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Abstract: The argan tree (Argania spinosa (L.) Skeels) is one of the most important floristic resources
in Morocco. This Moroccan endemic tree is known for its numerous therapeutic and medicinal uses.
In addition to some medicinal and cosmetic uses, argan fruit pulp and press cake are traditionally
used by the Berber population for heating and feeding livestock. Molecular docking is an in silico
approach that predicts the interaction between a ligand and a protein. This approach is mainly used
in chemistry and pharmacology of natural products as a prediction tool with the purpose of selecting
plant extracts or fractions for in vitro tests. The aim of this research is to study the evaluation of
potential tyrosinase, collagenase, and elastase inhibitory activities of argan fruit press-cake and pulp
extracts. Extracts were evaluated for their total phenolic content (TPC), and the major polyphenols
of both press-cake and pulp extracts were submitted to molecular docking in order to determine
the mechanisms of action of these compounds. Obtained results revealed that fruit pulp had the
strongest dermocosmetic activities, as well as the highest TPC, with values above 55 mg gallic-
acid equivalent per gram of dry matter (mgeq AG/gpm)- Moreover, those results were positively
correlated with the docking findings, suggesting that the pulp lead compounds have higher affinity
with tyrosinase, collagenase, and elastase action sites. The results here presented are very promising
and open new perspectives for the exploitation of argan-tree by-products as cosmetic agents towards
the development of new anti-aging products.

Keywords: argan tree by-products; press cake; fruit pulp; natural dermocosmetics; molecular docking;
inhibition; tyrosinase; collagenase; elastase

1. Introduction

Skin is a layer of soft and flexible tissue covering the bodies of vertebrates and humans.
This layer is considered an organ, and it is known for its protection, regulation, and
sensation functions [1]. Human skin is mainly composed of three primary layers (epidermis,
dermis, and hypodermis). The epidermis is composed of a nonviable layer called the
stratum corneum, which acts as a barrier for the body, protecting it from external agents
and maintaining cutaneous hydration [2], whereas the dermis is essentially composed
of connective tissue (collagen and elastin), sweat glands, and nerves. Its main role is
the support of the epidermis. Collagen fibers give the skin strength, while elastin fibers
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are responsible for skin elasticity and resistance [3]. Hair is one of the defining external
characteristics of humans. It is a protein filament that grows from dermis follicles, and
grows everywhere except on glabrous skin such as the palms of the hands and soles of the
feet [4]. Hair’s main functions are to protect the skin from physical damage and sunlight,
improve thermal regulation, and increase skin surface sensitivity to stimuli [5]. Aging is
a degenerative process that consists of the accumulation of physiological changes over
time. There are two types of aging: intrinsic aging induced by inherited genetic factors,
and extrinsic aging caused by environmental factors such as sun exposure, nutrition, and
pollution [6]. The aging process involves the skin and other communicating systems,
including the bone, cartilage, and hair [7]. The production of reactive oxygen species (ROS)
through ultraviolet (UV) radiations is thought to contribute to or enhance the process of
skin aging [8]. Concerning the hair, the main aging process can be monitored on hair
growth and hair color [4].

The argan tree (Figure 1) is an endemic plant that grows in the southwestern areas of
Morocco, and is known for its oil extracted from fruit kernels. This oil is widely used for
nutrition by the Berber communities of Morocco and is recognized for its nutritional and
dermatologic properties. Despite being mostly used for nutrition, argan oil is particularly
recommended for treatment of dermatosis and for skin care. In fact, this oil has been proven
to have good skin-hydration potential due to its chemical composition [9].

Figure 1. General aspect of the argan tree (Argania spinosa (L.) skeels).

During the argan-oil extraction process, two by-products are generated: fruit pulp and
press cake. These by-products are used by the Moroccan Berber population for tanning
skins, cattle grazing, and skin care. The pulp and cake’s biological properties have been
reported in many ethnobotanical surveys. In contrast with argan fruit shells, they are
also easier to study due to their friable structure, which greatly facilitates the extraction
of secondary metabolites. Moreover, several studies have suggested the presence of very
interesting dermocosmetic properties [10-12].

The present research effort aims at extracting secondary metabolites from argan press
cakes and fruit pulp, and further evaluating their potential dermocosmetic activities, viz.
anti-tyrosinase, anti-collagenase, and anti-elastase. The main compounds of argan extracts
were selected from literature and submitted to molecular docking in order to identify their
mechanisms of action. To the best of our knowledge, this paper is the first report of the
dermocosmetic activities of argan by-products.
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2. Materials and Methods
2.1. Chemicals and Reagents

Cyclohexane, dichloromethane, methanol, ethanol, sodium carbonate (Na,COs3),
Folin—Ciocalteau reagent, and gallic acid were obtained from Alfa Aesar GmbH & Co.
(Karlsruhe, Germany). For tyrosinase inhibition assay, mushroom tyrosinase (lyophilized
powder > 1000 units/mg; EC Number 1.14.18.1), 3,4-dihydroxy-L-phenylalanine (L-DOPA),
dimethylsulfoxide (DMSO), phosphate-buffered saline (PBS), and kojic acid were pur-
chased from Sigma-Aldrich (Paris, France). For collagenase inhibition assay, collagenase
from Clostridium histolyticum (>1 FALGPA units/mg; EC number: 232-582-9), fluorogenic
substrate peptide MMP-2 (MCA-Pro-Leu-Ala-Nva-DNP-Dap-Ala-Arg-NH2), and chlorhex-
idine were acquired from Sigma-Aldrich. Finally, porcine pancreatic elastase type IV
(>4 units/mg protein; EC Number 254-453-6), N-succinyl-Ala-Ala-Ala-p-nitroanilide (EC
Number 257-823-5), tris(hydroxymethyl)aminomethane hydrochloride (Trizma-HCl), and
elastatinal were purchased from Sigma-Aldrich.

2.2. Plant Material

Argan fruits were collected in Ait Baha (Chtouka-Ait Baha, Morocco) in the summer
of 2019. After harvest, fruit was dried and pulped. Resulting nuts were manually broken
to separate argan shell from kernels (Figure 2). Approximately one half of the kernels
were roasted for 30 min at 110 °C using a mechanical roaster controlled using a Testo
945 sensor/thermometer (Testo, Casablanca, Morocco). Roasted and unroasted kernels
were mechanically pressed using Komet DD 85 G presses (IBG Monforts Oekotec GmbH,
Monchengladbach, Germany). Argan press cakes (unroasted and roasted) and fruit pulp
were recovered from the cooperative, hermetically sealed in amber bags, and stored at 4 °C
until further use.

Figure 2. Manual extraction of kernel from the argan shells (a), fruit shells (b), and kernels (c).

2.3. Extraction Methods
2.3.1. Supercritical Fluid Extraction

Supercritical fluid extractions (SFE) were carried out exclusively on the unroasted and
roasted press cakes using an SFE 1-2 pilot-scale apparatus (SEPAREX, Champigneulles,
France), composed of a CO; tank, a CO, pump (that can deliver up to 10 kg/h), extraction
vessels with volumes of 1 and 2 L, separators, a co-solvent pump, and a cooling system with
glycol. All the extractions were carried out at 45 °C in order to avoid the deterioration of
thermosensitive compounds. Briefly, the argan cake was reduced to powder and putinalL
stainless-steel extraction basket; the latter was placed in the extractor prior to the extractions.
For each press-cake sample, three successive extractions were carried out: the first solely
with CO, (10 MPa), the second with CO, and 1% ethanol (25 MPa), and the last with CO,
and 5% ethanol (25 MPa). Each extraction was carried out in triplicate (3 replicates of
sample extraction). Samples containing solvent were further evaporated using a rotary
evaporator (BUCHI R-100), lyophilized (CHRIST alpha 1-2, Osterode, Germany), and
stored in amber vials at —4 °C.
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2.3.2. Ultrasound-Assisted Extraction

Ultrasound-assisted extractions (UAE) were performed on the argan press cakes
(unroasted and roasted) and fruit pulp using a P300H ultrasonic bath (Elma Schmidbauer,
Singen, Germany). To achieve this, 300 g of argan press cakes and pulp were placed
separately in Erlenmeyers and extracted consecutively with 1500 mL of cyclohexane (Chex),
dichloromethane (DCM), methanol (MeOH), and deionized water (H,O). A 30 min period
of ultrasound-assisted extraction was used for each extraction solvent. All experiment
extractions were performed in triplicate (3 replicates of sample extraction), and the extracts
were further evaporated to dryness, lyophilized, and stored in amber bottles at —4 °C.

2.3.3. Determination of the Extraction Yields

The extraction yields of the argan by-product extracts obtained by SFE and UAE were
calculated using the Equation (1) below:

Yield of Extraction (%) = Extract weight (g)

~ Plant material (press-cake or pulp) weight (g) x 100 (1)

2.4. Dermocosmetic Activities
2.4.1. Tyrosinase Inhibition Activity

The ability of natural products and plant extracts to inhibit the oxidation of L-DOPA (L-
3,4-dihydroxyphenylalanine) [13], to dopaquinone and subsequently to dopachrome by the
tyrosinase enzyme was investigated, employing a protocol from Masuda et al. (2008) [14]
with slight modifications. Prior to the assay, the samples were dissolved in dimethyl
sulfoxide (DMSO) (10 mg/mL) and diluted in proper concentration of phosphate buffer
(PBS). The final concentrations of DMSO in samples never exceeded 2%. In a microplate of
96 wells (VWR, Greiner, Spain), 40 uL of samples, 80 uL of 1/15 M phosphate buffer, and
40 pL of mushroom tyrosinase (92 units/mL) were mixed. The microplate was incubated
for 10 min at 25 °C, then 40 uL of L-DOPA (2.5 mM) were added. After incubation, the
absorbance was measured at a wavelength of 475 nm using a M200 Pro plate reader
(TECAN, Mannedorf, Switzerland). Kojic acid was used as positive control. The percentage
inhibition of the tyrosinase activity was calculated by the following Equation (2):

(A -B) — (C-D)

Tyrosinase inhibition (%) = (A8 x 100 2)

where A is the control [without (w /o) sample], B is the blank (w /o sample, w/o tyrosinase),
C is the sample, and D is the blank sample (w/o tyrosinase).

Extracts were initially tested at 200 ug/mL. Samples that inhibited dopachrome
production—and therefore the enzyme activity over 70% at this concentration, when
compared to the reference control—were considered the most promising and were further
tested at lower concentrations (consecutively at 150 and 75 pg/mL), in order to calculate
the half-maximal inhibitory concentration (IC50) values.

2.4.2. Collagenase Inhibition Activity

The collagenase inhibitory potential was determined using the spectrofluorimet-
ric method previously described by Michailidis et al. (2019) [15] with slight modifica-
tions. In this experimental assay, a fluorogenic substrate (metalloproteinase-2) was de-
graded by collagenase, producing fluorescent signal. For this assay, collagenase from
Clostridium histolyticum (EC number: 232-582-9; Sigma-Aldrich) was prepared in Trizma-
base buffer (10 mM, pH = 7.3). In a 96-well microplate, 120 uL of buffer, 40 uL of sample,
and 40 pL of collagenase enzyme solution (60 pg/mL) were incubated at 37 °C for 10 min.
Then, 40 pL of the fluorogenic substrate was added and the mixture incubated at 37 °C for
30 min. The fluorescent intensity was measured at excitation and emission wavelengths
of 320 and 405 nm, respectively, using an Infinite 200 PRO series (Tecan, Mdnnedorf,
Switzerland) plate reader. The samples were evaluated at 250 pg/mL, and the extracts that
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exhibited an inhibition percentage above 70% were then evaluated for lower concentrations
in order to calculate the IC50 values. Chlorhexidine was used as a positive control of the
assay (IC50 = 50 uM) [16]. Experiments were performed in three analytical replicates. The
inhibition percentage of collagenase was calculated by the Formula (3):

(A —-B) — (C—-D)

Collagenase inhibition (%) = A —B) %100 ©)]

where A is the Control [without (w/o0) sample], B is the Blank (w/o sample, w/o collage-
nase), C is the Sample, and D is the Blank Sample (w/o collagenase).

Extracts were initially tested at 200 pg/mL. Samples that showed enzyme inhibition
activities over 80% at this concentration, when compared to the control reference (chlorhex-
idin), were considered the most promising and were further tested at lower concentrations
(subsequently at 150 and 75 ug/mL), in order to calculate the half-maximal inhibitory
concentration (IC50) values.

2.4.3. Elastase Inhibition Activity

Elastase inhibition activity was evaluated according to a method previously described
by Angelis et al. (2016) [17], using N-succinyl-Ala-Ala-Ala-p-nitroanilide (Sigma-Aldrich,
EC Number 257-823-5) as substrate. Furthermore, the substrate degradation causes the
release of p-nitroaniline that can be monitored spectrophotometrically at 405 nm. Porcine
pancreatic elastase type IV (>4 units/mg protein; EC Number 254-453-6, Sigma-Aldrich)
and N-succinyl-Ala-Ala-Ala-p-nitroanilide were dissolved in Trizma-base buffer (50 mM,
pH =7.5). Thus, 70 pL of Trizma-base buffer, 10 puL of the samples, and 5 pL of elastase
(0.45 U/mL) were mixed and incubated in a 96-well microplate for 10 min in darkness.
Then, 20 uL of substrate (2 mM) were added in each well and the plate was incubated for
30 min. The absorbance was measured at 405 nm with an Infinite 200 PRO (Tecan) plate
reader. The samples were evaluated at 200 pg/mL. Then, the most promising ones were
evaluated at lower concentrations to determinate the IC50 values. Elastatinal was used
as a positive control, being a strong competitive inhibitor of elastase (IC50 = 0.5 ng/mL).
Experiments were performed in triplicate (3 analytical replicates). The inhibition percentage
of elastase was calculated by the following expression (4):

(A~ B) - (C - D)

Elastase inhibition (%) = (A — B)

x100 @)

where A is the Control [without (w/0) sample], B is the Blank (w/o sample, w/o elastase),
C is the Sample, and D is the Blank Sample (w/o elastase).

Extracts were initially tested at 200 pg/mL. Samples that showed enzyme inhibition
activities over 80% at this concentration, when compared to the control reference (elastati-
nal), were considered the most promising and were further tested at lower concentrations
(subsequently at 150 and 75 nug/mL), in order to calculate the half-maximal inhibitory
concentration (IC50) values.

2.5. Determination of Total Phenolic Content

Total polyphenol content of the most promising samples was determined according to
the protocol defined by Vermerris and Nicholson (2007) [18]. For that purpose, the UAE
methanolic and aqueous extracts were diluted in methanol at 1 mg/mL. Then, 100 pL of
sample was mixed with 2 mL of 2% sodium carbonate solution. The reaction mixture was
incubated for 5 min, then 100 uL of Folin-Ciocalteu reagent was added. The mixture was
incubated in the dark for 60 min. The absorbance of the samples was measured at 700 nm
wavelength with an Infinite 200 PRO (Tecan). Three analytical repetitions were made for
each sample. Standard solutions were prepared with different concentrations of gallic
acid, and the results were expressed in mg of gallic acid equivalent per gram of dry matter

(MgeqaG/ §DM)-
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2.6. Molecular Docking

Molecular docking studies were performed to investigate the binding mode between
eight polyphenols reported on the argan by-products and three enzymes (viz. tyrosinase,
collagenase, and elastase) using Autodock Vina v1.1.2 (The Scripps Research Institute,
La Jolla, San Diego, CA, USA) [19]. The three-dimensional (3D) structures of the tyrosi-
nase (PDB CID: 2Y9X) [20], collagenase (PDB CID: 1CGL) [21], and elastase (PDB CID:
1BRU) [22] were downloaded from RCSB Protein Data Bank (http://www.rcsb.org/, ac-
cessed on 13 November 2021). For the selected ligands, the structures were downloaded
from PubChem (http:/ /pubchem.ncbi.nlm.nih.gov, accessed on 13 November 2021); we
chose the argan press-cake and pulp-lead compounds, namely epicatechin (PubChem
CID: 72276), vanillic acid (PubChem CID: 8468), p-hydroxybenzoic acid (PubChem CID:
135), 4-hydroxybenzyl alcohol (PubChem CID: 125), hyperoside (PubChem CID: 5281643),
isoquercetin (PubChem CID: 5280804), protocatechuic acid (PubChem CID: 72), and gallic
acid (PubChem CID: 370) (Figure 3).

OH
HO o} O o o 0
e}
- CH OH
OH

OH HO HO
epicatechin vanillic acid p-hydroxybenzoic acid
O

@] HO

HO OH
HO OH
HO
OH HO OH
4-hydroxybenzyl alcohol protocatechuic acid gallic acid

OH

hyperoside isoquercetin
Figure 3. Chemical structures of the eight selected ligands.

The docking input files of both proteins and ligands were generated using AutoDock-
Tools v1.5.6 package (ADT; Scripps Research Institute, La Jolla, San Diego, CA, USA)
(Morris et al., 2009; Sanner, 1999); the proteins were prepared by removing water molecules
and merging non-polar hydrogen atoms. The search grid of the key site of tyrosinase
was identified as center x: —10.044, center y: —28.706, and center z: —43.443, with di-
mensions size x: 15, size y: 15, and size z: 15. The collagenase search grid was set as
center x: 30.681, center y: 46.555, and center z: —0.0090, with dimensions size x: 60,
size y: 60, and size z: 60. The elastase search grid parameters corresponded to cen-
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ter x: 23.204, center y: 47.660, and center z: 17.090 with dimensions size x: 25, size y:
25, and size z: 25. Docking accuracy was increased by adjusting the exhaustiveness
value to 300. After docking simulations, the best scoring pose was selected using PyMoL
v1.7.6 software (DeLano Scientific LLC, Palo Alto, CA, USA) (http://www.pymol.org/,
accessed on 13 November 2021). Then, the protein-ligand interactions were visualized
using the BIOVIA Discovery Studio Visualizer v21.1.0.0 software (Accelrys, San Diego,
CA, USA) (https:/ /discover.3ds.com/discovery-studio-visualizer-download, accessed on
18 November 2021).

2.7. Statistical Analysis

All experimental data were expressed as mean =+ standard deviation by measuring
three independent replicates. Means were compared statistically using the STATICA
program v6.1, (Statsoft, Inc., Palo Alto, CA, USA) with Student’s t test (significance level
p <0.05).

3. Results and Discussion
3.1. Extraction Yields

After the extractions, argan press-cake and pulp extracts obtained by solvent extraction
were evaporated and freeze-dried. Supercritical fluid extractions were exclusively carried
out on the argan press cakes. These SFEs were undertaken to recover secondary metabolites
that may have been remaining on this material. Figure 4 presents the yield values of
different extracts.

f
. iz

CO2 only

1%EOH  5%EtOH

CO2 + cO2 + Chex DCM MeOH water

Ultrasound assisted extraction

Supercritical fluid extraction

Figure 4. Extraction yields of argan press cakes and fruit pulp (a—f letters represent significant
differences at p < 0.05 by the Newman-Keuls test).

The yields of the extracts obtained with both SFE and UAE hardly exceeded 20%. The
highest yield values were observed in the UAE pulp aqueous extract [(19.15 & 0.72)%], UAE
roasted press-cake methanolic extract [(18.78 £ 0.93)%], and UAE unroasted press-cake
cyclohexane extract [(18.46 & 1.3)%], followed by the UAE unroasted press-cake methano-
lic extract and SFE + Ethanol 1% unroasted press-cake extract with (16.91 £ 0.85)% and
(16.39 + 1.4)%, respectively. Additionally, the unroasted press cake showed the highest
yield values in comparison with the roasted press cake, except for the methanolic and
aqueous UAE extracts. Such a phenomenon can be explained by the structural transforma-
tion of some compounds due to the Maillard reaction occurring during the kernel-roasting
process [23].
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Supercritical fluid extraction technology was applied in order to recover secondary
metabolites from the argan press cake with a minimal environmental impact. As a matter
of fact, and despite the use of ethanol as a co-solvent, this method presents the advantage
of using few solvent volumes, which makes it more eco-friendly. However, this method
did not achieve the expected results, giving extracts with lower yields when compared to a
more conventional method such as ultrasound-assisted extraction. Taribak et al., 2013 [24]
reported the use of supercritical fluid extraction on argan kernels. This technique was
applied with CO; solely, and was aimed at the recovery of argan oils trapped on the kernels.
The same authors showed no interest in the additional secondary metabolites that may
have remained on the raw material.

Ultrasound-assisted extraction was undertaken, and a successive increasing polarity
order (obtained by the means of different extraction solvents) was applied to all plant mate-
rials in order to extract all secondary metabolites. For the argan press cake, the highest yield
values were obtained with cyclohexane, with a yield value higher than 18%. The presence
of residual argan oil in this extract was confirmed by thin-layer chromatography (TLC).
Moreover, the methanolic and aqueous extracts of the press cakes and pulp showed yield
values ranging between 8 and 20%. This fraction contains more polar compounds such as
polyphenols, flavonoids, coumarins, proteins, and sugars. The analysis of the bibliography
showed that numerous authors who studied the argan-pulp phytochemistry were inter-
ested in its essential oils. Harhar et al. (2010) [25,26] reported essential-oil-extraction yield
values between 0.06 and 0.08%. Another study published by El Monfalouti et al. (2012) [27],
described the chemical analysis of argan-fruit shells, pulp, and press cake, and confirmed
the presence of polyphenols on those parts; however, this study makes no mention of the
extraction yields.

3.2. Enzyme Inhibition Assays

Tyrosinase is a multifunctional enzyme present in the melanosome membrane [28].
This enzyme catalyzes the first two steps of the melanin biosynthetic pathway in which
tyrosine is converted to dopaquinone, after which the melanogenesis pathway follows
two paths, the eumelanin pathway and the pheomelanin pathway [29]. This enzyme is a
keystone in melanin biosynthetic metabolism [30]. The results of the tyrosinase inhibition
assay of the argan press-cake and pulp extracts are summarized in Table 1.

The press-cake and pulp extracts were evaluated at a concentration of 200 ug/mL and
the obtained results showed tyrosinase inhibition values lower than 60%. These values
are relatively low when compared to the positive control, which showed an inhibition
value of 95%. Moreover, the observation of the inhibition values disclosed that the pulp
extracts were the most active, with a tyrosinase inhibition percentage of 54.74% for the
methanolic extract, 23.12% for the aqueous extract, and 11.39% for the dichloromethanolic
extract. This can be explained by the fact that methanolic and aqueous pulp extracts contain
polyphenols, and these metabolites are good tyrosinase inhibitors. According to El Mon-
falouti et al., 2012 [27], the methanolic extract of fruit pulp contains polyphenols at a rate of
(59.5 &+ 6.3) mg /100 g of dry matter, while the press cake contains (1.97 £ 0.6) mg/100 g
of dry matter. The very low phenolic content of the argan press-cake extracts may explain
the results of the tyrosinase inhibition activity. In the current study, the press-cake ex-
tracts showed an inhibition percentage of less than 10% compared to the positive control
(kojic acid).

In a study published by Bourhim et al. (2018) [31], the hydroalcoholic extract of argan
press-cake was evaluated for its melanogenesis inhibitory activity in the genes. The authors
demonstrated that the treatment of human cells with the press-cake extract allowed the
reduction of tyrosinase gene expression by 47%. According to the same authors, this activity
is mainly due to the saponins present in the press cake. However, these molecules are only
effective on gene expression, and have no effect on the tyrosinase enzyme active sites.
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Table 1. Percentages (mean values + standard deviation) of tyrosinase inhibition by argan cake and

pulp extracts at 200 pg/mL.

Extraction . . Tyrosinase Collagenase Elastase
Method Extraction Solvent Plant Material Inhibition (%) Inhibition (%) Inhibition (%)
CO; only Unroasted press-cake 2.05+1.21 1.85 £ 0.56 0£0
Roasted press-cake 0.15+0.21 218 £0.75 0£0
Superecritical fluid CO- + 1% EtOH Unroasted press-cake 1.03 +0.27 2.7 £031 124402
extraction(SFE) 2 Roasted press-cake 1.23 £0.79 252 +£0.94 1.38 +0.14
o Unroasted press-cake 1.94 +1.01 1.32 +0.39 0.1 £ 0.06
CO; + 5% EtOH Roasted pfess—cake 0.73 £0.19 24 +£0.72 0.15+0.1
Cyclohexane Unroasted press-cake 0.81 £0.21 0.98 £0.13 00
Roasted press-cake 1.54 £0.36 1.63 £ 0.51 0£0
Unroasted press-cake 1.52 +£0.38 1.54 +0.95 3.77 £1.01
Dichloromethan Roasted press cake 1.11 £ 0.59 0.87 £ 0.68 328+1.0
Ultrasound- Pulp 11.39 £1.23 23.6£25 4.39 +£2.08
assisted extraction Unroasted press cake 7.3 +1.63 15.09 £ 2.7 1213 £1.95
(UAE) Methanol Roasted press cake 6.78 £1.47 19.22 +1.96 1341 £ 2.1
Pulp 5474 £ 3.7 5229 £1.71 25.02 £ 1.69
Unroasted press cake 5.75 £2.47 28.34 £ 2.62 19.63 +2.14
Water Roasted press cake 3.49 £1.04 31.43 £ 3.06 19.98 +1.28
Pulp 23.12 £ 2.61 60.97 +2.36 3841 +218
Positive control Kojic acid chlorhexidine Elastrinal
95.18 £ 2.36 98.24 +£1.97 99.96 £ 0.02

Over the last 20 years, a large number of phenolic compounds have been tested for
their tyrosinase inhibitory potential [32-36]. So far, polyphenols are the strongest and most
important tyrosinase inhibitors, and this is due to the fact that these compounds have a
very high affinity with tyrosinase, especially the polyphenol glycosides [37].

As a matter of fact, these metabolites bind to the enzyme on their action sites (gen-
erally occupied by the substrate). The strength of affinity of those polyphenols can be
relatively medium or high, depending on the presence or absence of additional chemical
functions [38,39]. Studies have shown that some flavonoids are actually quite potent in-
hibitors. Isoflavones, for example, have demonstrated significant inhibition of tyrosinase
monophenolase and diphenolase activities [40].

Collagen and elastin are key elements of the animal extracellular matrix. They are
mainly responsible for skin elasticity and resistance [3], and their degradation is one of the
main causes of intrinsic skin aging. Their degradation is mainly caused by collagenase and
elastase, two enzymes capable of breaking the peptide bonds of collagen and elastin [41].
Table 1 regroups the results of the collagenase and elastase inhibition assays of the argan
press-cake and pulp extracts.

The highest collagenase inhibition values were observed with UAE argan press-
cake aqueous and methanolic extracts with respective values of (60.97 £+ 2.36)% and
(52.29 4+ 1.71)%, followed by the UAE argan roasted and unroasted press-cake extracts
with (31.43 £ 3.06)% and (28.34 =+ 2.62)%, respectively. The remaining samples exhibited
inhibition values lower than 25%.

As with the tyrosinase inhibition activity mentioned above, this collagenase inhibition
activity is probably due to polyphenols in the fruit pulp. These compounds proved to
be very good collagenase inhibitors. Indeed, long exposure to harmful stimuli, such as
ultraviolet (UV) radiation, activates the overexpression of collagenase and triggers a chain
reaction that leads to the degradation of the extracellular matrix, causing skin aging [42].
Polyphenols play a dual role at intra- and extracellular levels by protecting cells from
damage caused by UV radiation, while inhibiting the degenerative activity of collagenase.

Elastase belongs to the proteinase family. It is mainly responsible for elastin degrada-
tion, and its activity increases with age. This activity results in a decrease in the elasticity
of the skin, which causes the appearance of wrinkles [43]. Table 1 tabulates the elastase
inhibition percentages of the SFE and UAE argan press-cake and pulp extracts.
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The argan press-cake and pulp extracts showed inhibition values below 50%. The UAE
aqueous and methanolic pulp extracts demonstrated the highest inhibition values of
(38.41 £ 2.18)% and (25.02 £ 1.69)%, respectively, followed by the UAE aqueous, methano-
lic, and dichloromethanolic extracts, with values ranging between 20 and 3% observed;
meanwhile, the SFE extracts showed inhibition values below 1.5%.

These results are similar to those obtained for the tyrosinase and collagenase inhibition
assays. These elastase inhibition activities are mainly due to the presence of polyphenols
and flavonoids in the argan extracts. Furthermore, the tyrosinase, collagenase and elastase
inhibitory activity of these compounds can vary depending on several parameters, includ-
ing the structural variability of the molecules, their concentrations in the samples, and the
presence of several other molecules that can have a synergistic activity.

Moreover, Ghimeray et al. (2015) [44] investigated the anti-collagenase and anti-
elastase activities of polyphenols extracted from Punica granatum, Ginkgo biloba, Ficus carica,
and Morus alba, as well as their combinations. The obtained results by those authors sug-
gested that the combination of different extracts gives rise to higher collagenase inhibition.
A concentration of 5 ug/mL of a mixture of different extracts showed enzymatic inhibitions
greater than 65%, probably due to changes in the spatial conformation of collagenase
induced by the synergistic effect of polyphenols [45].

The tyrosinase, collagenase, and elastase inhibitory activities of the polyphenols and
flavonoids from the argan tree have not yet been cited in the literature. Currently, many
cosmetic companies are interested on using elastase, collagenase, and melanogenesis
inhibitors as active agents in anti-wrinkle, anti-aging, and skin-lightening products [46].
An increased demand for natural substances having these properties has given rise to
several pharmacological investigations, including the current study.

3.3. Determination of the Total Phenolic Content

Due to their biological importance in dermocosmetic activities, we chose to orientate
our investigation to the polyphenols of argan press-cake and pulp methanolic and aqueous
extracts. The results of the polyphenol content evaluation of argan by-products extracts are
presented in Table 2.

Table 2. Content of total phenolic compounds (TPC) (mean values =+ standard deviation) expressed
in mg gallic acid equivalent per gram of dry matter (mgeqaG/gpm) in argan press cake and fruit pulp.

Sample TPC (mgeqac/gDM)
UAE Methanol—Unroasted press cake 79+£07
UAE Methanol—Roasted press cake 31+03
UAE Methanol—Fruit pulp 682+15
UAE water—Unroasted press cake 6.5+0.9
UAE water—Roasted press cake 103 +1.2
UAE water—Fruit pulp 56.8 £3.7

The argan-fruit pulp extracts showed superior polyphenol contents, with values higher
than 55 mgeqaG/gpm, whereas press-cake extracts exhibited values ranging between 3 and
10 mgeqaG/ gpm- These results revealed that the argan pulp extracts have higher amounts of
polyphenols, and confirmed the dermocosmetic activities (anti-tyrosinase, anti-collagenase,
and anti-elastase) previously described.

These results are consistent with those cited in the literature. A manuscript published
by El Monfalouti et al. (2012) [27] featured the total phenolic contents of argan press-
cake and pulp extracts. The authors stated that the pulp extract had higher quantity of
polyphenols, with a value of (75.8 & 0.8) mgeqac/gpm, Whereas the press-cake extract
showed a value lower than 4.8 & 0.2 mgegac/gDMm-

Additionally, some authors identified the polyphenols of argan pulp and press cake.
Charrouf et al. (2007) [47] investigated the chemical composition of the hydroalcoholic
extract of argan pulp. They mentioned the presence of protocatechuic acid (21.8%), hyper-
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oside (13.4%), isoquercetin (10%), and gallic acid (5%) as lead compounds. Conversely,
Rojas et al. (2005) [48] studied the chemical composition of the press-cake hydroalcoholic
extract, and found out the presence of the epicatechin (54.72%), vanillic acid (8.10%), p-
hydroxybenzoic acid (7.01%), and 4-hydroxybenzyl alcohol (4.27%). Accordingly, these
compounds were selected here for molecular docking in order to study their affinities with
the enzymes and mechanisms of action.

3.4. Molecular Docking Analysis

The molecular docking approach is frequently used in drug design and pharmacog-
nosy [49]. This approach can be very useful to study the interaction between a ligand and a
protein. Molecular docking can be used as an approach for the orientation of biological
activities after chemical evaluation and identification of major compounds, or as a tool for
studying the mechanisms of action of a molecule after purification and in vitro tests [50]. In
the current research effort, molecular docking was used to study the mechanisms of action
of compounds previously identified in the argan press-cake and pulp extracts.

For every simulation, a single ligand is docked separately with the protein, then the
generated scores and poses are compared with the aim to select the best pose, knowing
that the lowest score corresponds to the best binding affinity. Tables 3-5 regroup together
the results of such simulations.

Table 3. Docking score and binding sites of the different ligands with tyrosinase.

Ligand Score (Kcal/mol) Active Site Residues Involved in H-Bond
Epicatechin —6.7 His259, His263, Arg268, Met280
Vanillic acid —5.8 ND

p-hydroxybenzoic acid —6.0 ND
4-hydroxybenzyl alcohol —5.6 His61, His85
Hyperoside —6.3 His85, His263, Met280
Isoquercetin —6.3 Met280, Gly281, Val283
Protocatechic acid —-3.3 His85, His259, Asn260, Phe264, His263
Gallic acid -5.9 His85, Phe264

Table 4. Docking score and binding sites of the different ligands with collagenase.

Ligand Score (Kcal/mol) Active Site Residues Involved in H-Bond
Epicatechin -85 Asnl80, Ala182, His218, Tyr237, Tyr240
Vanillic acid —6.5 Vall01, Leu226, His228

p-hydroxybenzoic acid —6.7 Leul81, Alal82, Arg214, His218, Glu219, Ser239
4-hydroxybenzyl alcohol —6.2 His218
Hyperoside -9.2 Alal82, Ala184, His222, His228
Isoquercetin —10.5 Asnl180, His183, Asp186, His228, Pro238
Protocatechic acid —64 Leul81, Ala182, Arg214, Val215
Gallic acid -7.1 Leul81, Alal82, Arg214, Glu219

Table 5. Docking score and binding sites of the different ligands with elastase.

Ligand Score (Kcal/mol) Active Site Residues Involved in H-Bond
Epicatechin —6.5 Ser190, Asn192, Ser195, Cys220
Vanillic acid —52 Asn192, Ser195

p-hydroxybenzoic acid —4.8 Cys220
4-hydroxybenzyl alcohol —49 His57, Ser190, Ser195, Ser214
Hyperoside -7.7 His57, Ser190, Asn192, Ser195, Ser214, Gly219
Isoquercetin —-7.8 Argl43, Asnl47, Cys191, Ser195, Cys220
Protocatechic acid -5.3 Asn192, Cly216

Gallic acid 5.7 Asn192, Ser195
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The results of the tyrosinase bindings showed that the ligand with the best affinity
was the epicatechin with an affinity score of —6.7 Kcal/mol (Figure 5), followed by the
hyperoside, isoquercetin, and protocatechuic acid with a value of —6.3 Kcal/mol. The
visualization of the amino acids involved on the ligand-protein interaction showed that
some amino acids are common to some compounds. For example, epicatechin and hypero-
side both bind with His263 and Met280. Conversely, His259 and His263 are common to
epicatechin and protocatechuic acid. These results revealed that those compounds have
similarities on their binding sites, which may suggest that they may have similar inhibition
mechanisms of action.

A:268
HIS ;
A:263 MET
A:280
HIS
A:259
—
Interactions
- Conventional Hydrogen Bond E] Akyl
[] carbon Hydrogen Bond [ Praki

E[ Pi-Donor Hydrogen Bond

Figure 5. 3D and 2D protein-ligand interactions at the tyrosinase active site of the epicatechin (PDB
CID: 2Y9X).

Kojic acid is an inhibitor of tyrosinase. It is widely used as positive control for
tyrosinase inhibition assays, and its mechanism of action has been reported in the literature
by Ashooriha et al. (2020) [51]. According to these authors, this compound has an affinity
score of —4.09 kcal/mol, and binds with the amino acids His85, His259, His263, and Met280.
These amino acids are common to our ligands, which suggest that they all may have the
same inhibition mechanism of action.

The affinity scores analysis of the ligands after docking simulations with collagenase
showed the lowest value compared to other ligands—isoquercetin with —10.5 Kcal /mol
(Figure 6), followed by hyperoside with —9.2 Kcal/mol. The obtained results confirm the
strong affinity of isoquercitin and hyperoside with the collagenase enzyme by the common
amino acid His228. Other ligands showed scores superior to —8.0 Kcal /mol, with a value
of —8.5 Kcal/mol for the epicatechin.

According to the literature, polyphenols and flavonoids have a high affinity with
collagenase. Furthermore, several in vitro evaluations have shown that these metabolites
have collagenase inhibitory activity [52-54]. Along to the same line of research, molecular
docking tests on different flavonoids were achieved by Priani and Fakih (2021) [55]. They
reported docking scores ranging between —8 and —10 Kcal/mol. In another study pub-
lished by Taherkhani et al. (2020) [56], isoquercetin and epicatechin showed respective
scores of —8.96 and —6.4 Kcal/mol. These data are in perfect agreement with the results
here obtained for isoquercetin and epicatechin.

Comparison of different data obtained after docking simulations of the ligands
with elastase disclosed that the lowest affinity score was obtained with isoquercetin
(—7.8 Kcal /mol) (Figure 7), followed by hyperoside and epicatechin with —7.7 and
—6.5 Kcal/mol, respectively. Moreover, these ligands are bonded with elastase, using
more than 4 covalent bonds, with a common amino acid, Ser195.
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Figure 6. 3D and 2D protein-ligand interactions at the collagenase active site of the isoquercetin
(PDB CID: 1CGL).

Interactions
- Conventional Hydrogen Bond - Pi-Pi T-shaped
|:| Pi-Donor Hydrogen Bond

Figure 7. 3D and 2D protein-ligand interactions at the elastase active site of the hyperoside (PDB
CID: 1BRU).

Molecular docking simulations of flavonoids and polyphenols with elastase have also
been reported in the literature. Elastase and collagenase are the main causes of intrinsic
aging. Evaluations by molecular docking aimed to identify molecules that can interact with
the active sites of these enzymes to inhibit them [57]. According to a study reported by
Priani and Fakih (2021) [55], glycosylated flavonoids showed docking score values between
—5.5 and —6.5 Kcal/mol. In another study conveyed by Bras et al. (2010) [58] different
molecules of procyanidins (condensed tannins containing a molecule of catechol) were
evaluated for their affinities with elastase. The obtained results showed values between
—3 and —5 Kcal/mol. Moreover, molecules with high molecular weight showed the most
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interesting scores. Such a finding may probably be due to the strong binding caused by the
establishment of contact points with the amino acids present in their active sites.

4. Conclusions

In conclusion, the supercritical fluid and ultrasound-assisted methods afford extracts
with good yields, especially the ultrasound-assisted extraction. The supercritical fluid
extraction was used since it is the most environmentally friendly and allowed us to re-
cover compounds from argan press cake; however, the extract showed very low enzyme
inhibition activity. In contrast, the argan pulp extracts obtained with ultrasound-assisted
extraction disclosed promising results. Indeed, the argan pulp methanolic and aqueous
extracts revealed very interesting tyrosinase, collagenase, and elastase inhibition activities
at 200 ug/mL with values higher than 20 times those observed with press-cake extracts.
Additionally, the evaluation of the phenolic contents confirmed their presence in the pulp
extracts in high amounts. The polyphenols have been widely cited by researchers for their
tyrosinase, collagenase, and elastase inhibition potentials.

A molecular docking study was performed, aiming to predict the mechanism of action
behind the argan by-product extracts” inhibition activity. The obtained results showed that
hyperoside and isoquercetin (lead compounds of the argan-fruit pulp) have the highest
affinity with tyrosinase, collagenase, and elastase in comparison with the other tested
compounds. These results correlate positively with the inhibition percentages observed
after the in vitro tests. This manuscript highlights the potential of argan by-products using
a combined computational /biological approach. Despite showing moderate activities, the
exploitation of argan press cake and pulp as natural ingredients for cosmetics could be an
added value to their traditional uses which can be incorporated into Moroccan practices
for a sustainable economic system in a context where argan-based products are highly
demanded in the market.
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