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Introduction
Photoaging, as contrast to chronological aging (age-dependent 
aging), is caused due to extrinsic factors like ultraviolet radia-
tions (UVRs), mainly short wavelength ultraviolet rays (UV-B) 
and is distinguished by excessive wrinkling of skin, changes in 
pigmentation and collagen tissue degradation.1,2 Breakdown of 
collagen due to UV-B exposure causes discernible changes in 
skin structure, resulting in wrinkling. Collagen is the major 
constituent of the extracellular matrix (ECM) including elas-
tin, proteoglycans, fibronectin, and type-I collagen. Disruption 
and degradation of these proteins by UV-B progresses the skin 
aging.3 Matrix metalloproteinases (MMPs) are endopeptidases 
containing Zn2+ at their catalytic (CAT) site, which can 
degrade all kinds of ECM proteins. Matrix metalloproteinases 
expression is induced by accumulated reactive oxygen species 
(ROS) which are built up by UVRs. The increased buildup of 
ROS stimulates various signal transduction pathways like 
mitogen-activated protein kinase (MAPK) pathway by activat-
ing growth factor receptors and cell surface cytokines. 
Ultraviolet radiation (eg, UV-A and UV-B) elicits the activa-
tion of transcription factors like activator protein-1 (AP-1) via 
ROS, in turn, triggering induction of expression of MMPs, 
including MMP-1 (an interstitial collagenase that hydrolyzes 
the collagen), which degrade type-I and type-III collagen.4,5 

Other MMPs like MMP-2, -3, and -9 further take part and 
cause damage to skin connective tissues by collagenase or 
gelatinase activity, consequently forming skin wrinkles.6,7

Structural features of all MMPs include 2 zinc ions (Zn2+), 
1 positioned in the active site, known to carry out the CAT 
process, and the other is related to structural functions akin to 
the calcium ions (Ca2+) present in these enzymes. The active 
site Zn2+ binds to 3 histidine residues generally and to a mole-
cule of water when the enzyme is in active state. Depending on 
the nature of the enzyme, the structural Zn2+ binds to 3 differ-
ent histidine residues and to a fourth different amino acid 
(AA) residue, other than histidine, for example, glutamic acid 
in case of matrilysin.8 Along with these 2 molecules of Zn2+ 
ions in the CAT domain, there are present 3 Ca2+ ions of which 
2 Ca2+ ions are placed near the CAT cleft and the third Ca2+ 
ion is present near the hemopexin-like (HPX) domain. These 
Ca2+ ions play an important role in imparting structural and 
conformational stability to the enzyme.9 Binding specificity of 
the MMPs is determined by the S1′ subsite or S1′ specificity 
pocket, which is the most conspicuous pocket present in the 
CAT domains of MMPs. The S1′ specificity pocket is defined 
by the AA residue at position 218 and the loop (S1′ specificity 
loop) present at the backside of the pocket.10 The nature of AA 
residue at the position 218 confers the inhibitor specificity 
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among MMPs while S1′ specificity loop is responsible for the 
overall conformation of the S1′ pocket. Matrix metalloprotein-
ases have generally 2 types of S1′ specificity pockets, which can 
be summarized as the large, open pocket as professed in case of 
MMP-2,11 -3, -8, -9,12 and -13 and the small, clasped pocket 
as observed in the instance of MMP-1 and -7.13 Like all 
MMPs, a full-length MMP-1 consists of an N-terminal pro-
domain (propeptide) destined to maintain dormancy, a CAT 
domain (160 AA residues) contains CAT Zn2+, a linker region 
(16 AA residues) followed by the C-terminal HPX domain, 
which is a 4-bladed (bI-bIV) propeller structure. The CAT 
domain of MMP-1 is comprised of a highly twisted 5-stranded 
β-sheet (4 parallel and 1 antiparallel β-strands), which is 
spanned by 3 α-helices.14

In addition to the natural, endogenous inhibitors like tissue 
inhibitors of metalloproteinases (TIMPs), there are synthetic 
and exogenous inhibitors of MMPs which are being selectively 
developed for many diseases like arthritis, periodontal disease, 
and cancer.8 As MMP-1 is the major collagenolytic enzyme 
responsible for collagen degradation in photodamaged skin,15 
its inhibition through synthetic or exogenous inhibitors, which 
can be of herbal origin as well, can subdue UV-induced degra-
dation of collagen. Computational techniques allow exploration 
of structural organization, conformation, mode of interaction 
with respective inhibitors and physicochemical properties of 
particular targets involved in progression of various diseases and 
help save time and cost in further experimental explorations. 
Various molecular modeling techniques have been developed in 
recent past for virtual drug screening, which include molecular 
dynamics simulation, molecular docking, target prediction, 
pharmacophore modeling, homology modeling, and quantum 
mechanics.16 Molecular docking is one of the most commonly 
used molecular modeling method to study potential inhibitors 
against a number of target protein/receptor involved in the 
development of many diseases.17 Molecular docking technique 
gives analytical insights on energetics of binding, intermolecular 
interactions of a ligand-protein complex to evaluate the stability 
of the complex and conformational change assessment during 
the process of docking.18 Matrix metalloproteinase-1 is the 
most studied collagenolytic protease in the MMP family. 
Molecular dynamics simulation studies on X-ray crystallo-
graphic structure of MMP-1 in complex with a collagen model 
triple helical peptide (THP) to reveal important atomistic, 
structural, and conformational details of MMP-1 have been 
accomplished.19,20 In a recent report, conformational dynamics 
of MMP-1. THP complex have been studied to explain the 
early stages of collagenolysis, where the interaction between 
MMP-1 and THP was modeled through molecular docking.21

Dalbergia sissoo Roxb. (Fabaceae) is a common timber wood 
and medicinal plant, being used in folk medicine to cure many 
diseases including skin ailments. Previous studies showed cos-
metic property of D. sissoo with respect to sunscreening activ-
ity.22 In this work, we have made an in silico attempt (via 
MMP-1 inhibition) by molecular docking study to screen the 

anti-wrinkling activity of D. sissoo extract components, particu-
larly 2 triterpenoids (lupeol and betulin) and a diterpenoid 
(phytol) characterized by gas chromatography and mass spec-
trometry (GC-MS) previously.22 Furthermore, lupeol acetate 
(ester derivative of lupeol) was also docked to compare the 
binding affinity of both lupeol and lupeol acetate toward 
MMP-1. Doxycycline, a nonselective MMP inhibitor was 
taken as a reference drug to compare the binding efficacy of 
ligand-protein interaction. Selection of doxycycline as a refer-
ence was made on the basis of its status as an “only MMP 
inhibitor” approved by the U.S. Food and Drug Administration.23

Methodology
Description of ligands

Lupeol is a pentacyclic lupane-type triterpenoid, in which the 
hydrogen is substituted by a hydroxyl group at 3 beta position, 
having molecular formula C30H50O and molecular weight 
426.729 g/mol. Figure 1A illustrates the structure of lupeol.24

Betulin is also a pentacyclic lupane-type triterpenoid, which 
too has a hydroxyl group at 3 beta position (like in lupeol) and 
also a 28-hydroxymethyl substituent and a double bond at 
20(29) position. Its molecular formula is C30H50O2, molecular 
weight 442.728 g/mol. The structure of betulin is depicted in 
Figure 1B.25

Phytol is a linear diterpenoid, which is used in the prepara-
tion of vitamin E and K synthetically and is a constituent of 
chlorophyll. Its molecular formula is C20H40O and molecular 
weight is 296.539 g/mol.26 Structural illustration of phytol is 
presented in Figure 1C.

Lupeol acetate, Figure 1D is an ester derivative of lupeol 
with molecular formula C32H52O2 and molecular weight 
468.766 g/mol.27

Doxycycline is an antibiotic that inhibits MMPs activation 
and expression nonselectively,28 having molecular formula 
C22H24N2O8 and molecular mass 444.44 g/mol.29 Structure of 
doxycycline is shown in Figure 1E.

Physicochemical properties of the target protein 
(human MMP-1)

Physicochemical properties of human MMP-1 were predicted 
using ProtParam (https://web.expasy.org/protparam/) with 
UniProt ID P03956. ProtParam is a protein analysis tool, 
which computes various physicochemical parameters like 
molecular weight, composition of AA, atomic composition, 
theoretical isoelectric point (pI), extinction coefficient, expected 
half-life, aliphatic index, instability index, and grand average of 
hydropathicity (GRAVY) of a protein.30 Full-length MMP-1 
protein (PDB ID: 2CLT) is depicted in Figure 2A.

Ligands preparation

Chemical structures of all the ligands were obtained from 
Pubchem database at National Institute of Health (https://

https://web.expasy.org/protparam/
https://www.ncbi.nlm.nih.gov/pccompound
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Figure 1.  Structure of ligand compounds (A) Lupeol, (B) Betulin, (C) Phytol, (D) Lupeol acetate, and (E) Reference inhibitor Doxycycline.

Figure 2.  Ribbon representation of human MMP-1 full-length protein (PDB ID: 2CLT), catalytic domain of MMP-1 (PDB ID: 3SHI) (A) dimeric assembly of 

2CLT (chain A represented by magenta color and chain B by light blue color), (B) trimeric assembly of 3SHI (chain A represented by red, chain G by 

magenta, and chain M by cyan color).
MMP-1 indicates matrix metalloproteinase-1.
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www.ncbi.nlm.nih.gov/pccompound). Structure of ligands was 
drawn using ACD/Chemsketch (www.acdlabs.com) and Open 
Babel version 2.3.2 was used to convert the files in .pdb format.

Retrieval of target protein and structure optimization

Crystal structure of the CAT domain of human MMP-1 (PDB 
ID: 3SHI) was recouped from Protein Data Bank (PDB) 
(https://www.rcsb.org) as shown in Figure 2B. The structure  
of 3SHI is presented as trimeric assembly, where the 3 chains 
(A, G, and M) are present in different orientations.31 Direct 
retrieval of CAT domain of the protein was done considering 
the fact that it is essential for interaction with specific 
inhibitors and tissue inhibitors of MMP-1 (TIMP-1).32 All 
heteroatoms (i.e. nonreceptor atoms such as water, which is 
used in cocrystallization of protein structure) were removed 
except Ca and Zn atoms. Energy minimization was done with 
Swiss-PdbViewer version 4.1.0 using default parameters.

Molecular docking study

In order to assess the binding affinity of the ligands toward the 
CAT domain of human MMP-1 (PDB ID: 3SHI), molecular 
docking was carried out using AutoDock, version 4.2 (Scripps 
Research Institute, USA) following a previously reported 
protocol.33 AutoDockTools (ADT), version 1.5.6 (Scripps 
Research Institute, USA) were used for analysis of docking 
results. AutoDock utilizes the Lamarckian genetic algorithm 
(LGA), which enables arbitrary modifications in the struc-
tural parameters of the ligands to identify the most energy 
favorable ligand-protein binding conformations. The ligands 
were kept in flexible form and protein in the rigid form 
throughout the procedure. Polar hydrogens were added to pro-
tein during the structure optimization, and Kollman charges 
were assigned prior to the docking. Docked structures were 
visualized using Chimera UCSF 1.10.2 (http://www.cgl.ucsf.
edu/chimera). Doxycycline, a broad spectrum MMP inhibitor, 
was also docked with 3SHI to compare the results.

Ligands evaluation

Ligands were assessed by absorption, distribution, metabolism, 
and excretion (ADME) parameters. Pharmacokinetic properties 
and drug likeness of the ligands were predicted, and physico-
chemical descriptors were computed using SwissADME pro-
gram (www.swissadme.ch) developed by the Molecular Modeling 
Group of the Swiss Institute of Bioinformatics.34 Lipinski’s rule 
of five was applied for the ligands to be proposed as drugs.35 
Other filters were also checked for the drug likeness of the 
ligands. Ligand efficiency (LE) was calculated using the formula 
LE = ΔG/N, where, ΔG is the minimum binding energy, and N is 
the number of nonhydrogen atoms.36 Oral bioavailability and 
skin permeability were also assessed to discover the suitability of 
the ligands to be used in topically applied formulations.

Results
Physicochemical properties of target protein 
(Human MMP-1)

Human MMP-1 exhibited hydrophilic nature with a GRAVY 
value of −0.572, stable protein with an instability index of 
35.46 which is lower than 40 (a value greater than 40 predicts 
that protein may be unstable). More properties have been 
listed in Table 1.

Molecular docking

The test ligands and doxycycline, a reference inhibitor were 
docked into the CAT domain of human MMP-1 (PDB ID: 
3SHI). The docked pose of all the ligand-3SHI complexes 
have been shown in Figure 3. The docking study revealed 
that lupeol interacted with 3SHI through the formation of 
H-bonds with Thr204 residue within 2.526 Å distance, 
Asn211 residue within the distance of 3.44 Å, and with 
Leu212 residue within 2.785 Å distance (Figure 4A). Betulin 
does not form any H-bond with the AA residues of 3SHI, 
Figure 3B. Rather, it interacts via hydrophobic contacts 
described in the discussion section. Phytol binds with His132 
residue within the distance of 2.836 Å with minimum bind-
ing energy (ΔG) of −7.06 kcal/mol (Figure 4B). While, ace-
tate derivative of lupeol (lupeol acetate) was unable to form 
H-bond with 3SHI (Figure 3E), but hydrophobic interac-
tion was evident. Doxycycline, the reference inhibitor, was 
found to bind at Asn211 (3.266 Å) and His213 (2.585 Å) 
residues with ΔG of −8.05 kcal/mol (Figure 4C), which was 
lower than that of lupeol (−8.24 kcal/mol). Asn211 was the 
common AA residue, which interacts with lupeol and doxy-
cycline. Total intermolecular energy of docking and inhibi-
tion constants for ligands-3SHI and doxycline-3SHI 
complex are summarized in Table 2.

Hydrophobic interactions and hydrogen bond analysis

Two-dimensional representation diagrams of protein-ligand 
complexes were generated using LigPlot+, version 2.139 from 
the output file (.pdb) obtained by molecular docking. 
Explanatory and diagrammatic illustration of hydrophobic 
interactions as well as intermolecular hydrogen bonding is pre-
sented that occurred within the protein-inhibitor complexes. 
Amino acid residues that interact directly with the inhibitors 
involved residues like Asp129, Ala133, Lys136, Thr204, and 
Asn205, which were shared residues among protein-inhibitor 
complexes (Figure 5).

Ligands evaluation

Absorption, distribution, metabolism, and excretion assess-
ment showed the drug likeness property of all the test ligands 
along with the reference compound (doxycycline) as per 

https://www.ncbi.nlm.nih.gov/pccompound
http://www.acdlabs.com
https://www.rcsb.org
http://www.cgl.ucsf.edu/chimera
http://www.cgl.ucsf.edu/chimera
www.swissadme.ch
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Table 1.  Physicochemical properties of human MMP-1.

Sl no. Physicochemical property Value

1 Number of amino acids 469

2 Amino acid composition Negatively charged residues (Asp + Glu): 58
Positively charged residues (Arg + Lys): 54

3 Molecular weight 54006.90 Da

4 Theoretical isoelectric point (pI) 6.47

5 Total number of atoms 7492

6 Chemical formula C2458H3666N656O699S13

7 Extinction coefficients 76 905a and 76 780b M−1 cm−1

8 Instability index 35.46

9 Aliphatic index 65.27

10 Estimated half-life 30 hr in mammalian reticulocytes, in vitro, >20 hr in 
yeast, in vivo, >10 hr in Escherichia coli, in vivo, 
considering that M (Met) is N-terminal residue

11 Grand average of hydropathicity (GRAVY)c −0.572

Abbreviation: MMP-1, matrix metalloproteinase-1.
aAt 0.1% absorbance (OD = 1.424) in water at 280 nm supposing all pairs of cysteine residues form cystines.
bAt 0.1% absorbance (OD = 1.424) in water at 280 nm considering all cysteine residues are reduced.
cGRAVY score is the sum of hydropathy values of all the amino acids divided by the number of residues in the sequence. Hydropathy is a property that has a strong 
feeling for water including both attraction and repulsion, ie, hydophilicity and hydrophobicity, respectively.37 A GRAVY score >0, signifies the hydrophobic nature of protein 
and <0 (negative value), indicates hydrophilicity.38

Figure 3.  Poses of ligands docked into catalytic domain of MMP-1 (PDB ID: 3SHI): (A) lupeol, (B) betulin, (C) doxycycline, (D) phytol, and (E) lupeol acetate.
MMP-1 indicates matrix metalloproteinase-1.
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Lipinski’s rule of five. This rule states that an orally active 
candidate drug must not violate >1 criteria proposed in the 
rule, which are: (1) a molecular weight <500, (2) H-bond 
acceptors <10, (3) H-bond donors <5, and (4) Log P (lipo-
philicity) value <5. Other important measures like topologi-
cal surface area (TPSA), number of rotatable bonds and molar 
refractivity were also computed. A TPSA value less than 
140 Å2, number of rotatable bonds fewer than 10, and molar 
refractivity between 40 and 130 are required for a compound 
to be good candidate drug.40 Skin permeation coefficient of 
the ligands was also recorded from the computed descriptors 

in SwissADME. All the parameters are presented in Table 3. 
Other filters like Ghose, Veber, and Egen filters were also 
assessed by SwissADME to determine the lead likeness of 
the ligands. Lupeol, betulin, and lupeol acetate violated 3 
parameters of Ghose filter, where these ligands displayed 
higher values of log P, molar refractivity, and number of atoms 
than the upper qualifying range which are 5.6 for log P, 130 
for molar refractivity and 70 for the number of atoms. Phytol 
exceeded log P value and doxycycline could not reach even 
the lower range of log P value (−0.4). No violations observed 
by lupeol, betulin, and lupeol acetate when veber filter was 

Figure 4.  A closer and ribbon representation of hydrogen bonding between 3SHI and ligands: (A) lupeol interacts with 3 H-bonds (shown by red line), (B) 

phytol with 1 H-bond, and (C) doxycycline with 2 H-bonds.

Table 2.  Minimum binding energy (ΔG) of test ligands and doxycycline (standard) and parameters of molecular interaction with target protein 
(catalytic domain of human MMP-1, PDB ID: 3SHI).

Sl no. Compound Pubchem ID ΔG (kcal/mol) Final 
intermolecular 
energy (kcal/mol)

VdW + HB + DE 
(kcal/mol)

Inhibition 
constant 
(Ki) (µM)

Residues 
involved in 
H-bonding

1 Lupeol 259846 −8.24 −9.13 −9.10 0.91 Thr204, 
Asn211, 
Leu212

2 Doxycycline 54671203 −8.05 −8.65 −9.04 1.26 Asn211, 
His213

3 Lupeol acetate 92157 −7.12 −8.31 −8.37 6.06 −

4 Phytol 5280435 −7.06 −9.51 −9.53 6.65 His132

5 Betulin 72326 −4.66 −5.56 −5.65 382.49 −

Abbreviations: DE, desolvation energy; HB, hydrogen bond; VdW, Van der Waals.
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applied, whereas phytol and doxycycline expressed a violation 
that was more than 10 rotatable bonds and TPSA greater 
than 140 Å2, respectively. Egen filter criteria were violated by 
1 parameter in case of all ligands where doxycycline presented 
TPSA greater than 131.6 Å2 (threshold value) and other 
ligands expressed log P value greater than 5.88 (threshold 
value). Drug scores, mutagenicity and tumorigenicity were 
determined by OSIRIS Property Explorer developed by 
Thomas Sander (https://www.organic-chemistry.org/prog/
peo/). Highest drug score was reported in case of reference 
inhibitor (doxycycline = 0.49) followed by phytol (0.21), betu-
lin (0.15), lupeol (0.13), and lupeol acetate (0.11). No 

mutagenic and tumorigenic effects were observed in case of 
all the ligands. As far as oral bioavailability of the ligands is 
concerned, all the terpenoids were found less suitable to be 
proposed as oral drug because they violated at least 2 criteria, 
lipophilicity and insolubility in case of lupeol (Figure 6A); 
betulin (Figure 6B); and lupeol acetate (Figure 6D) and lipo-
philicity and flexibility as observed in oral bioavailability 
radar of phytol (Figure 6C). The reference compound doxy-
cycline showed violation of only 1 criterion, that is, polarity 
(Figure 6E), and its skin permeation coefficient (−8.63 cm/s) 
was also noticeably less than selected terpenoids. The order of 
skin permeation ability (Log Kp value) of the ligands was as 

Figure 5.  Hydrogen bonding and hydrophobic interactions between 3SHI and ligands: (A) lupeol, (B) betulin, (C) doxycycline, (D) phytol, and (D) lupeol 

acetate.

Table 3.  Parameters for drug likeness using SwissADME (Lipinski/Pfizer filter).

S. No. Compound M (<500) HBA (<10) HBD (<5) MR (40-130) (MLogP) 
(<4.15)

TPSA (Å2) Log Kp 
(cm/s)

Drug 
likeness

1 Lupeol 426.72 1 1 135.14 6.92 20.23 −1.90 Yes

2 Betulin 442.72 2 2 136.30 6.00 40.46 −3.12 Yes

3 Lupeol acetate 468.75 2 0 144.88 7.08 26.30 −1.74 Yes

4 Phytol 296.53 1 1 98.94 5.25 20.23 −2.29 Yes

5 Doxycycline 444.43 9 6 110.91 −2.08 181.62 −8.63 Yes

Abbreviations: HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; Log Kp, skin permeation coefficient; M, molecular mass; MLogP, lipophilicity; MR, molar 
refractivity; TPSA, topological surface area.

https://www.organic-chemistry.org/prog/peo/
https://www.organic-chemistry.org/prog/peo/
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follows: lupeol acetate (−1.74 cm/s) >lupeol (−1.90 cm/s) 
>phytol (−2.29 cm/s) >betulin (−3.12 cm/s) >doxycycline 
(−8.63 cm/s), and a small Log Kp value represents less cutane-
ous permeability.41

Ligand efficiency values indicate that phytol is the most 
efficient ligand having an LE value of 0.336 kcal/mol/nonhy-
drogen atoms, followed by lupeol (0.265 kcal/mol/nonhydro-
gen atoms), doxycycline (0.251 kcal/mol/nonhydrogen atoms), 
lupeol acetate (0.209 kcal/mol/nonhydrogen atoms), and betu-
lin (0.145 kcal/mol/nonhydrogen atoms).

Discussion
Prolonged exposure to solar UV rays can affect the human 
skin in various ways and may cause skin aging, resulting from 
the excessive buildup of ROS. Photoaging of skin is linked 
with induction of MMPs expression and repression of col-
lagen synthesis. Matrix metalloproteinase-1 is a major col-
lagenolytic enzyme, which gets induced by UV irradiation 
and is accountable for collagen degradation in severely pho-
todamaged skin,15,42 and it is the most widely studied colla-
genolytic MMP.19 Matrix metalloproteinase-1 induction 
happens following the UV irradiation that stimulates the 
expression of c-Jun/c-Fos (components of the AP-1 heter-
odimer complex) which in turn, induces AP-1 activity, 

consequently upregulating the MMP-1 and downregulating 
the synthesis of type-I collagen. Therefore, increased expres-
sion of MMP-1 causes degradation of collagen, thereby 
decreasing the suppleness of the skin.3 Inhibiting the activity of 
MMP-1 can be a useful strategy to prevent the skin photo
aging. Bioactive natural products have been attracting the 
interest of researchers from cosmetic industry due to their 
implications in rectifying skin-related problems like wrinkling 
because of their antioxidative and antiphotoaging properties. 
In an earlier study, terpenoid-rich methanolic extracts from  
D. sissoo above ground parts have been shown to possess photo-
protective properties.22 In this study, we attempted to extend 
our research to explore the anti-wrinkling property of the 
selected terpenoids, in silico.

Selected compounds have been explored for their binding 
affinity with MMP-1 CAT domain using molecular docking 
approach. AutoDock has been proven an effective tool in pre-
dicting bound orientation and binding energy of the small mol-
ecule ligands with macromolecular targets, in a quick and precise 
way. It implements a grid-based procedure that facilitates a 
prompt estimation of binding energy of test conformations 
where target protein or macromolecule is embedded in the 
grid.33 Molecular docking run revealed minimum binding 
energy (ΔG) of lupeol (−8.24 kcal/mol) to be lower than the 

Figure 6.  Oral bioavailability radars of the ligands constructed using canonical SMILES of the ligands in SwissADME. Colored zone is the suitable 

physicochemical space for oral bioavailability.
FLEX indicates flexibility; INSATU, insaturation; INSOLU, insolubility; LIPO, lipophilicity.
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reference compound doxycycline (−8.05 kcal/mol) followed by 
lupeol acetate (−7.12 kcal/mol), phytol (−7.06 kcal/mol), and 
betulin (−4.66 kcal/mol) toward the target protein. Lower ΔG 
indicates a good binding affinity of ligands with target protein. 
Calculated inhibition constant (Ki) was also lowest for lupeol 
(0.92 µM), which was again lower than doxycycline (1.26 µM), 
suggesting a strong binding property of lupeol toward the target 
protein. Based on Ki values, betulin (382.49 µM) turns out to be 
the weakest binder of MMP-1. Even though, lupeol acetate dis-
played ΔG (−7.12 kcal/mol) and Ki values (6.06 µM) equivalent 
to phytol (ΔG = −7.06 kcal/mol and Ki = 6.65 µM), it could not 
form H-bonds with AA residues in the CAT domain. This 
could be due to the absence of the hydroxyl group which was 
replaced by an ester moiety at the C-3 position, which reduced 
the binding affinity as evidenced in the case of lupeol acetate. In 
a recent study, it was shown that the replacement of OH group 
of lupeol at C-3 position by a ketone group diminished the 
inhibitory potential of the resulting compound lupenone toward 
β-site amyloid precursor protein cleaving enzyme 1 (BACE1).43 
No H-bond formation was observed in the case of betulin also, 
despite containing 2 OH groups, 1 at C-3 position and the other 
at C-17 position. Conformation of the OH group at C-3 posi-
tion, as well as the free movement of the OH group plays an 
important role in imparting interaction strength toward target 
entity.44 Hence, it can be concluded that the inhibition potential 
of the drug candidates depends on the ability of the ligand to 
form H-bonds with the target molecule. Furthermore, H-bonds 
increase the drug target affinities by optimizing the hydrophobic 
interactions and determining the protein conformation. H-bonds 
also play an important role in keeping the inhibitor in a steady-
state inside the binding cavity of the target protein.45 In addition, 
hydrophobic contacts are important contributors along with 
hydrogen bonding in stabilizing energetically preferred ligands, 
in conformationally open protein structures.46 In this study, 
lupeol and phytol were found to interact with the chain A in the 
CAT domain of MMP-1 through H-bonds. Lupeol and the ref-
erence compound doxycycline shared 1 AA residue (Asn211 of 
chain A) involved in hydrogen bonding. Apart from this, lupeol 
formed an extra H-bond with Thr204 residue. All the hydro-
phobic contacts and hydrogen bonding between 3SHI and 
ligands (inhibitors) were analyzed using the program LigPlot+. 
Chimera was also used to find H-bonds at the interface of the 
protein-ligand complex and returned the same results, except in 
2 cases where 1 H-bond was additional in 3SHI-doxycycline 
complex (Leu212 of chain A, Figure 5C), and Thr204 was 
replaced by His213 in forming the H-bond in the chain A, in 
the case of 3SHI-lupeol complex, as shown in LigPlot+ diagram 
(Figure 5A). Both the software returned the same results for 
phytol (H-bond between His132 residue of chain A and oxygen 
atom of OH group, Figure 5D), betulin (no H-bond, Figure 5B), 
and lupeol acetate (no H-bond, Figure 5E). It is expected that 
slight changes can arise concerning the orientation and the situ-
ation of ligands at the active site of the target protein when using 
different softwares.46 This can be due to the dynamic nature of 

intermolecular contacts at the protein-ligand contact edge that 
are weak in nature and be swapped for another type of bond, 
which is dependent on the chemical environment around the 
target-ligand connection.46 As far as hydrophobic interactions 
are concerned, all the ligands were found to interact with hydro-
phobic residues of the chain A in the CAT site of the MMP-1, 
except for betulin which formed hydrophobic contacts with the 
residues of chain M also, that included the residues Gln250, 
Asp254, and Ala258 and chain A residues involved in this inter-
action were Arg208, Phe207, Asn205, and Asn206. Lupeol 
exhibited 7 hydrophobic contacts with the chain A (Asp129, 
Ala133, Lys136, Thr204, Asn205, Asn211, and His132). Phytol 
showed 9 hydrophobic contacts with chain A, 5 residues in com-
mon with lupeol (Asp129, Ala133, Lys136, Thr204, Asn205, 
Asn211, His213, Asn206, and Gly244). Lupeol acetate also dis-
played 9 hydrophobic contacts with the chain A of 3SHI, which 
includes the same residues as in phytol except for Asn206 and 
Gly244, which were switched by His132 and Leu212. The refer-
ence drug doxycycline revealed 9 hydrophobic contacts with the 
same chain, 5 residues (underlined) shared with lupeol and phy-
tol (Asp129, Ala133, Thr204, Asn205, Lys136, His132, Gly244, 
Val246, and Leu125). These results, taken together, indicate that 
lupeol is the strongest inhibitor of MMP-1 followed by doxycy-
cline and phytol as they form H-bonds with the target protein. 
Moreover, based on oral bioavailability radars and Log Kp values 
of the ligands, doxycycline is the most orally bioavailable drug, 
and lupeol acetate is more skin permeable, and lupeol stands 
second in terms of skin permeability. But the overall results 
including molecular interactions indicate that lupeol can be rec-
ommended as an antiwrinkle agent. In addition, in vitro antiag-
ing effect of lupeol has been reported recently using aged dermal 
fibroblast model that confirmed MMP-1 inhibitory activity of 
lupeol but no indication was stated for lupeol to be used as topi-
cal antiaging agent.47 Phytol has been used widely as cosmetic 
and fragrance ingredient.48 A recent study indicated that phytol 
prevented oxidative stress induced aging of HaCaT keratino-
cytes that suggest the incorporation of phytol in cosmetic for-
mulations to inhibit cellular senescence.49 However, no MMP 
inhibitory activity of phytol is reported until date. Our findings 
support the in vitro demonstration of the lupeol and phytol as an 
anti-aging agent as well as provide insight into the interaction 
mechanism of the above said ligands and MMP-1. However, 
further refinement studies after molecular docking through 
molecular dynamic simulation are required to provide further 
insights into the flexibility and dynamics of the 3SHI-ligand 
complex and collagenolytic mechanism.

Conclusion
Molecular docking analysis of the selected terpenoids showed 
that lupeol and phytol were able to bind with the AA residues in 
the CAT domain of MMP-1, a major collagen-degrading MMP, 
with hydrogen bonding. Among the interacting compounds, 
lupeol displayed an increased binding affinity than reference 
drug, doxycycline. While, lupeol acetate and phytol exhibited 
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almost equal significant binding energy. In silico pharmacoki-
netics and ADME analysis indicated these compounds to be 
potent inhibitory drugs for MMP-1 and potentially safe to be 
developed into active pharmaceutical drug against MMP-1 and 
among these tested compounds, lupeol is the most active in 
terms of docking score and hydrogen bonding. Furthermore, 
these findings support the MMP inhibitory activity of lupeol in 
vitro and provide an insight into the binding mode of lupeol to 
the MMP-1. Hence, these can be recommended to be incorpo-
rated in the topical formulations to prevent the wrinkling of skin 
caused due to the degradation of collagen by MMP-1. However, 
further studies are required to substantiate the MMP-1 inhibi-
tory property of these compounds in vitro.
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