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Aloe barbadensis gel is widely recognized f8r i (@heahng, anti-collagenase, anti-elastase, and antioxidant
properties. However, its role in inhibitingelastasg a agenase enzymes, which are crucial for wound repair and
skin regeneration, remains unexplored. T dy evaluated the antioxidant properties, and elastase, collagenase, and

hyaluronidase inhibitory activities ba ensis gel extract in vitro, and by using molecular docking to understand
the interaction mechanisms of ke@po nds with enzyme activity sites. The gel extract contained several active
compounds, including Phe noids, anthraquinones, and sterols, as determined via liquid chromatography
connected to a hybridi n&u ime-of-flight-mass spectrometry. Aloin A (47.54 + 0.22 mg/g extract) and Aloin B
(35.85 + 0.17 mg/geextract)jquantified via high-performance liquid chromatography were the main compounds in the

dy; the antioxidant activity of gel extract was investigated using 2,2-Dipheny1—l-picrylhydrazyl

collagenase anti-elastase, and anti-hyaluronidase activities with the half- max1mal inhibitory concentrations (IC, ) of
79.01+0.11,78.23 £0.07, and 87.31 + 0.13 pg/ml, respectively. By molecular docking, aloins A and B derived from
A. barbadensis gel extract have a strong affinity for elastase inhibition via the common amino acid HIS57. Moreover,
non-cytotoxicity was observed in human fibroblasts treated with gel extract at concentrations < 100 pg/ml. The IC,
value for cytotoxicity of the gel extract was more than 1,000 pg/ml. Treatment with the extract for 48 hours enhanced
wound healing by inducing wound closure in a fibroblast scratch test. The wound-healing effects of the gel extract
can be attributed to its antioxidant properties, which reduce oxidative stress, as well as its ability to inhibit elastase
and collagenase, enzymes that degrade key proteins involved in skin regeneration. These results suggest that A.
barbadensis gel extract is useful for application in human skin care and pharmaceutical products.

INTRODUCTION dehydration, and chemical and biological damage [1]. Chemical
Skin, an organ of the human body, functions as the first and biological stress factors contribute to cell senescence and

barrier against external environmental stress factors, such as aging that may cause chronic wounds. Wounds disrupt the
skin layer, contributing to the breaking and discontinuation of

skin and soft tissue integrity [2]. The healing process begins
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of the skin [4]. Reactive oxygen species (ROS) affect healing
processes, leading to prolonged inflammation, tissue damage,
and inhibition of elastin and collagen function, which may
delay wound healing [5]. ROS generated after stress exposure
can indirectly stimulate elastase and collagenase activity [6].
Antioxidant compounds are important for converting ROS into
stable molecules and for enhancing wound healing [7]. Natural
products, such as herbs and traditional medicinal plants, are
frequently used to promote wound healing. Among them, 4loe
L. species have been reported to have wound-healing properties
owing to their various phytochemical compounds. Aloe gel
contains several active ingredients such as polysaccharides,
flavonoids, carbohydrates, anthraquinones, organic compounds,
phytosterols, anthrones, sterols, terpenoids, hormones,
vitamins, proteins, and minerals [8]. Moreover, studies have
shown that extracts of 4. vera, particularly when prepared
using phosphate-buffered saline, possess an elastase-inhibitory
effect [9]. The A. vera gel exhibits high antioxidant activity,
inhibits matrix metalloproteinase 1 synthesis, and increases
collagen production in human fibroblasts in vitro [10]. The
ability of 4. vera extracts to inhibit tyrosinase, collagenase,
and elastase suggests their potential use as skin-care additives
in natural remedies and cosmetics [11]. Molecular docking has
significantly advanced our understanding of the interactions
between bioactive compounds and target enzymes, such as
elastase, collagenase, and hyaluronidase. This computational
method provides valuable insights into binding mechanisms,

the active site of the enzyme [12]. For example,

including hydrogen bonding and hydrophobic contacts, wit%

studies have demonstrated the strong binding ity pof
phytochemicals, such as polyphenols and flavongids, tojelastase
i ibit these

enzymes [13]. To confirm these finding
are often employed to verify the dockingspfedictions, ensuring
the accuracy of the interactions and affirming the inhibitory
potential of these compounds. Although the wound-healing
properties, antioxidant activity, and elastin- and collagen-
producing activities of aloe gels have been reported, the anti-
clastase, anti-collagenase, and anti-hyaluronidase properties
have not been studied in relation to the wound-healing process.
Therefore, we investigated the phytochemicals presented in
Aloe barbadensis gel extract and determined their antioxidant,
anti-elastase, anti-collagenase, anti-hyaluronidase, and wound-
healing properties. In addition, the interactions between
bioactive compounds of 4. barbadensis gel extract and elastase,
collagenase, and hyaluronidase were explored.

and collagenase, highlighting their o%— toWi

MATERIALS AND METHODS

Plant sample preparation and extraction

Aloe barbadensis was grown on the Homkajon farm
located near Suan Dusit University, Suphanburi province,
Thailand under Good Agricultural Practice principles and
collected in December 2021. The plants were authenticated,
and a voucher specimen (BK083620) was deposited in the
plant variety protection, Department of Agriculture, Ministry
of Agriculture and Cooperatives, Thailand. 4. barbadensis
leaves were washed, and the gel was separated from the leaf.

Subsequently, the gel solution was squeezed and filtered
through a nylon cloth and then freeze-dried using a freeze-
dryer (12L, Labconco, USA). The 4. barbadensis gel powder
was extracted with 70% ethanol for 24 hour combined with
agitation. Subsequently, ultrasound-assisted extraction was
performed for 30 minutes for gel extraction. The gel extract
solution was evaporated in an evaporator and dried via freeze-
drying. The extract was yellowish in color, with a yield of
3.34% + 0.31%. The A. barbadensis gel extract was stored at
-20°C until analysis.

Determination of total phenolic content

The total phenolic content was measured using Folin—
Ciocalteu reagent according to the method of Rungruang et al.
[14], with some modifications. Briefly, 20 pl of the sample (1
mg/ml) was added to a 96-well plate and mixed with 10% Folin—
Ciocalteu reagent (100 pl) for 5 minutes. Subsequently, 80 ul
of 7.5% Na,CO, was added to the mixture and the mixture was
incubated at rest for 60 minutes. The absorbance was measured
at 760 nm using a microplate reader (Biochrom EZ Read 2000,
Cambridge, United Kingdom). The total phenolic content was
calculated and compared to a gallic acid standard curve. The
results wereyexpressed as mg gallic acid equivalent/g extract.

f the flavonoid content

Deter,
&T e total flavonoid content was determined using the
luminium chloride method described by Rungruang et al. [15],
ith slight modifications. Aloe barbadensis gel extract (30 pul)
was mixed with 100 pl of NaNO, in a 96-well plate and agitated
for 6 minutes. Subsequently, the 15 pl of AICI, was added to
the mixture following incubation at 25°C = 2°C for 6 minutes.
Furthermore, the reaction solution was mixed with 1 M NaOH
(55 pul) and incubated for 10 minutes. A microplate reader was
utilized to measure absorbance at 510 nm. Total flavonoid
content was calculated and compared to a quercetin standard
curve. The results were expressed as quercetin equivalents (mg
QE/g extract).

Antioxidant activity

2,2-Diphenyl-1-picrylhydrazyl radical-scavenging activity assay

2,2-Diphenyl-1-picrylhydrazyl ~ (DPPH) radical-
scavenging activity of the aloe gel was determined as described
by Rungruang et al. [15]. In a 96-well plate, 195 ul of DPPH
radical solution in 95% ethanol (0.16 mM) was added to 5 pl
to the extract and incubated for 30 minutes in the dark. The
absorbance of the reaction mixture was measured at 515 nm
using a microplate reader.

2,2-Azino-bis-(3-ethylbenzo-thiazoline-6-sulfonic acid) radical-
scavenging activity assay
2,2-Azino-bis-(3-ethylbenzo-thiazoline-6-sulfonic
acid) (ABTS) radical-scavenging activity assay was performed
for the aloe gel extract as described by Rungruang et al. [15].
To generate the ABTS radicals, we combined 7.0 mM ABTS
and 2.45 mM K,S,O,, followed by incubation, and incubated
it in darkness for 16 hours. The radical solution was diluted
with 95% ethanol, which gave an absorbance of 0.70 + 0.05
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units at 734 nm. Subsequently, 40 pl of the extract was mixed
with 160 pl of ABTS™ radical solution and allowed to stand
for 6 minutes in the dark. Absorbance was recorded at 734 nm.
The scavenging activity of the DPPH and ABTS radicals was
determined using the following equation:

Percentage of radical scavenging activity = ( 7

)xlOO

where A is the absorbance of blank;
B is the absorbance of sample.
The half-maximal inhibitory concentrations (IC,)
were calculated using GraphPad Prism (Version 9.3, GraphPad
Software, Inc., USA).

Liquid chromatography coupled with hybrid ion trap and
time-of-flight mass spectrometry

To identify the phytochemical components found in A4.
barbadensis gel extracts, liquid chromatography was connected
with a hybrid ion trap and time-of-flight-mass spectrometry
(LC/MS-IT-TOF) [16]. The mass spectrometer (LCMS-IT-
TOF; Shimadzu, Kyoto, Japan) had an ODS-3 column (4.6 x
150 mm, 5 pm) with a mobile phase gradient of 0.1% formic
acid in distilled water (A) and methanol (B). A flow rate of 0.45
ml/minute was applied and the solution was eluted using a step
gradient (5%—60% B for 40 minutes) with isocratic elution
(60% B for 2 minutes and 5% B for 2 minutes). The column
temperature was 40°C. MS was performed with a full scan
over ranges of m/z 100-1,500 (MS1) and m/z 100-700 (MS2
Phytochemical compounds were interpreted using MS an

MS spectra and the profiles were compared with thos 0
in the literature.
e

Aloins A and B in gel extracts were % 1a high-
performance liquid chromatography (H @b 7 e Shimadzu
HPLC system utilized an Agilent TC-C 1% n (250 mm x 4.6
mm, 5 pm) and a UV-visible diode-array detector. The injection
volume was 15 pl (1 mg/ml), the flow rate was 1.8 ml/min, and
the mobile phase gradient consisted of mobile phase A (0.1%
(v/v) acetic acid in water) and mobile phase B (0.1% (v/v) acetic
acid in acetonitrile). Quantification of aloin A and B content was
performed based on the peak areas of chromatograms obtained
using external standards (aloin A and B).

Inhibition of collagenase activity

DQ™ collagen was used as a substrate to determine
the collagenase inhibitory activity using an EnzChek®
collagenase/gelatinase kit (Molecular Probe, Eugene, OR,
USA) [15]. Collagenase derived from Clostridium hystolyticum
and the aloe gel extract was mixed at various concentrations
of 7.81-500 pg/ml and then dissolved in Tris-HCL buffer (pH
7.4). A diluted extract (80 pl) was mixed with collagen (20 pl)
and collagenase (100 pl). After 90-minute incubation in the
dark at room temperature, fluorescence was measured using
a microplate reader (Infinite® 200 Pro; Tecan, Ménnedorf,
Switzerland), with excitation and emission wavelengths of 485
and 538 nm, respectively. EGCG and 1,10-phenanthroline were
used as positive controls, and solvent was used as a negative
control. The collagenase inhibitory activity of the extract was
expressed as the IC, value (the concentration of extract capable

of inhibiting 50% of collagenase activity). The equation for
calculating collagenase inhibitory activity is as follows:

S (A-B)—-(C-D)

percentage of collagenase inhibition = W X 100
where A is the fluorescence intensity of enzyme and
substrate;
B is fluorescence intensity of substrate;
C is fluorescence intensity of enzyme and substrate
with extract;
D is fluorescence intensity of extract and substrate.

Inhibition of elastase activity

Porcine pancreatic elastase (PE-E.C.3.4.21.36),
N-succinyl-Ala-Ala-Ala-p-nitroanilide (AAAPVN), and aloe
gel extract were used to determine elastase inhibitory activity, as
described by Rungruang et al. [15]. Porcine pancreatic elastase
was added to aloe gel extract at different concentrations (7.81—
500 pg/ml) in a 96-well plate and incubated at room temperature
for 10 minutes. AAAPVN was added to the mixture make up to
a final volume of 250 pl/well followed by incubation for 60
minutes at room temperature. Absorbance was recorded at 410
nm. Epigallocatechin gallate (EGCG) was used as a positive
control, whilﬂe solvent used for the extraction was employed

ntrol. The elastase inhibitory activity of the

as a ne %
tﬁ% interpreted as the IC, | value.

hibition of hyaluronidase activity

The turbidimetric method was used to determine the
hyaluronidase inhibitory activity [18]. The reaction mixture
comprised A. barbadensis gel extract (10 upl), 30 U/ml
hyaluronidase enzyme in acetate buffer (pH 7.0; 25 pl), sodium
acetate buffer (50 mM; pH 7.0) in 77 mM NaCl, 1 mg/ml bovine
albumin (25 ul), and sodium acetate buffer (50 mM, pH 4.5)
(15 pl). The mixtures were incubated at 37°C for 10 minutes.
Subsequently, 25 pl of hyaluronic acid solution [0.3 mg/ml
in acetate buffer (pH 4.5)] was added and the mixture was
incubated at 37°C for 45 minutes. Excess hyaluronidase was
precipitated by adding 200 pl of 2.5% cetyltrimethylammonium
bromide in 2% NaOH following storage at room temperature
for 10 minutes. The absorbance of the turbid reaction mixture
was determined at 600 nm. EGCG was used as the positive
control, and the solvent used for the extract was employed as
the negative control. The hyaluronidase inhibitory activity of
the extract was interpreted as the IC, value.

Molecular docking

Three-dimensional structures of collagenase (PDB
CID: 1CGL), elastase (PDB CID: 1BRU), and hyaluronidase
(PDB CID: 1FCV) were obtained from the RCSB Protein Data
Bank. The ligand molecular structures of aloin A (Compound
CID: 12305761) and aloin B (Compound CID: 14989) and the
standard compound of this study, EGCG (Compound CID: CID
65064) were obtained from PubChem. AutoDock Vina v1.1.2
(The Scripps Research Institute, La Jolla, San Diego, CA,
USA) was used to determine the binding modes of each ligand
bound to the substrate-binding sites of collagenase, elastase,
and hyaluronidase, which predicted the experimental binding
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poses and energies [19]. Polar hydrogens were introduced
and Gasteiger and Marsili [20] partial charges were allocated.
The search grid of the key site of all receptors is shown in
Table 1. Docking accuracy was increased by adjusting the
exhaustiveness value to 300. The thoroughness parameter
was assigned using AutoDock Vina, which controls the
thoroughness by which the software scans the lowest affinity
energy. Each docking box’s size and center coordinates were
established (Table 1). Following docking analysis, the protein-
ligand interactions were visualized with BIOVIA Discovery
Studio Visualizer v20.1.0.0 (Accelrys, San Diego, CA, USA).
Validation was performed to verify the effectiveness of the
docking parameters. This was achieved by re-docking the co-
crystallized ligand into the active site. The objective was to
confirm that the ligand binds precisely to the active site cleft
with minimal deviation compared to the original co-crystallized
complex. The native ligand of each original co-crystallized
complex was removed and re-docked into the active site using
the same grid parameters and protocol of each enzyme (Table
1). The re-docked complex was subsequently superimposed
onto the reference co-crystalized structure, and the root mean
square deviation (RMSD) between the co-crystallized and the
docked poses for each enzyme was computed.

Assessment of cytotoxicity in human skin fibroblasts

Cytotoxicity was determined based on the cleavage
of  (4-[3-(4-iodophenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-
1,3-benzene sulfonate) (tetrazolium salt WST-1) into formaz.
as described by Vichai and Kirtikara [21]. Prmpry
fibroblasts from healthy adults (ATCC PCS- 1-

grown in DMEM with 10% fetal bovine serum ié 1111n/

streptomycin. Briefly, 1 x 10* cells/wellwe a 96-well
plate and incubated in a 5% CO, ati % 37°C for 24
hours. Subsequently, the cells were treated avith aloe extract at
0.1-1,000 pg/ml and incubated in 5% CO, at 37°C for 24 hours.
The treated cells were washed with phosphate buffer, and 10 pl
WST-1 was added to the washed cells. After incubation for 10

Table 1. Dimensions and center coordinates of docking boxes for
each receptor.

Receptor Name Center Dimension size

Collagenase X:30.681,Y: 46.555, Z: -0.009 X: 60,Y: 60, Z: 60
Elastase X:23.204,Y: 44.660, Z: 17.090 X:25,Y:25,7: 25
Hyaluronidase  X:-19.267,Y:27.643, Z: 16.611 X:28,Y:38,7Z: 26

minutes, the absorbance was measured at 450 nm to determine
the cell viability percentage.

Absorbance of sample — blank
Absorbance of untreated — blank

Cell viability percentage = ( ) x 100

Potential of wound healing

Primary dermal fibroblasts derived from normal
neonatal humans (PCS-201-010 ™, ATCC) were seeded in a
24-well plate at a cell density of 2 x 10° cells/well; a wound was
created using a cell scratcher [22]. Subsequently, the cells were
treated with A. barbadensis gel extract at concentrations of
100, 200, and 500 pg/ml diluted in DMEM. Cell migration was
observed under an inverted microscope (Carl Zeiss Microscopy,
ZEISS Axio Vert.Al, USA) at 0, 24, and 48 hours. The wound
area was determined using Zeiss Zen (ZEN 2.6, blue edition;
Carl Zeiss, Oberkochen, Germany). The findings are shown as
a percentage of the wound area relative to each condition at 0
hours. The results were expressed as the percentage of wound
area relative to the baseline condition at 0 hours.

Statistical analysis

To statistically analyze the results, an analysis of
variance wds-performed using SAS version 9 (SAS Institute
nc., Ca,% USA). Statistical analyses were conducted
di t-test for comparisons between two groups or a one-
a%v sis of variance followed by Fisher’s Least Significant
ifference post hoc test for comparisons among more than

o groups. A p < 0.05 was considered indicative of statistical
significance.

RESULTS AND DISCUSSION

Total phenolic and total flavonoid contents along with the
antioxidant activity of the aloe extract

Freeze-dried A. barbadensis gel was extracted with
70% ethanol while stirring for 24 hours, followed by ultrasound-
assisted extraction for 30 minutes. The gel extract contained
relatively high total phenolic and total flavonoid contents
(Table 2). According to Jawade and Chavan [23], ultrasound-
assisted ethanol extraction increases the aloin yield (30%—40%)
and reduces the extraction time compared to that associated
with non-sonicated extraction techniques. Plants generally
produce phytochemical compounds via metabolism. These
compounds are important in defense mechanisms that affect
cell survival. The phytochemical content depends on many

Table 2. Total phenolic content, total flavonoid content, and antioxidant activity of Aloe barbadensis gel extract.

Total phenolic content
Sample

Total flavonoid content

Antioxidant activities (IC, ) (ng/ml)

(mg GAE/g extract) (mg QE/g extract) DPPH ABTS
Aloe barbadensis gel 2.06 £0.25 1.29+0.21 70.21 £ 0.05* 89.21+0.11*
extract
L-ascorbic acid 67.34+0.10° 80.21 +0.03°

Values are presented as the mean + SD (n = 3), and values with the same uppercase letters in the same column. * indicates no significant
difference, and ® indicates a significant difference at the 5% level (p < 0.05). © indicates a significant difference in comparing DPPH and ABTS

at the 5% level (p < 0.05).
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factors, including genetics and growth conditions [24]. In this
study, A. barbadensis samples were obtained from plants grown
via organic farming, which does not allow the use of chemical
agents for pest, weed, and disease control. These plants are
exposed to high levels of stress, leading to an increase in the
total phenolic content and total flavonoid content. Huber et al.
[25] found that organic-cultivated plants contain high vitamin
C and phenolic compound contents. In addition, the contents
of minerals, carotenoids, and antioxidants in pepper plants
cultivated in organic farms are higher than those in pepper
plants cultivated via conventional farming [26]. Moreover,
the phytochemicals present in the aloe gel extract play a role
in antioxidant activity, particularly in radical scavenging. In
this study, the radical-scavenging activities were investigated
using DPPH and ABTS assays. These assays measure radical-
scavenging activity based on hydrogen and electron donation.
The radical-scavenging assays showed that the gel extract
treatment reduced the DPPH and ABTS radical levels (Table
2). The gel extract had better DPPH radical-scavenging activity
than ABTS radical-scavenging activity. Previous studies
have reported the antioxidant activity of 4. barbadensis gel
extract, which findings consistent with those of Hu ef al. [27],
who reported significant antioxidant properties of Aloe vera
extracts, particularly in DPPH assays. In the current study, our
gel extract exhibited higher antioxidant activity than previous
reports in both DPPH and ABTS assays, though still less
potent than L-ascorbic acid. The DPPH activity was found to

be strongly correlated with the phenolic and flavonoid conte@

radical scavenging effect observed in this stud
the findings of Quisep et al. [28] and .
similarly attributed the highest antioxic of Aloe vera
to phenolic compounds such as cinn: , flavonoids,
and anthracene. These compounds, as highlighted by earlier

of the extract, suggesting that these phytochemicals
significant role in its antioxidant properties. Addi q% ,
li
]

, who

005

studies, may also exhibit synergistic or antagonistic effects,
influencing the overall antioxidant capacity of the extract [30].
However, different extraction methods or plant cultivations
could contribute to variations in antioxidant capacity.

Chemical composition of aloe gel extract

The phytochemical profile of the A. barbadensis gel
extract was determined via LC/MS-IT-TOF (Table 3) and HPLC
(Fig. 1). The major bioactive compounds in the gel extract were
anthraquinones (2'-O-feruloylaloesin, aloenin-2'-p-coumaroyl
ester, trihydroxy octadecenoic acid, chrysoeriol-7-O-glycuronyl,
10-hydroxyaloin B, 10-hydroxyaloin A, 5-hydroxyaloin
A, aloin B, and aloin A) followed by phenolic compounds
(3-O-caffeoyl-4-O-feruloylquinic acid and 3,4-Di (E)-p-
coumaroylquinic acid) and sterol (24-methylenecycloartanol).
Aloin A (47.54 + 0.22 mg/g extract) and Aloin B (35.85 £ 0.17
mg/g extract) quantified by HPLC were the main compounds.
In general, the main phytochemical compounds in gel extracts
are polysaccharides and anthraquinones [31]. Barbaloin (aloin
A and aloin B), which is an active compound present in aloe
gel extracts, has an anthraquinone C-glycoside structure [28].
Aloin B is preferentially formed in the aloe gel extract and
converted into aloin A by non-enzymatic conversion [32].
However, &2{1] bioactive compounds present in aloe gel
extrac % e bioactivities, including anti-inflammatory,

tixlr 1, antioxidant, and wound-healing activities. Notably,

arious- anthraquinones present in aloe gel are implicated in
in disorders such as skin inflammation, wound healing, and
enhancement of skin regeneration [33].

Collagenase, elastase, and hyaluronidase activity inhibition

The inhibition of activities of Matrix metalloprotein-
ases (MMPs), such as collagenase, elastase, and hyaluronidase,
was investigated in vitro. These enzymes are responsible for
the breakdown of elastin and collagen and are stimulated by

<
=]
k)
< =<
=] |
'8 m |
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uv [-€ M 3 =
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7 .8 = <
: S m < a2
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b T = 3. Aloe vera extract(Rep 2)
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T —— —
0.0 12.5 15.0 17.5 20.0 min

Figure 1. Typical chromatograms of the standards aloin A and aloin B, and of the 4. barbadensis gel extract.
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Table 3. Chemical composition of Aloe barbadensis gel extract by LC/MS-IT-TOF.

Molecular Precursor Fragments
No. Compound formula MSI MS2
1 2'-O-Feruloylaloesin C,H,0, 571.17 529.12,450.21,41.11
2 Aloenin-2"-p-coumaroyl ester C,H,.0, 555.17 389.14
3 24-methylenecycloartanol C, H,,0 441.1 419.12
4 3-O-(E)-caffeoyl-4-O-feruloylquinic acid ~ C,H, O, 527.1 487.1,359.20
5 Trihydroxy octadecenoic acid C H,,0; 327.11 249.12
6 Chrysoeriol-7-O-glycuronyl C,H,0, 472.22 394.20, 294.45
7 3,4-O-(E)-p-coumaroylquinic acid C,H,O, 484.12 280.06
8 10-Hydroxyaloin B C,H,0, 435.13 289.10
9 10-Hydroxyaloin A C,H,0, 435.13 247.09
10 5-Hydroxyaloin A C,H,,0, 436.14 290.10
11 Aloin B C,H,,0, 417.09 297.05
12 AloinA C, H,,0, 417.09 297.07

Table 4. Anti-clastase, anti-collagenase, and anti-hyaluronidase activ&s of Aloe barbadensis gel extract,

Sample

o AL Usyem

Collagenase ’\')l’astase Hyaluronidase
Aloe barbadensis gel extract 79.01 £0.11* ,78.23 +0.07° 87.31+0.13*
Epigallocatechin gallate 46.34 +0.05° 81.22+0.11°

1,10-Phenanthroline

48.094 0.02°

58.03 £0.16° 6
. Q

Values are presented as the mean + SD (n = 3), an e&ft).’he same lowercase letters in the same column indicate no significant difference at a level
of 5% (p < 0.05). IC,, half-maximal inhin ntration.

Figure 2. Overlay native ligand conformation PubChem CID 57416166 (A); PubChem CID 5287452 (B); PubChem CID 156618357 (C)
and GlyCosmos Entry G59412AX before validation (green) and after validation (red).

transforming growth factors during wound repair. They regu-
late extracellular matrix (ECM) degradation and deposition,
key processes for successful wound re-epithelialization. Hyal-
uronic acid (HA), the primary glycosaminoglycan in the skin,
maintains moisture but is degraded by hyaluronidase. Inhibiting
hyaluronidase activity prevents rapid HA breakdown, thereby
preserving the ECM’s structural integrity and enhancing tissue

permeability during the healing process [34]. The A. barbaden-
sis gel extract showed inhibitory activity against collagenase,
elastase, and hyaluronidase (Table 4). The half-maximal in-
hibitory concentrations (IC, ) of A. barbadensis gel extract for
anti-collagenase, anti-elastase, and anti-hyaluronidase activities
were 79.01£0.11,78.23+£0.07,and 87.31 £ 0.13 pug/ml, respec-
tively. Previous studies have reported the inhibitory effects of
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A. vera extracts on MMPs, particularly collagenase and elastase
[35,36]. The present study extends these findings by demon-
strating the potential of 4. barbadensis gel extract to inhibit
hyaluronidase activity as well. However, while the inhibition
of hyaluronidase is critical for preventing the rapid degradation
of HA in the EMCs and preserving structural integrity, the ob-
served inhibitory effect of A. barbadensis gel extract was less
than that of EGCG. In this study, EGCG was used as a positive
control and showed strong inhibitory activities on collagenase,

elastase, and hyaluronidase. Nevertheless, previous studies
have highlighted the potential undesired effects of EGCG, in-
cluding anemia, liver, and kidney failure [37,38]. Despite their
strong inhibitory effects, EGCG is associated with severe side
effects, emphasizing the need for further research to evaluate
the safety and effectiveness of these compounds in vivo. Elastin
and collagen are the major constituents of the extracellular ma-
trix in the skin and play a key role in wound healing processes.
The increase in collagen content in healing wounds treated with

Table 5. Docking score, binding sites, and bond length of different ligands with collagenase, elastase, and hyaluronidase.

Binding energy
Receptor Ligands

(Kcal/mol)

Interaction

Hydrogen Hydrophobic

Collagenase Aloin A -6.8

Aloin B -6.6

EGCG -8.2

Q)

Elastase Aloin A -7.9

Aloin B -7.5

EGCG -8.4

W

HIS218 (2.25 A)

HIS228 (2.62 A)
HIS218 (2.71 A)

GLU219 (2.84 A)
GLY179 (2.31 A)

GLY179 (3.02 A)
ALA182(2.36 A)

ALA 2 A)
¢ %.72 A)
\.l 183 (2.98 A)
HIS218 (2.23 A)
GLU219 (2.08 A)
HIS228 (2.40 A)
PRO238 (2.57 A)
PRO238 (2.57 A)
SER239 (2.80 A)
TYR240 (2.40 A)
HIS57 (2.36 A)

ASN192 (3.47 A)
SER195 (2.30 A)
SER195 (2.93 A)
SER214 (1.74 A)
GLY216 (2.20 A)

CYS220 (2.57 A)
HIS57 (2.63 A)

ASN147 (2.43 A)
SER195 (2.54 A)
SER195 (2.75 A)
SER214 (2.60 A)
SER190 (2.36 A)
SER195 (3.00 A)
SER195 (3.12 A)
GLY216 (3.70 A)
GLY216 (2.56 A)

LEUI181 (4.97 A)

HIS218 (5.97 A)
LEUI181 (5.16 A)

HIS218 (5.28 A)
LEU181 (3.90 A)

LEU181 (4.50 A
VAL215 (4.86 A)

ASN192 (2.78 A)

ASN192 (2.52 A)

HIS57 (4.00 A)
CYS191 (4.3 A)
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Binding energy Interaction
Receptor Ligands (Kcal/mol) Hydrogen Hydrophobic
Hyaluronidase Aloin A -6.0 ALA199 (2.76 A) LYS246 (4.31 A)
GLN200 (2.62 A)
CYS201 (2.16 A)
CYS201 (2.41 A)
GLU247 (2.20 A)
Aloin B -5.8 CYS201 (3.24 A) LYS246 (4.34 A)
CYS201 (3.88 A)
MET206 (3.00 A)
LYS246 (3.86 A)
EGCG -6.3 GLN196 (2.60 A) CYS201 (4.83 A)
GLN200 (2.43 A) ALA203 (4.42 A)
CYS201 (2.16 A) MET206 (4.18 A)
CYS201 (3.09 A) MET206 (4.77 A)
CYS201 (2.14 A) MET206 (4.06 A)
GLY243 (2.59 A) LYS246 (5.46 A)

aloe gel provided evidence of the collagenase-inhibiting activi-
ty of aloins and aloe gel. This fact, combined with the ability of
other aloe gel components, such as aloesin, glycoproteins, a
polysaccharides, to stimulate cell growth, supportg the

aloe gel in the treatment of chronic ulcers, burns, a:

[36]. Additionally, the inhibition of MMPs is%
normal wound healing process. Our yest 9@ that the
elastase and collagenase inhibitory a % ofA” barbadensis
gel extract may indirectly promote wound healing by inhibiting
elastin and collagen degradation during the skin regeneration
process. The interaction of aloins with Ca?* represents anoth-
er mechanism of inhibition. Low-molecular-weight aloins may
bind to Ca?*, which is required for enzyme activity. Therefore,
the interaction of Ca* ions with aloin results in a decrease in
intracellular Ca?" availability [36]. Additionally, the structure of
aloin is similar to that of doxycycline modified from tetracy-
cline, which inhibits MMP-8 activity more potently than tet-
racycline does [36,39]. Furthermore, the bioactivity was most
likely the result of a synergistic interaction between the com-
ponents (Table 3). Considering the different groups of chemical
compounds presented in Table 3, the bioactivity is most likely
attributable to synergism between the components.

Molecular docking

Molecular docking can be used to align biological
activities following the chemical evaluation and identification
of major compounds as well as to study the molecular
mechanisms of action following purification and in vitro tests
[40]. The docking parameters were examined to determine
the optimal conditions by redocking the cocrystallized ligand
into its respective active site. The validation analysis of the
docking showed that the RMSD values for the native ligand
were 1.92 A for collagenase (PDB CID: 1CGL), 1.26 A for

GLY24%7 A)
e
ela@ B CID: 1BRU), and 1.56 A for hyaluronidase
D

D: 1FCV), confirming the reliability of the docking

thod due to an RMSD value of less than 2 A [41]. Figure 2
shows the overlay of the native ligand conformation before and
after validation. Molecular docking of aloins A and B derived
from the A. barbadensis gel extract with collagenase, elastase,
and hyaluronidase active sites revealed strong binding energies
ranging from -5.8 to -7.9 kcal/mol (Table 5). The analysis of
H-bonds and residual interactions indicated that the binding
affinities for these enzymes varied depending on the ligand
structure. Aloins A and B, both anthraquinones, exhibited
similar binding patterns due to their isoform structure [42], with
minimal variation in the amino acids involved in binding (Table
5, Fig. 3). Aloin A showed a higher affinity for elastase with a
binding energy of -7.9 Kcal/mol, followed by aloin B at -7.5
Kcal/mol. Both aloins exhibited a strong binding interaction
with elastase via the common amino acid HIS57. The catalytic
triad of elastase, comprising ASP102, HIS57, and SER195, is
essential for its enzymatic activity, with GLY216 also identified
as a key amino acid for inhibition [43,44]. Interestingly, aloin A
and EGCG bind to HIS57, SER195, and GLY216, while aloin
B interacts only with HIS57 and SER195. Despite this, EGCG
showed a higher binding affinity (-84 Kcal/mol) due to its
ability to form more binding interactions, resulting in stronger
elastase inhibition compared to aloin A and B. For collagenase,
all ligands formed H-bonds with basic amino acids, such
as HIS218 and HIS228, and hydrophobic interactions with
LEUI181. Aloe A exhibited a higher binding affinity (-6.8
kcal/mol) than aloin B (-6.6 Kcal/mol) due to closer binding
distances. EGCG showed the highest affinity (-8.2 Kcal/mol),
as it formed more binding interactions. These findings suggest
that EGCG exhibits stronger collagenase inhibition compared to
aloin A and B. For hyaluronidase, the key binding amino acids
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identified were GLN200, CYS201, MET206, and LYS246.
The binding affinity of the ligands varied with EGCG showing
the strongest inhibition (-6.3 Kcal/mol), followed by aloin A
(-6.0 Kcal/mol) and aloin B (-5.8 Kcal/mol). This pattern aligns
with the results from in vitro enzyme inhibition tests (Table
4), confirming that A. barbadensis gel extract and EGCG
most effectively inhibit elastase, followed by collagenase and
hyaluronidase. These studies indicated that aloins A and B
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derived from A. barbadensis gel extract can be used as anti-
elastase, anti-collagenase, and anti-hyaluronidase agents for
developing cosmeceutical products.

Cell viability of human skin fibroblasts

The cytotoxicity of 4. barbadensis gel extract in primary
dermal fibroblasts (ATCC PCS-201-012™) was evaluated in vitro.
The cytotoxicity was calculated and expressed as a percentage

.
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Figure 3. Two-dimensional protein—ligand interactions at the collagenase, elastase, and hyaluronidase-related active sites of aloin A and aloin B.
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Figure 4. Cell viability (%) of human skin fibroblasts treated with A.
barbadensis gel extract at concentrations of 0.1-1,000 pg/ml compared with
untreated cells (control). (*) indicates no significant difference, and (°) indicates
a significant difference at the 5% level (p < 0.05).

of cell viability, which was compared between cells treated with
A. barbadensis gel extract (0.1-1,000 pg/ml). Cell viability
decreased in a dose-dependent manner. Gel extract treatment
at concentrations < 100 pg/ml was non-cytotoxic to cells when
compared with untreated cells (Fig. 4). These concentrations of
A. barbadensis gel extract were considered safe.

The wound healing potential of aloe g was
investigated based on the percentage,0 une sure and
observed cell migration. Primary de % oblasts (ATCC,
PCS-201-010™) were treated with A.“barbadensis gel extract
at concentrations of 0 (untreated), 100, 200, and 500 pg/ml.
These concentrations were not toxic to the cells, as the survival
rate exceeded 90% (data not shown). Crowded fibroblasts were
observed after treatment with A. barbadensis gel extract at 100,
200, and 500 pg/ml for 24 and 48 hours (Fig. 5A), which was
related to the wound area percentage (Fig. 5B). The wound areas
were calculated at 0, 24, and 48 hours were found to decrease after
48 hours. The wound area of untreated cells was 11.81% + 3.09%.
Treatment with 100, 200, and 500 pg/ml of 4. barbadensis gel
extract significantly reduced the wound area by 9.19 £3.53,9.69 +
0.80, and 6.20% =+ 2.72%, respectively, when compared with each
condition at 0 h. Treatment with 500 pg/ml of A. barbadensis gel
extract significantly promoted wound recovery compared with
untreated cells. Therefore, 4. barbadensis gel extract treatment
resulted in fibroblast growth owing to mitochondrial activity [10].
Aloe gel is a traditional medicine used to promote skin wound
healing, and its active compounds, such as polysaccharides, aloin,
aloesin, and vitamins, play important roles in wound healing.
In particular, aloins A and B in 4. barbadensis gel extract play
a major role in wound healing by promoting fibroblast growth
factor (FGF) expression. FGF promotes fibroblast proliferation
and regulates collagen fiber production during the wound-
healing process [45]. In addition, the antioxidant properties of
bioactive compounds can enhance skin regeneration [46,47].
However, while fibroblasts play a key role in tissue remodeling

Effect of aloe gel extract on wound healing

A
Untreated 100 pg/mL 200 pg/mL 500 pg/mL )

i
F
|

Oh | =

12000 W0 hr 948 hr ®)

100.00

‘Wound area (%)
=) o
3 S
=3 (=3
= =]

'S
=
=3
S

20.00

0.00

200 pg/mL 500 pg/mL

100 pg/mL

Untreated

igure 5. Wound healing of human fibroblasts treated with A. barbadensis
extract in vitro. (A) Morphology of the wound scratch treated with A.
barbadensis gel extract at various concentrations (100, 200, and 500 pg/ml)
compared with untreated cells determined via inverted light microscopy. (B)
Percentage of wound area treated with A. barbadensis gel extract at various
concentrations compared with untreated cells. The wound area was measured
using Zeiss Zen (ZEN 2.6, blue edition). Superscript letter (%) indicates a
significant difference when compared to cells at 0 h, whereas (°) indicates a
significant difference when compared to untreated cells at p < 0.05.

and collagen production, they may not fully replicate the role of
keratinocytes in wound healing. Keratinocytes, which are crucial
for epithelialization, close wounds and restore the skin barrier.
As shown by Nowinski et al. [48], fibroblasts and keratinocytes
interact through paracrine loops, which are vital for wound
healing [49,50]. Thus, future studies using keratinocyte models
are essential to better understand how 4. barbadensis gel extract
supports wound healing, particularly in skin regeneration and
epithelial barrier repair.

CONCLUSION

This study demonstrated that the gel extract derived
from A. barbadensis contained various bioactive compounds,
including phenolic, flavonoid, anthraquinone, and sterol
compounds. 4. barbadensis exhibited antioxidant activity in
both DPPH and ABTS assays, with stronger inhibition observed
in the DPPH assay compared to ABTS. The wound closure rate
was greater than 50% after treatment with the gel extract for
24 hour. Interestingly, A. barbadensis extract showed inhibitory
activities against clastase, collagenase, and hyaluronidase. In
particular, aloins A and B derived from A. barbadensis gel
extract exhibited a strong affinity for elastase inhibition via
the common amino acid His57. These properties indicate that
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the aloe gel extract of 4. barbadensis can be used as an active
ingredient in pharmaceutical and cosmetic products.
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