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ABSTRACT

The study aimed to investigate the anti-aging, skin-whitening, and antioxidant capacities of the extracts and constituents from

the roots of Rosa canina L. by anti-collagenase, anti-tyrosinase activity, ferric-reducing antioxidant power (FRAP), cupric-

reducing antioxidant capacity (CUPRAC) assays, and the Folin-Ciocalteu method (for the extracts). Enzyme inhibitory activities,

pharmacokinetics, and drug-likeness properties of the compounds were evaluated in silico. According to the results of activity

studies, the ethyl acetate subextract exhibited the highest anti-tyrosinase activity, and the remaining aqueous subextract

demonstrated the highest anti-collagenase activity. The isolation studies led to the purification of euscaphic acid (1), tormentic
acid (2), kaji-ichigoside F1 (3), rosamultin (4), 2-oxopomolic acid (5), and (+)-catechin (6) for the first time from the roots of
this plant. Isolated compounds exhibited anti-collagenase and anti-tyrosinase activities. The extracts and (+)-catechin had higher
antioxidant capacities than other compounds. R. canina roots and their compounds can be included in dermocosmetic products

after further studies.

1 | Introduction

The genus Rosa (Rosaceae), widely used as a fragrant and
ornamental plant, is represented by 278 species worldwide and
31 in Tirkiye [1, 2]. Rosa canina L., which grows naturally
in Europe, Northwest Africa, and Western Asia, is known in
Tiirkiye by names such as “kusburnu, giil, itburnu, yabani giil,
kopek giilii, giil elmasi, ip burmasi” [3, 4]. Different parts of
R. canina are used in folk medicine, and its roots are used for
colds, bronchitis, asthma, throat cancer, hemorrhoids, infertility,
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diabetes, and rheumatism, and to pass kidney stones, and also
as a tonic, diuretic, stomachic, and immunostimulant. Although
more studies have been conducted on the fruits of the species,
the phytochemical and pharmacological evaluation of its roots is
limited. Macit et al. [6] investigated the antioxidant capacity of
the methanol extract of R. canina roots together with character-
izing some phenolic compounds such as catechin, epicatechin,
gallic acid, syringic acid, p-coumaric acid, 4-hydroxybenzoic
acid, ellagic acid, naringenin and quercetin by high-performance
liquid chromatography-photodiode array detector (HPLC-PDA).
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They also determined that the phenolic content of the methanol
extract of the roots was higher than the methanol extract of the
fruits. Deliorman Orhan et al. [7] conducted a study on decoctions
prepared from different parts of R. canina and concluded that the
total phenolic content of the roots was higher than that of the
leaves, shoots, and flowers of the plant.

The skin, the largest organ of the body, consists of three parts:
epidermis, dermis, and hypodermis, and protects the body from
external factors [8]. The extracellular matrix of the dermis layer
contains collagen, which provides resistance to the skin [9].
The skin aging process occurs under the influence of internal
(age, genetics) and external factors (lifestyle components, envi-
ronmental factors, chronic exposure to ultraviolet [UV] rays,
oxidative stress) that cause significant changes in skin structure
and elasticity [10, 11]. Reactive oxygen species (ROS) formed in
the skin as a result of continuous exposure to UV rays, especially
sunlight, cause oxidative stress and inflammatory responses, and
photoaging occurs [11, 12]. Due to excessive ROS exposure, the
expression of collagenase, a matrix metalloproteinase that breaks
down collagen, increases, resulting in decreased skin durability,
wrinkles, and sagging [9, 13]. In addition, tyrosinase, a rate-
limiting enzyme that has a copper-containing center and is
involved in the conversion of tyrosine to melanin, catalyzes the
reactions of hydroxylation of tyrosine and its conversion to o-
quinones. Overproduction of melanin causes skin discoloration,
hyperpigmentation, and skin aging. Therefore, tyrosinase inhibi-
tion is targeted for skin whitening, and agents that inhibit this
enzyme are included in the composition of cosmetic products [10,
14]. On the other hand, defense systems against free radicals are
weakened in aged skin, and antioxidant substances are preferred
to reduce skin damage due to their free radical scavenging
activities [15, 16].

Plants, plant extracts, and secondary metabolites obtained
from plants are widely used for cosmetic purposes owing to
their antiaging, skin-whitening, sun protection, moisturizing,
anti-wrinkle, anti-acne, and antioxidant activities [17]. Natural
antioxidant compounds such as arbutin, retinol, polyphenols,
hydroquinone, vitamin C, a-lipoic acid, and niacinamide used in
the cosmetic industry can suppress melanogenesis and regulate
the extracellular matrix, but their effectiveness is controversial
due to their insufficient penetration into the skin and instability
[9, 13]. Investigations are still ongoing to find more effective
and safe new active compounds or extracts that show colla-
genase and tyrosinase enzyme inhibitory activities to prevent
skin aging and can especially prevent UV-induced oxidative
damage.

Catechins prevent the deterioration of the extracellular matrix
caused by UV radiation and other factors and have signif-
icant free radical scavenging activity [18]. Triterpenes (agly-
cone and saponins) are surface-active substances and show
anti-inflammatory, antioxidant, and antibacterial activities [19].
Phenolic compounds have sun protection, anti-aging, and anti-
inflammatory activities [20, 21]. Therefore, these secondary
metabolites have significant potential for cosmetic applications.
Studies have shown that the roots of Rosa sp. are rich in catechins,
phenolic acids, and triterpenes [13, 22]. In this context, we
preferred R. canina roots, which are widely distributed in Tiirkiye,
to evaluate its cosmetic potential.

This study aimed to evaluate the effects of R. canina roots
and their major compounds against some skin disorders and
their usability in cosmetics. In this context, antioxidant capacity,
and collagenase, tyrosinase enzyme inhibitory activities of the
isolated compounds and the extracts from the roots were inves-
tigated. In addition, the total phenolic content of the extracts
was determined. The interactions of the isolated compounds
with the specified enzymes were revealed by in silico methods.
The pharmacokinetic and drug-likeness properties of the isolated
compounds were also investigated.

2 | Results and Discussion
2.1 | Isolation of the Major Compounds

In this study, enzyme inhibitory (collagenase and tyrosinase)
and antioxidant activities of the roots of R. canina and its
isolated compounds, as well as the total phenolic content of the
extracts, were investigated. For this purpose, the extracts of the
root’s increasing polarity were prepared using the liquid-liquid
partition method with different solvents, and the isolation studies
were carried out on the subextracts prepared from the methanol
extract (RCM) to obtain the major compounds. The chloroform
subextract (RCC) and ethyl acetate subextract (RCE) were applied
to various chromatographic methods, which led to the isolation
of two compounds (ursane-type triterpene aglycones) and four
compounds (two ursane-type triterpene glycosides, one aglycone,
and one flavan-3-ol), respectively. The compounds were identified
as euscaphic acid (1) [23], tormentic acid (2) [23], kaji-ichigoside
F1 (3) [24], rosamultin (4) [24], 2-oxopomolic acid (5) [25], and
(4)-catechin (6) [26] by the comparison of the spectroscopic data
with the published data (Figure 1). Nuclear magnetic resonance
(NMR) data of the compounds are presented in Supporting
Information. Although these compounds have been purified from
other Rosa species before, they have been reported from the roots
of this species. In previous studies, tormentic acid, kaji-ichigoside
F1, euscaphic acid and rosamultin from the roots of Rosa rugosa,
Rosa cymosa, and Rosa laevigata [27-29]; 2-oxopomolic acid,
euscaphic acid, and tormentic acid from Rosa roxburghii [30],
and catechin from the roots of Rosa heckeliana [26] have been
obtained. In this study, after evaluating the activity of the extracts,
the isolated compounds were further tested to investigate their
contribution to the activity.

2.2 | Inhibitory Effects of the Extracts and
Isolated Compounds on Collagenase and Tyrosinase
Enzymes

Collagen, the most important component of the skin’s extra-
cellular matrix, is responsible for providing skin strength and
elasticity. The degradation of collagen as a result of expo-
sure to UV light is responsible for the aging process [20].
All test samples revealed collagenase inhibitory activity, and
IC,, values are presented in Table 1. The remaining aqueous
subextract (RCA) (IC;, = 60.710 + 3.437 pg/mL) and RCM
(IC5, = 62.450 + 4.245 ug/mL) were the most effective extracts
in terms of collagenase inhibition. They may have higher
activity thanks to their phenolic compounds. It is recorded in
the literature that phenolic compounds (ferulic acid, caffeic
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FIGURE 1 | Structures of the isolated compounds from the roots of Rosa canina.

acid, etc.) cause significant collagenase inhibition [31]. (+)-
Catechin (ICy, = 53.285 + 2.522 ug/mL) and euscaphic acid
(ICs, = 55.743 + 2.658 pg/mL) had similar ICy, values and
showed higher activity than the other compounds. Catechin is
used as a reference compound in collagenase inhibition studies,
and catechin isolated from the roots had the highest activity
in this study. Green tea and its catechins are included in the
composition of topical products with anti-aging effects [32]. In
a study fixed on the data that green tea catechins are protease
inhibitors, the infusion prepared from white tea has been found to
have significant collagenase inhibition [33]. It has been reported
that catechin and other polyphenolic compounds in green tea
inhibit the enzyme by binding to zinc in the enzyme due
to their metal-chelating properties [34]. In addition, Madhan
et al. [35] determined that the conformational change made by
green tea catechins causes Clostridium histolyticum collagenase
I inhibition, and catechin shows a competitive inhibition mode
to the enzyme. On the other hand, euscaphic acid exhibited a
significant activity very close to catechin. To our knowledge, no
studies have been found on the collagenase inhibitory activities
of the isolated triterpenes in this study. In a study examining the
extracts of Isodon rugosus produced in vitro callus culture, it was
concluded that the pentacyclic triterpenoid content of the extracts
was associated with collagenase and tyrosinase inhibition [36].

All tested extracts and isolated compounds were observed to have
tyrosinase inhibitory effects. RCE (ICs, = 21.767 + 3.890 pg/mL)
was the most effective extract and was found to be more active
than the isolated compounds and the standard compound. The
high activity may be owing to the synergistic effect of the
major compounds isolated from this subextract and its other
compounds. Euscaphic acid (IC5, = 36.597 + 1.008 ug/mL) was
the most active compound and showed an activity quite close to
a-kojic acid. In a study, euscaphic acid had significant tyrosinase
enzyme inhibitory activity (ICs, = 0.95 + 0.11 mM, a-kojic acid:
0.41 + 0.02 mM) [37] and this result supports our findings. In the
literature, cell culture studies on hyperpigmentation have shown
that compounds may have different mechanisms of action other
than tyrosinase inhibitory activity. In a study, the effects of 2-
oxopomolic acid and euscaphic acid on melanogenesis in B16-F10
melanoma cells were determined by comparing them with a-
arbutin. It was found that euscaphic acid inhibited melanogenesis
more than a-arbutin and 2-oxopomolic acid inhibited melanogen-

esis similar to a-arbutin without causing toxicity in the cell [25].
In another study, B16-F10 melanoma cells stimulated with a-MSH
were used, 70% ethanol extract and n-butanol fractions of the
branches of Sorbus alnifolia inhibited cellular melanogenesis and
intracellular tyrosinase activities in a concentration-dependent
manner without causing cell toxicity. 2-Oxopomolic acid and
euscaphic acid were isolated as compounds responsible for the
effect of the active fractions [38]. The anti-melanogenesis effect of
tormentic acid was investigated in B16 cells and it was determined
that it selectively inhibited melanogenesis (selectivity index > 1,
1Cs, = 18.5 uM) [39].

It is possible to explain the structure-activity relationships of
the isolated pentacyclic triterpenes for the enzyme inhibitory
activities. In the inhibition of both enzymes, glycosylation of the
—COOH group at C-17 and the —oxo group at C-2 decreased
the activity. When aglycone compounds (euscaphic acid and
tormentic acid) were compared for collagenase inhibition, the
presence of the —OH group at C-3 at the a position increased
the activity. Although the opposite was the case for glycosides
(kaji-ichigoside F1 and rosamultin), the activities were found to be
close. In tyrosinase inhibition, the presence of the —OH group at
C-3at the «r position in aglycones and glycosides is associated with
higher activity. Similar to our findings, a study examining the
structure-activity relationships of pentacyclic triterpenes isolated
from Rhododendron collettianum reported that the inhibitory
effect against tyrosinase enzyme increased when the position of
the —OH group at the C-3 was changed from  to «, and the
activity decreased with the esterification of the —COOH group at
the C-17 [40].

2.3 | Antioxidant Activities of the Extracts and
Isolated Compounds

Skin aging and various skin diseases may occur due to lipid
peroxidation, DNA mutation, and membrane damage resulting
from oxidative damage. The skin reacts with free radicals formed
through the antioxidant defense mechanism [41]. In this study,
the antioxidant capacities of the samples were expressed as Trolox
equivalent antioxidant capacity (TEAC) (Table 2). In the FRAP
assay, RCC (1796.733 + 3.859 uM Trolox equivalent [TE]/g) and
in the CUPRAC assay, RCE (930.000 + 0.900 uM TE/g) were the
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TABLE 3 | Molecular docking outputs of the studied compounds and predicted K; values of collagenase G inhibition.

7Z5U Binding energy
Ligand ID (kcal/mol) Estimated K; (nM) Ligand efficiency H bond number
1 -9.12 206.54 -0.26 3
2 —8.76 379.21 —0.26 3
3 —8.81 348.53 -0.19 3
4 —8.26 881 —-0.18 2
5 —8.37 270.57 —0.26 1
6 —8.28 852.56 —0.39 4
Doxycycline —7.69 2310 -0.28 3

extracts with the highest activity. The high activity of RCE may be
owing to its catechin content. Similar to the extracts, (+)-catechin
(FRAP =1711.733 + 0.956, CUPRAC = 1044.028 + 1.039 uM TE/g)
was the most potent antioxidant compound among the pure
compounds. In one study, the FRAP value of (+)-catechin was
found to be 8729.33 + 424.55 mM TE/g, and in another study, it
was 432.9 + 0.94 uM Fe(I)/g [42, 43]. Except for (+)-catechin,
isolated compounds showed weaker activity than extracts. In the
literature, the FRAP value of euscaphic acid was recorded as
8.67 = 3.93 mM TE/g in one study and as 31.5 + 1.2 pM TE/g in
another study [43, 44]. These results are close to the data in this
study (22.067 + 1.886 uM TE/g) and support our findings.

2.4 | Total Phenolic Contents of the Extracts

The total phenolic content of the extracts is presented in Table 2.
According to the results, RCA (698.708 + 3.680 ug GAE/mL) and
RCM (639.958 + 3.281 ug GAE/mL), which have similar values,
have higher content than other extracts.

2.5 | Molecular Docking Results

Molecular docking studies were performed on both C. his-
tolyticum collagenase G and Agaricus bisporus tyrosinase. The
binding free energies of each compound were calculated for both
target proteins. The grid coordinates for the collagenase G (7Z5U)
structure were calculated as 40.0, —8.0, and 15.0 A, and the grid
box was set to 25 A x 25 A x 25 A. Likewise, the grid box for
tyrosinase (2Y9X) was set to 25 A x 25 A x 25 A and the grid
coordinates were calculated as —12.0 A x —30.0 A x —50.0 A.
Further molecular docking outputs for each compound are
summarized in Tables 3 and 4. The molecular docking outputs of
the studied compounds and the predicted K; values of collagenase
G inhibition are summarized in Table 3.

Among the compounds studied for collagenase inhibitory activ-
ity, euscaphic acid was identified as the most promising com-
pound with high binding affinity to the catalytic core of C.
histolyticum collagenase G (7Z5U) and the lowest binding free
energy value of —9.12 kcal/mol. Although euscaphic acid failed
to form a biochemical bond with the Zn*? ion in the catalytic
core, it was found to bind the catalytic core of collagenase G
in a lock and key pattern and form three close hydrogen bonds

with collagenase catalytic residues (Figure 2a). On the other
hand, catechin has been identified as one of the most promising
inhibitors of collagenase G among the compounds studied since
it can potentially form four hydrogen bonds as well as a 7—cation
biochemical interaction with Zn*? ion located at the catalytic
core of collagenase G (Figure 2b). Although catechin binding free
energy was the third lowest value (—8.28 kcal/mol) determined
by docking studies, the estimated ligand efficient value was the
highest among the studied compounds (Table 3). Moreover, 2D
plot findings from the collagenase G-catechin complex illustrated
that catechin is the only compound having the potential to build
strong hydrogen bonds with three catalytic residues (GLY494,
GLU524, and TYR599) of collagenase G. However, we could
not detect such high ligand efficiency for the compound kaji-
ichigoside F1 with a binding free energy of —8.81 kcal/mol. During
molecular docking studies on collagenase G, doxycycline drug, a
well-known collagenase inhibitor, was used as a positive control
(Table 3).

Molecular docking studies performed on C. histolyticum colla-
genase G enzyme revealed that among the studied compounds,
euscaphic acid and catechin reveal promising collagenase inhi-
bition potential. Further analysis on the binding modes of
both compounds revealed that their strong binding potential to
collagenase enzyme can be correlated with their high potential to
form hydrogen bonds with target enzyme catalytic residues.

When ligand compounds were targeted to the tyrosinase enzyme,
rosamultin was found to have promising potential for binding
to the active site of 2Y9X with the lowest binding free energy of
—7.8 kcal/mol among the compounds studied (Figure 3a). On the
other hand, kaji-ichigoside F1 and tormentic acid compounds for
tyrosinase inhibition also showed promising binding affinity to
the 2Y9X active site in the presence of low binding free energy
values of —7.7 and 7.6 kcal/mol (Table 4). Kojic acid is a well-
known inhibitor of the tyrosinase enzyme and was, therefore,
used as a control molecule for the current tyrosinase enzyme
molecular docking studies. In terms of ligand efficiency score,
kojic acid was determined as the molecule with the highest ligand
efficiency at —0.56, followed by the catechin compound at —0.33
(Table 4). Indeed, this theoretical prediction for catechin was in
agreement with its low ICs, value obtained from the experimental
results. Taking into account the parameters obtained, we further
analyzed the binding mode of catechin to the 2Y9X catalytic
core and determined that among the molecules studied, catechin
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FIGURE 2 | (a) 3D visualization and 2D interaction plot of euscaphic acid-Clostridium histolyticum collagenase G complex. (b) 3D visualization

and 2D interaction plot of catechin-C. histolyticum collagenase G complex. Hydrogen bonds are identified by green dashed lines.

is the only one able to form a potential metal acceptor bond
with the Cu™® ion positioned in the tyrosinase catalytic core
(Figure 3b). Furthermore, toward better inhibitory activity, the
catechin compound was able to establish two strong hydrogen
bonds as well as numerous different hydrophobic interactions
with the catalytic residues of the tyrosinase enzyme (Figure 3b).

Based on the molecular docking data on tyrosinase enzyme, cate-
chin compound was found to have the highest inhibitory activity
among the compounds studied. These results are consistent with
the low catechin ICs, value obtained from previous experimental
results. Taken together, current theoretical predictions suggest
that catechin and its close derivatives may exhibit moderate
to high inhibitory activity on both collagenase and tyrosinase
enzymes.

2.6 | Pharmacokinetic Properties and
Drug-Likeness of the Isolated Compounds

Cosmetic products are usually applied topically and the pharma-
cokinetics of the active compounds in their content are especially
important in terms of skin permeability properties, efficacy, and
safety [21]. The pharmacokinetic and drug-likeness properties
of the isolated compounds were evaluated (Table 5). According
to Lipinski’s rule of five, which is evaluated for drug candidate
compounds, the number of H-bond donors < 5, H-bond acceptors
< 10, molecular weight < 500 Da, and logP < 5 for good
absorption and permeability of the compounds [36]. Except for
kaji-ichigoside F1 and rosamultin, other compounds meet these
rules. In addition, logK,, an important parameter for topical
application, indicates skin permeability. It is a measure of the
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ability of the compound to partition between different phases,
such as the skin and the applied environment [21]. It is known
that the higher the negative logK, value, the lower the skin
permeability. LogK,, < —6 indicates that the compound has low
permeability. LogK;, values of euscaphic acid, tormentic acid, and
2-oxopomolic acid were found to be very close but higher than —6.
Topological polar surface area (TPSA) indicates the polar surface
area of the compounds and is related to their interaction with
polar surfaces, such as the polar surfaces of the cell membrane.
For compounds to be applied topically, a TPSA value of less
than 140 A2 is expected [21]. Except for kaji-ichigoside F1 and
rosamultin, the TPSA values of the other compounds are less
than 140 A2. Good water solubility was found to be negatively
correlated with skin permeability [21]. According to these data,

euscaphic acid, tormentic acid, and 2-oxopomolic acid have
moderate skin permeability and have promising drug-likeness
and pharmacokinetic properties depending on the characteristics
of the skin to be treated and the expected effect. Catechin,
which showed significant activity in in vitro and in silico studies,
has poor skin permeability. This problem can be overcome
by preparing modern topical formulations to increase the skin
permeability of these compounds.

3 | Conclusions

The inhibition of enzymes that degrade the extracellular
matrix and the enhancement of the skin’s antioxidant defense
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mechanism are important approaches to prevent skin aging. R.
canina is a plant with important pharmacological effects that
is widely distributed worldwide and in Tiirkiye. In this study,
anti-collagenase, anti-tyrosinase, and antioxidant activities of the
extracts prepared from its roots and isolated compounds were
revealed. In addition, the pharmacokinetic and drug-likeness
properties of the isolated compounds were also evaluated. Com-
pounds isolated from their roots for the first time, especially
(+)-catechin, stand out in their important anti-collagenase and
anti-tyrosinase activities. The active extracts and compounds
have remarkable potential for the development of cosmetic prod-
ucts with antiaging, anti-wrinkle, and skin-whitening properties.
For cosmetic use of these compounds, appropriate topical formu-
lations should be prepared to increase their skin permeability.
Our findings have revealed that the roots of R. canina are a
valuable source of bioactive compounds, especially (+)-catechin,
with precious cosmetic effects. These results provide a scientific
basis for further studies (in vivo, clinical, and toxicological
studies) and industrial use of the plant.

4 | Experimental Section
4.1 | Collection and Identification of the Plant

The roots of R. canina were collected from Kafkasor, Artvin,
Tiirkiye (41°9’55” N, 41°47'47” E, 1210 m) in July 2023. The
authentication of the plant material was performed by the
authors, Prof. Ufuk Ozgen and Prof. Ozgiir Eminagaoglu. The
voucher specimen (KAT019488) was deposited at the Karadeniz
Technical University, Faculty of Forestry Herbarium in Trabzon,
Tiirkiye. The roots were washed and dried in the shade, then cut
into small pieces and ground into fine powder.

4.2 | Extraction, Fractionation, and Isolation
Procedures

The finely powdered roots (500 g) were extracted with methanol
(2 L) using a shaker (Heidolph Unimax 1010) at room tem-
perature, and then the extract was filtrated. This process was
done twice, and the final filtrates were combined. The combined
extracts were evaporated to dryness under a vacuum using a
rotary evaporator (Heidolph Hei-VAP Precision) at 40°C, and
RCM was obtained (yield: 15%). The crude extract was dissolved
in MeOH:H,0 9:1 (300 mL), and successively extracted with
chloroform (2 x 300 mL) and ethyl acetate (2 x 300 mL) using
a liquid-liquid extraction method. The solvent extracts were
concentrated by evaporation under vacuum to give RCC (yield:
29.2%) and RCE (yield: 10.3%), respectively. Then, the remaining
aqueous phase was evaporated to dryness to give RCA (yield:
47.9%).

Following fractionation procedures, RCC (20 g) was chro-
matographed over silica gel column chromatography (Kieselgel
60, 0.040-0.063 mm, 40 X 4 cm) eluted with n-hexane:EtOAc
(9:1, 8:2, 7:3, 5:5 and 0:10, respectively). Fractions (A, 10 mL)
were collected, and 195 fractions were obtained. Depending on
thin-layer chromatography (TLC; Silica gel, 60 F.,,) profiles,
Fractions A83-169 (1 g) were combined and subjected to a silica
gel column (Kieselgel 60, 0.040-0.063 mm, 40 X 2.5 cm). n-

Hexane:EtOAc (9:1, 8:2, 7:3, 5:5, and 0:10, respectively) solvent
systems were used as eluents and Fractions A133-156 (0.5 g)
were united. The combined fractions were applied to a silica
gel column (Kieselgel 60, 0.040-0.063 mm, 40 X 2.5 cm) using
a gradient elution with n-hexane:EtOAc (0:100 — 100:0), 202
Fractions (B) were obtained and Fraction B59 gave compound 1
(15.2 mg). In addition, Fractions A190-193 were combined to yield
compound 2 (12 mg).

RCE (6.5 g) was subjected to Sephadex LH-20 (Sigma, USA)
column chromatography (30 X 2.5 cm) in three parts eluted with
MeOH 100%. Based on TLC, Fractions 4-8 of the columns were
combined and chromatographed over vacuum liquid chromatog-
raphy on reverse phase silica gel (LiChroprep RP-18 25-40 pm,
45 X 3 cm) eluting with a gradient mixture of H,0:MeOH
(100:0 — 0:100) and fractions were collected in 20 mL. Fractions
122-130 (0.5 g) were applied to a silica gel column (Kieselgel 60,
0.040-0.063 mm, 45 x 2.5 cm) eluted with CHCl;:MeOH:H,0
(90:10:1 — 80:20:2) and Fraction 24 led to the isolation of
compound 3 (85 mg). During this column, Fraction 133 gave
compound 4 (72 mg). Fractions 160-171 of the column (400 mg)
were chromatographed over on silica gel (Kieselgel 60, 0.040-
0.063 mm, 40 X 2.5 cm, volumes of 10 mL) and CHCl;:MeOH:H,O
(90:10:1 — 80:20:2) solvent systems was used as eluent. According
to TLC profiles, Fractions 4-7 of the column were combined to
yield compound 5 (15 mg). Fractions 9-13 of the Sephadex column
were combined and subjected to a silica gel column (Kieselgel 60,
0.040-0.063 mm, 45 X 2.5 cm, volumes of 10 mL) eluting with
CHCl;:MeOH:H,0 (90:10:1 — 50:50:5). Fraction 20 of the column
gave compound 6 (20 mg).

4.3 | Elucidation of Structures of the Isolated
Compounds

The chemical structures of the isolated compounds were eluci-
dated by 1D (“H-NMR and 3C-NMR) and 2D NMR (COSY, HMBC
HSQC, and NOESY) techniques. The compounds were analyzed
by dissolving them in deuterated methanol (CD,0D) and NMR
spectra have been obtained by Bruker Ascend 400 MHz/54 mm
ULH. NMR spectra of the compounds are given as Supporting
Information. Polarimetry was used to determine the structure of
6.

4.4 | Enzyme Inhibition Assays

The collagenase enzyme inhibition was determined spectropho-
tometrically using a modified method [45]. C. histolyticum colla-
genase (Type I, EC 3.4.24.3, Sigma, USA, 0.8 U/mL) was used as
the enzyme source, and N-[3-(2-Furyl)acryloyl]-Leu-Gly-Pro-Ala
(FALGPA) solution (2 mM) as a substrate. The enzyme, substrate,
extracts, and compounds (1-5) (6.125-400 pg/mL) were dissolved
in 50 mM Tris-HCI buffer (0.4 M NaCl and 0.01 M CaCl,, pH 7.5).
Catechin (3.125-200 pg/mL) was used as a positive control. The
samples’ absorbance was read on the microplate reader (BMG
Labtech Spectrostar Nano) at 340 nm. The tyrosinase inhibition
was examined by the method modified by Likhitwitayawuid
and Sritularak [46], using 3,4-dihydroxy-L-phenylalanine (L-
DOPA) as a substrate. The samples and a-kojic acid, used as
a positive control, were prepared at different concentrations
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(6.125-500 pg/mL) using potassium phosphate buffer (pH 6.8).
Mushroom tyrosinase (EC 1.14.18.1, Sigma, USA, 46 units/mL)
was used as an enzyme. End of the procedure, the absorbance of
the samples was read on a microplate reader at 490 nm. By taking
the mean of the results obtained, the percentage inhibition values
were calculated based on the formula given below.

Enzyme inhibition (%) = [(A — B) — (C - D)] /(A — B) X 100

where A is the absorbance of negative control, B is the absorbance
of negative control blank, C is the absorbance of sample, and D is
the absorbance of a blank.

4.5 | Antioxidant Activity Assays

The antioxidant capacities of the extracts and compounds were
determined using FRAP and CUPRAC assays. The principle of
these assays is based on spectrophotometric measurement of
Fe™ and Cu™ reducing capacities of the samples, respectively
[47, 48]. In both assay, Trolox, used as standard, was prepared
at different concentrations (1000-62.5 uM). The absorbance of
the samples was read at 595 and 450 nm, respectively. The
antioxidant capacities of the samples were compared with Trolox
and expressed as uM TEAC/g sample.

4.6 | Total Phenolic Content of the Extracts

The total soluble phenolic substance amount of the extracts was
determined using the method by Slinkard and Singleton [49]. The
absorbances were read at 765 nm by spectrophotometer. Gallic
acid was used as a standard and the total phenolic content of the
extracts was expressed as pg gallic acid equivalents (GAE)/mL.

4.7 | InSilico Assays
4.7.1 | Molecular Docking

Molecular docking studies were performed on two different
protein targets: C. histolyticum (synonym: Hathewaya histolytica)
collagenase G (Type I, EC 3.4.24.3) and A. bisporus tyrosinase. Col-
lagenase G enzyme contains one Zn*? ion bound to its catalytic
core [50]. Thus, molecular docking studies on collagenase G were
performed using the AutoDockZN program [51]. On the other
hand, molecular docking studies on the tyrosinase target (2Y9X)
containing two Cu™ ions bound to its active site as cofactors
were performed using the AutoDockVina program (Version 1.5.7).
Three-dimensional (3D) structures of C. histolyticum collagenase
G (PDB ID: 725U, resolution: 1.8 A) and A. bisporus tyrosinase
(PDB ID: 2Y9X, resolution: 2.78 A) [52] were retrieved from the
Protein Data Bank (www.rcsb.org). Three of the four subunits
(chain B, C, and D) were removed from the tetrameric crystal
structure of 2Y9X using PyMOL (The PyMOL Molecular Graphics
System, Version 2.0 Schrddinger, LLC). Except for two Cu*? ions
bound to the 2Y9X active site, the bound tropolone inhibitor
and water molecules were then deleted using the AutoDockTools
program [53]. The biochemical interaction of the synthesized
compounds with Cu*? ions was monitored during docking
studies. Based on the pK, values and the pH of the system,

ionizable residues in the protein structure were protonated
using PROPKA3.1 [54]. Missing residue detection and correction
processes and following energy minimization were applied to
eliminate any steric clashes on the target protein and optimize its
geometry. The tropolone binding site in the 3D structure of 2Y9X
was used as a reference to properly define the grid box center and
grid box dimensions using the AutoGrid4 program [53].

The pdb files of the ligand compounds were prepared using the
OpenBabel program and then converted to pdbqt files for use
in docking studies. Using the ligand pdbqt files, each docking
experiment was performed in two independent runs. The docking
outputs were then examined in detail, and specific 2D interaction
maps for ligand compounds with high inhibition potential were
analyzed using Discovery Studio Accelrys (v21.1.0.20298) (Dis-
covery Studio Visualizer) program (Dassault Systems, BIOVIA).
Following molecular docking studies, the ligand efficiency value
(LE) for each compound was calculated by taking the ratio of
the binding free energy value (AG) to the number of heavy (non-
hydrogen) atoms (HA) of the ligand. Compounds with LE values
> 0.3 were considered as potential lead compounds (AG/HA) [55].

4.7.2 | Assessment of Pharmacokinetic and
Drug-Likeness Properties

The SwissADME server is used to assess the pharmacokinetic
and drug-likeness properties of the compounds in silico. The
SMILES of the compounds obtained by drawing the chemical
formulas of them were used in the analysis. Using this server,
physicochemical properties (water solubility, TPSA), lipophilicity,
pharmacokinetic properties such as skin permeability (logK,),
and drug-likeness properties were evaluated according to the
Lipinski’s rules of five [56].

4.8 | Statistical Analysis

In the in vitro studies, each sample was studied in triplicate. In the
enzyme inhibition assays, ICs, values of the samples were found
with the help of the graph drawn with the calculated percentage
inhibition data and the logarithmic concentrations of the samples
using Microsoft Excel. Graphs regarding enzyme inhibition are
provided as Supporting Information. Experimental results were
given as means =+ standard deviation (SD).
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