compounds

The MD simulation was run for 50 ns to investi-
gate the stability and conformational changes of
MMP1 and MMP12 structures when bound to the
ligand. The root mean square deviation (RMSD), ra-
dius mean fluctuation (RMSF), radius of gyration
(Rg), and solvent sccessible surface (SASA) were all
calculated. RMSD is a plausible measure of protein
stability. The RMSD data shows how far each frame
deviated from the initial conformation of the refer-
ence structure as a function of time and is used to
quantify differences between the structure sampled
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Table 4. The interaction of propolis compounds in the active site of MMP12.

Binding energy

Ligands Bond interaction Amino acid residue

(Kcal/mol)
HAE -3.82 Hydrogen ALA 182, HIS 222, HIS 228
Van der Waals GLU 219, HIS 218
P7 -9.36 Hydrogen ALA 182, TYR 240
Hydrophobic ILE 180, LEU 181, HIS 218
Van der Waals LEU 214, GLU 219, THR 215, VAL 235
P5 -9.01 Hydrogen GLY 179, ALA 182, GLU 219
Carbon hydrogen ALA 234, VAL 235, PHE 237
Hydrophobic ILE 180, LEU 181, HIS 218, TYR 240
lonic HIS 218
Van der Waals LEU 214, GLU 219, THR 215, VAL 235
P8 -8.75 Hydrogen ALA 182, GLU 219
Carbon hydrogen LEU 181, LEU 214
Hydrophobic ILE 180, LEU 181, VAL 235
lonic HIS 218
Van der Waals GLY 179, VAL 217, THR 215, PHE 237, PRO 238, THR 239, LYS 241, PHE 248
P6 -8.73 Hydrogen GLY 179, ALA 182, TYR 240
Hydrophobic ILE 180, HIS 218
Van der Waals LEU 214, THR 215, VAL 235, PHE 237, PRO 238, THR 239, LYS 241
P11 -8.56 Hydrogen LEU 181, LEU 214
Carbon hydrogen ILE 180
Hydrophobic HIS 182, HIS 218, THR 239
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ALA
A:184

HIS
HIS A:218
A:222

AF "\/\_' (.."

|

Figure 5. Molecular interaction of (A) HAE. (B) Pinostrobin against MMP12.
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Table 5. Drug-likeness and ADMET prediction of four selected propolis compounds and reference compounds.

Variable HAE Marimastat P11 P7

MW (g/mol)? 75.07 331.41 322.36 270.284
H-bond acceptors® 2 5 4 4
H-bond donors® 2 5 2 1
MLogP¢ -0.96 0 1.67 1.52
Molar refractivity 15.46 84.86 97.63 74.02
ROS5 0 0 0 0

log Kp (cm/s)® -4.134 -2.928 -2.739 -2.795
Skin sensitization" NO NO NO NO

*Molecular weight (acceptable range 130-500 gm/mol). "Acceptable H-bonds (acceptable range 0-10). “Donatable H-bonds (acceptable range 0-5). “MLogP

(acceptable range 0-5). °Molar refractivity. ‘Rule of Five. eSkin permeant [acceptable range (-

8) - (- 1)]. "Predicted skin sensitization.
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Figure 6. Molecular dynamic simulation trajectory analysis of MMP1-ligand complexes during 50 ns
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during the simulation and the reference structure
(Martinez, 2015).

Fig. 6A showed that the system was equilibrated
after approximately 10 ns for the MMP1-RS2 with an
average RMSD value of 0.42 nm. Meanwhile, in the
MMP1-marimastat complex and the MMP1-P11 com-
plex, the system appears to be stable from 0 to 50 ns,
with a slight fluctuation at 25-30 ns but remaining
stable throughout the simulation with an average
RMSD value of 0.20 and 0.17 nm, respectively.

https://jppres.com

RMSF quantifies the movement of a subset of at-
oms about the average structure throughout the simu-
lation (Martinez, 2015). The fluctuations of the protein
Ca atoms were measured to quantify the protein's
flexibility in the presence of the ligand. Higher RMSF
values indicate more significant changes in the resi-
due. Fig. 6B depicts the RMSF of MMP1-RS2, MMP1-
Marimastat, and MMP1-P11 complexes, with average
RMSFs of 0.16, 0.09 and 0.13 nm, respectively. The
RMSF plot revealed a significant fluctuation in the
MMP1-RS2 complex around amino acids 173-176, 189,
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and 264, indicating a change in conformation with
RS2 binding. Meanwhile, MMP1-marimastat fluctua-
tion at amino acids around 176-178, 188-189, and 263-
264 appears to be lower than other complexes. The
instability occurs around amino acid residues 177,
190, and 246, which fluctuate in the MMP1-P11 com-
plex. According to the protein-ligand interaction
mapping in the docking result (Table 2), the elevated
amino acid did not bind directly to the ligand, indicat-
ing that it was not located in the protein's binding
site. However, fluctuations decrease in most protein
residues at positions 179-182, 215-218, 234-237, and
240-245, where amino acids directly bind to the pro-
tein via hydrogen, electrostatic, and hydrophobic
bonds. The low RMSF value in binding site amino
acids indicates that the residue forms a strong bond
with the small molecule, resulting in optimal binding
(Lobanov et al., 2008).

The radius of gyration was calculated to determine
the structure's compactness. Over the simulation time,
a stably folded protein maintains a reasonably con-
stant Rg. According to Lobanov et al. (2008), a low Rg
value indicates tight protein packing, whereas a high
Rg value indicates looser protein packing. The chang-
es in the Rg of protein MMP1 bonded to different
ligands are shown in Fig. 6C. The nearly equal aver-
age Rg values of MMP1-RS2, MMP1-Marimastat, and
MMP1-P11 are 1.52, 1.49 and 1.53 nm, respectively.
The Rg of MMP1- RS2, MMP1l-marimastat, and
MMP1- P11 complex decline after 35 ns, signifies a
compression in the protein structure.

SASA, or solvent-accessible access area, depicts
changes in the protein's accessible surface area. It
states how much a protein can interact with the sol-
vent, and it is proportional to the degree to which a
protein is exposed to the environment (Ali et al,
2014). In general, SASA corresponds to the molecular
surface area that can be assessed by solvent mole-
cules, providing a quantitative measure of the extent
of protein/solvent (Pirolli et al., 2014). The result of
the SASA analysis of MMP1 and the ligand analysis is
reported in Fig. 6D. The same as the Rg, the average
SASA value of the three proteins did not significantly
differ from the value of 90 nm for both MMP1-RS2,
MMP1-Marimastat, and MMP1-P11 complexes. As
seen in the graph, these protein-ligand complexes
slowly decrease at the end of the simulation. The de-
cline can be attributed to protein structure compact-
ness and the closing of water inlet valves of internal
cavities, preventing water from diffusing into the
protein's internal parts (Ebrahimi et al., 2021).

The RMSD of the backbone atoms of MMP12 with
pinostrobin (P7) nearly stabilized at 0.40 nm from the
start to the end of the simulation, as displayed in Fig.
7A. Meanwhile, the RMSD of the backbone atoms
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with HAE (native ligand) stabilized after 10 ns at 1.12
nm and slightly fluctuated. MMP12-HAE showed a
greater average RMSD than MMP12-P7, which were
1.0 and 0.4 nm, respectively. The graph also depicts
the stability of the MMP12-P7 complex over the
MMP12-HAE complex. According to Kumari et al.
(2020), the greater the RMSD value for one group or
atom during the simulation, the greater the deviation
from the initial position, resulting in more fluctua-
tions in these values and greater protein structure
instability. The RMSD diagram's slope and amplitude
indicate the model's stability during simulation. The
closer the slope is to zero, the lower the oscillation on
the graph (Carugo and Pongor, 2001). Based on the
graph and the average RMSD value, it may suggest
that elastase binding to pinostrobin is more stable
than protein binding to its native ligand.

In the RMSF, as depicted in Fig. 7B, the protein-
ligand complex shows high fluctuation in the same
residue. A significant difference is seen on residue
175, where MMP12-HAE fluctuates at 0.3 nm while
the MMP12-P7 complex reaches 0.6 nm. ASP 175 is
not a critical residue (Table 2); thus, this fluctuation
did not affect the stability of protein-ligand binding.
Moreover, the residues in the binding site located in
positions 180-184, 218-219, 222, 228, and 240 had
shown rigid behavior to HAE and hit the compound.
In short, the RMSF plot indicates the structural stabil-
ity of MMP12-ligand binding.

The radius of gyration value of the MMP12-ligand
complex is illustrated in Fig. 7C. MMP12-HAE and
MMP12-P7 have average Rg values of 1.51 and 1.50
nm, respectively. The Rg of the MMP12-HAE com-
plex tends to fluctuate over time. MMP12-P7 has low-
er Rg values than MMP12-HAE. Low Rg values indi-
cate that the molecules under investigation will re-
main stable and compact throughout the MD simula-
tions. This parameter is defined as the mass-weighted
RMSD of a group of atoms relative to their common
mass center. Thus, structure stability is related to Rg
tones reaching a plateau around the average values
within a valid MD simulation (Liki¢ et al., 2005). It has
been demonstrated that MMP12 binding to propolis
compound is more compact than binding to the na-
tive ligand.

MMP12-HAE and MMP12-P7 SASA trend to de-
crease over simulation. The reduced SASA tones indi-
cate relative structural shrinkage for the pro-
tein/ligand due to solvent surface changes, resulting
in more compact and stable conformations. The SASA
was also calculated in the MMP12-ligand complex, as
seen in Fig. 7D. The average values of the three com-
plexes are 89.2, 87.7, and 88 nm?. Based on the graph
and the resulting value, these three complexes indi-
cated compactness at the end of the simulation.
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Propolis, a resinous substance crafted from various
plant components and chemicals released by bees, has
been cherished for its therapeutic benefits since an-
cient times. It encompasses a broad spectrum of ap-
plications, offering antioxidant, antibacterial, antivi-
ral, antitumor, immunomodulatory, anti-
inflammatory, antidiabetic, anticancer, and wound
healing properties. The pharmacological and medici-
nal potential of propolis largely hinges on its chemical
composition and bioactive content. Propolis chemical
compositions are intricately tied to the diversity of the
surrounding flora, collection location, timing, and bee
genetics (Santos et al., 2020; Scorza et al., 2020).
Screening for all bioactive compounds in propolis is
essential through a suitable method. Therefore, our
study screened propolis using an advanced analytical
technique and high-throughput analytical instru-
ments, specifically LC-MS/MS QTOF.

LC-MS/MS QTOF was closely similar to the mass
spectrometer triple quadrupole, with the third quad-
rupole replaced by time-of-flight. As an advanced
quadrupole technology coupled with a mass spec-
trometer, each quadrupole has its crucial function in
screening specific mass out of liquid chromatography
separation. The first quadrupole acts as a mass filter,
selecting specific ions based on their mass-to-charge
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ratio. The ions are then bombarded by neutral gas
molecules like nitrogen or argon in the second quad-
rupole, resulting in ion fragmentation. This process is
known as collision-induced dissociation (CID). After
leaving the quadrupole, the ions are accelerated back
to the ion modulator region of the time-of-flight ana-
lyzer, vibrating by the electric field and accelerated
orthogonally to their original directions. All the ions
that have acquired the same kinetic energy enter the
flight tube, which is the field-free flow region where
mass separation occurs. Ions that are lighter in mass
will have a shorter flight time, while heavier ions will
take longer to traverse the flight path to the detector
(Ali et al., 2021; Wilschefski and Baxter, 2019). By
using the mass library in UNIFI software, a batch of
candidate compounds of propolis that matched with
spectral data were elucidated and selected based on
four criteria: (1) mass accuracies greater than 5 ppm,
(2) response greater than 300, (3) more than 1 frag-
ment match, (4) MZ RMS percentage lower than 11%.
In results, this analytical method found eleven bioac-
tive compounds in propolis that consist of a variety of
flavonoid and phenolic groups, and they were ferulic
acid, 3,4-dimethoxycinnamic acid, genistin, pen-
duletin, isorhamnetin, naringenin, pinostrobin,
kaempferide, ombuin, quercetin-3,3'-dimethyl ether,
and licoflavone A (Table 1).
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Propolis has been extensively studied for its
wound-healing activity through multiple pharmaco-
logical mechanisms. Previous studies found that
propolis has an antimicrobial agent to reduce biofilm
formation, as it is an important factor in impaired
wound healing. The antioxidant activity of propolis
was utilized as a topical treatment for burn lesions. A
severe burn is associated with the release of inflam-
matory mediators, including reactive oxygen species;
thus, propolis may reduce severity by its antioxidant
to prevent an inflammatory cascade. Propolis also has
anti-inflammatory properties by obstructing nuclear
factor kappa B, reactive oxygen species formation, and
suppressing pro-inflammatory cytokines (Oryan et
al., 2018; Rojczyk et al., 2020). In all phases of wound
healing, endopeptidase matrix metalloproteinases
(MMPs) have major roles in determining wound heal-
ing time. In some evidence, topical application of
propolis effectively accelerates wound closure. Some
studies have investigated the correlation of propolis
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and MMPS (Conceicdo et al., 2022; Henshaw et al,,
2014).

There are 24 human MMPs that commonly form
three categories: inactive, active, and complex MMPs.
Their activities are regulated by tissue inhibitors of
metalloproteinase (TIMPs) that are categorized into 4
types (TIMPs 1,2,3,4) (Kandhwal et al., 2022). During
inflammation, MMPS removes all damaged proteins
and temporary ECM. In the proliferation phase,
MMPs degrade the capillary basement membrane to
promote angiogenesis and cell migration. Meanwhile,
in tissue remodeling, MMP activity was blocked by
TIMPs and induced the release of growth factors for
remodeling. Re-epithelialization is one of the most
important parts of the healing process. However, in
some injuries, the imbalance of MMPs and TIMPs
leads to a poor healing process; for example, MMP1
drastically increases in diabetic foot ulcer patients and
leads to prolonged healing time. High expression of
MMP12 positively correlates with celiac disease in
intestinal injury type 1 diabetes mellitus. Besides,

J Pharm Pharmacogn Res (2024) 12(2): 277


https://jppres.com/

Ardat al.

propolis studies on MMP1 and MMP12 in wound
healing are still limited, and candidate compounds of
propolis that strongly interact with MMP1 and
MMP12 are still unclear (Caban et al., 2022; Leite,
2009; Ngoc Tuan et al., 2021; Quintero-Fabian et al,,
2019; Wang and Khalil, 2018).

This study aims to reveal new candidates from
propolis in targeting MMP1 and MMP12 for wound
healing. Computational modeling is one technique
that could aid in the fast screening and discovery of
lead potential drugs at the lowest possible cost and
time. Using molecular docking and molecular dynam-
ic simulations makes the identification of lead candi-
dates for in vitro and in vivo testing easier. Molecular
docking identifies lead compounds with the highest
binding affinity and best binding mode in virtual
screening during the ligand-receptor simulation at the
specific active site of a protein. However, molecular
docking has limitations due to the lack of receptor
flexibilities. Thus, this challenge can be met by using
molecular dynamic (MD) simulation and also by de-
termining the time-dependent dynamics of protein-
ligand interactions. At the atomic level, MD simula-
tion considers proteins, ligands, water molecules, and
ions to be molecules interacting with one another via
the integration of force fields derived from Newton's
classical law of motion. Overall, MD simulation func-
tions as a molecular microscope that can be used to
inspect the stability of ligands in the active pocket of
receptor targets, which is critical for validating the
results predicted by the molecular docking-based
virtual screening process (Adelusi et al., 2022; Glaab,
2016).

Molecular docking results of eleven propolis com-
pounds to MMP1 and MMP12 were presented in Ta-
ble 2. To better understand the mechanism of critical
amino residue upon ten top compounds of propolis as
MMP1 inhibitors, we fractionated the amino acid
residue based on the interaction as shown in Fig. 8A.
It was observed that HIS 218 was the most predomi-
nant among all amino acids, primarily interacting by
forming ionic, hydrophobic, and carbon-hydrogen
bonds. According to Leite et al., the HIS residue has a
role in coordinating zinc ions in the active site. HIS
222 coordinates the zinc ion in the active site (Leite,
2009), while HIS 228 functions as a coordinator of the
zinc within the catalytic site (Browner et al., 1995).
The zinc ion was also coordinated by catalytic gluta-
mate to bind the substrate (Cui et al.,, 2017). Thus,
propolis compounds as inhibitors interact with the
active site of MMP1 by chelating the catalytically ac-
tive Zn?*- As depicted in Fig. 8B, the HIS residue was
frequently observed in the interaction of propolis
compounds against macrophage metalloelastase
(MMP12). This is because the zinc proteinase has a
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sequence like ALA-ALA-HIS-GLU, with aa-GLY-HIS
being the molecular domain responsible for bonding
to the zinc ion. In this domain, two histidine residues
interact with the zinc ion (Leite, 2009). Arg 214 and
Leucine in MMP1 and MMP12, respectively, form a
shallow S1” pocket (Laronha and Caldeira, 2020). This
pocket is the most prominent because it determines
the substrate specificity. It is also the most variable
pocket in MMPs, where the cavity forms an Q loop
and is highly hydrophobic.

Based on binding affinities, binding modes, and
key residue interactions, licoflavone A and pi-
nostrobin exhibit the best potential candidates for
targeting MMP1 and MMP12 among all tested propo-
lis compounds. Licoflavone A and pinostrobin also
possess drug-likeness and ADMET properties that
meet the criteria for drug candidacy. To check the
stability of binding these compounds to flexible mod-
eled protein, molecular dynamic simulation runs in 50
ns for each ligand. Four parameters were represented
in molecular dynamic results: RMSD, RMSF, radius
gyration, and surface accessible solvent area (SASA).
In comparison with the native ligand (RS21), licofla-
vone A showed a more stabilized complex with
MMP1, as well as pinostrobin formed a more stabi-
lized complex with MMP12 than the native ligand
(HAE). Importantly, there were reduced fluctuations
in the amino acid residues' position of binding site for
licoflavone A to MMP1 compared to the native ligand
(RS21). The affected residue positions were 179-182,
215-218, 234-237, and 240-245. Thus, the MD results
showed a strong bond and optimal binding of licofla-
vone in the active site of MMP1. In the MD simulation
of MMP12, pinostrobin also showed improved inter-
actions and a more stabilized complex than the native
ligand (HAE).

CONCLUSION

Eleven bioactive compounds, mainly comprising
flavonoid groups, were positively identified in propo-
lis by using LC-MS/MS QTOF. This study successful-
ly used a computational screening strategy to find
potential wound-healing agents in propolis by inhib-
iting collagenase (MMP1) and elastase (MMP12). Al-
most all eleven propolis compounds identified were
considered potential candidate inhibitors of MMP1
and MMP12, with two compounds exhibiting the
most favorable interactions with each protein, as indi-
cated by in silico studies. Licoflavone A is a colla-
genase inhibitor, and pinostrobin is an elastase inhibi-
tor, as demonstrated by molecular docking, ADMET
prediction, and molecular dynamics simulation. The
inhibitory activity of propolis compounds against
MMP1 and MMP12 was revealed for the first time
through an in silico study. Further, in vitro and ex vivo
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testing of these compounds will be necessary to de-
termine their wound-healing activity and asses their
potential as agents for wound healing.
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Supplementary data

Ferulic acid (4-Hydroxy-3-methoxy-cinnamic acid)

Item name: 200420_004 OTK 8341 Pos

Channel name: Ferulic acid [+H] : (16.7 PPM) 195.0648
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Figure S1. Eleven compounds identified in propolis by using LC-MS/MS XEVO G2XS

20

Quadrupole time-of-flight (Q-TOF) method and identified based on the similarity percentage
of retention time (Rt) and matched result parameters with criteria requirement from the

database of UNIFI software.
*Criteria requirement:

1. Mass error <5 ppm

2. Isotope match MZ RMS % <11 %
3. Intensity/Response = 300

4. Fragment match = 1 mass fragment
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Isorhamnetin
Itemn name: 200420 004 OTK 834_1 Pos
Channel name: Isorhamnetin [+H] : (16.7 PPM) 317.0668
Isorhamnetin
7 12.48
5 25000
o
=)
z
&
5
£
0 T T T T T T T --I
2.5 5 75 10 125 15 17.5 20
Retention time [min]
Naringenin
Item name: 200420 004 OTK 834 2 Pos
Channel name: Naringenin [+H] : (16.7 PPM) 273.0752
Naringenin
—_ 12.84
£
2
G 20000
=
z
2
=
0 T T T T T T T 1
25 5 75 10 125 15 17.5 20
Pinostrobin
Item name: 200420 004 OTK 834 2 Pos
Channel name: Pinostrobin [+H] : (16.7 PPM) 271.0863
Pinostrobin
_ 13.64
£
3 10000
53
=
=
0 T T T T T T T 1
25 5 75 10 125 15 175 20
Kaempferide
Item name: 200420_004 OTK 834_1 Pos
Channel name: Kaempferide [+H] : (16.7 PPM) 301.0705
'-E 50000 Kaempferide
2 14.34
S
)
E _J A
25 5 7.5 10 125 15 175 20
Ombuin
Item name: 200420_004 OTK 834_1 Pos
Channel name: Ombuine [+H] : (16.7 PPM) 331.0820
= ‘Ombiune
5 100000 Lt
S
2
2
s e
0 T T T T T T T 1
25 5 1.5 10 125 15 175 20
Retention time [min]
Figure S1. Eleven compounds identified in propolis by using LC-MS/MS XEVO G2XS
Quadrupole time-of-flight (Q-TOF) method and identified based on the similarity percentage
of retention time (Rt) and matched result parameters with criteria requirement from the
database of UNIFI software (continued...)
*Criteria requirement:
1. Mass error <5 ppm
2. Isotope match MZ RMS % < 11 %
3. Intensity/Response = 300
4. Fragment match = 1 mass fragment
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Quercetin-3,3'-dimethyl ether

Item name: 200420 004 OTK 834_1_Pos
Channel name: Quercetin-3,3'-dimethyl-ether [+H] : (16.7 PPM) 331.0820
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Figure S1. Eleven compounds identified in propolis by using LC-MS/MS XEVO G2XS
Quadrupole time-of-flight (Q-TOF) method and identified based on the similarity percentage
of retention time (Rt) and matched result parameters with criteria requirement from the
database of UNIFI software (continued...)

*Criteria requirement:

1. Mass error <5 ppm

2. Isotope match MZ RMS % < 11 %
3. Intensity/Response = 300

4. Fragment match = 1 mass fragment
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