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Żebrowska, I.; Stebel, A. Effects of

Water–Ethanol Extracts from Four

Sphagnum Species on Gene

Expression of Selected Enzymes in

Normal Human Dermal Fibroblasts

and Their Antioxidant Properties.

Pharmaceuticals 2023, 16, 1076.

https://doi.org/10.3390/

ph16081076

Academic Editors: Geir Bjørklund,

Mariia Shanaida and Olha

Mykhailenko

Received: 26 May 2023

Revised: 20 July 2023

Accepted: 21 July 2023

Published: 28 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Article

Effects of Water–Ethanol Extracts from Four Sphagnum Species
on Gene Expression of Selected Enzymes in Normal Human
Dermal Fibroblasts and Their Antioxidant Properties
Maria Zych 1,* , Katarzyna Urbisz 1, Magdalena Kimsa-Dudek 2 , Maria Kamionka 3, Sławomir Dudek 1 ,
Barbara Klaudia Raczak 4,5, Stanisław Wacławek 4,5, Damian Chmura 6 , Ilona Kaczmarczyk-Żebrowska 1
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Abstract: Mosses (Bryophyta), particularly species of the genus Sphagnum, which have been used
for centuries for the treatment of skin diseases and damage, are still not explored enough in terms
of their use in cosmetics. The purpose of this study was to determine the antioxidant properties of
water–ethanol extracts from four selected species of the genus Sphagnum (S. girgenshonii Russow,
S. magellanicum Brid., S. palustre L., and S. squarrosum Crome) and their impact on the expression of
genes encoding key enzymes for the functioning of the skin. In this study, the effects of Sphagnum
extracts on the expression of genes encoding tyrosinase, collagenase, elastase, hyaluronidase and
hyaluronic acid synthase in human dermal fibroblasts were determined for the first time in vitro.
The extracts inhibited tyrosinase gene expression and showed antioxidant activity. The experiment
showed an increase in the expression of some genes encoding collagenase (MMP1) or hyaluronidase
(HYAL2, HYAL3 and HYAL4) and a decrease in the hyaluronan synthase (HAS1, HAS2 and HAS3)
genes expression by the tested extracts. The obtained results suggest that using extracts from the
tested Sphagnum species in anti-aging cosmetics does not seem beneficial. Further studies are needed
to clarify their impact on the skin.

Keywords: antioxidant properties; collagenase; elastase; genes expression; hyaluronic acid; NHDF
cell line; Sphagnum mosses; tyrosinase

1. Introduction

The genus Sphagnum, belonging to the group of mosses Bryophyta, is a very distinct
group of plants. They occur mainly in wetlands and water areas, e.g., peat bogs, oxbow
lakes, drainage ditches or near lobelia lakes. Having the ability to store water, they maintain
high humidity and appropriate acidity of the ground in the habitats where they occur,
which contributes to the slow process of their decomposition and peat accumulation [1].
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The number of Sphagnum species worldwide is estimated at approximately 350–500 [2].
There are about 58 species in Europe [3], of which 37 have been recorded in Poland [4].

Species belonging to the genus Sphagnum are the source of many bioactive chemical
compounds. Their content in the plant depends on the season and from where the research
material is collected, as well as the plant species [5]. They contain polysaccharides (e.g., a
pectin-like carbohydrate polymer called sphagnan) [6,7], amino acids, carotenoids, fatty
acids, triterpenes and sterols, as well as phenolic compounds including phenolic acids
and flavonoids [5,8–11]. Among the phenolic acids occurring in species of the genus
Sphagnum the presence of, among others, dihydroxybenzoic, gallic, vanillic, salicylic, caffeic,
chlorogenic, p-coumaric and cinnamic acids [8,11], as well as sphagnic acid (characteristic
of these plants) [5,8], was detected. Several publications also report the presence of a
flavonoid fraction, unique for this type, containing both aglycones and flavonoid glycosides
belonging, among others, to flavonols or flavanones [9,12].

The presence of many primary and secondary metabolites in plants of the Sphagnum
genus has prompted in vitro studies investigating the extracts obtained from these plants.
Scientific research confirms their antibacterial [8,11,13,14], antioxidant [11,15–17], cyto-
toxic [8,10], aromatase inhibiting activity [12] and protective effects on kidney epithelial
cells [9].

The use of various species of Sphagnum in ethnomedicine has certainly contributed
to the research mentioned above and expanded knowledge about the use of this group of
plants. In traditional Chinese medicine, they are used in the treatment of skin diseases, acne,
eye diseases and hemorrhoids [18], while traditional Korean medicine finds them effective
in treating heart pain and strokes [9,12]. Various facts regarding the historical usage of the
genus Sphagnum in medicine and ethnomedicine were collected and described by Drobnik
and Stebel in their work [19]. The most commonly practiced use of species of the genus
Sphagnum is observed in the treatment of skin diseases and injuries. Antimicrobial and
absorption properties allowed the effective use of these plants as early as in the Mayan
Civilization [20]. Since 1880, they have also been used in Europe as wound dressings
and in the prevention of gas gangrene, in particular during World War I [7,18,19,21,22].
Recent studies on species of the genus Sphagnum revealed the UV-absorbing effect of
extracts obtained from various species, such as S. magellanicum Brid. and S. meridense
(Hampe) Müll.Hal., which suggests the possibility of using them or individual compounds
isolated from them as natural sunscreens [15,16]. These reports suggest the need for further
research to determine the possibility of using extracts from various species of Sphagnum as
ingredients in cosmetics, especially in cosmetics intended as anti-aging treatments.

The ingredients of cosmetics (including anti-aging ones) should be characterized
by antioxidant activity and should also prevent the degradation of skin components,
e.g., collagen, elastin or hyaluronic acid, as well as protect against increased melanin
synthesis [23,24]. Sources of ingredients with collagenase, elastase, hyaluronidase or
tyrosinase inhibitory activity are constantly being sought. The results of the research on
plant extracts obtained from, e.g., Camellia sinensis (L.) Kuntze, Hypericum scruglii Bacch.,
Brullo & Salmeri, Limonium morisianum Arrigoni, Cistus salviifolius L., Pistacia lentiscus L.,
Cytinus hypocistis (L.) L., Himantoglossum robertianum (Loisel.) P. Delforge, Plectranthus spp.,
Salicornia europaea L., and Rosa rugosa Thunb., as well as bryophytes such as Polytrichum
formosum Hedw., indicate that they might be a source of potential inhibitors of enzymes
responsible for skin aging processes [25–30].

Based on the above-mentioned literature, it can be hypothesized that species from
the genus Sphagnum can be used as ingredients in anti-aging cosmetics. Therefore, this
study aimed to evaluate the antioxidant properties of water–ethanol extracts prepared from
four moss species (Sphagnum girgensohnii Russow, Sphagnum magellanicum Brid., Sphagnum
palustre L. and Sphagnum squarrosum Crome) and to determine their effects on the expression
of genes encoding enzymes involved in the metabolism of hyaluronic acid, collagen, elastin
and melanin in human dermal fibroblasts.
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2. Results
2.1. Results of Determination of the Content of Phenolic Compounds

The results of the determination of total phenols content (TP), total phenolic acids
content (TPA) and total flavonoids (TF) are shown in Figure 1A–C, respectively (Figure 1).
The highest TP was 24.6 ± 1.1 mg GAE/g dry extract, which was observed in the SM
extract. TP decreased in the extracts in the order of SM > SP (21.28 ± 1.07 mg GAE/g dry
extract) > SS (16.73± 0.73 mg GAE/g dry extract) > SG (14.75± 0.87 mg GAE/g dry extract).
The extracts from the SM and SP species were distinguished by the highest TPA, which
were 14.14 ± 0.56 and 12.33 ± 1.42 mg CAE/g dry extract, respectively. Significantly lower
TPA were recorded for SS (8.75 ± 1.49 mg CAE/g dry extract) and SG (9.28 ± 1.01 mg
CAE/g dry extract) species. In turn, the highest TF was 13.27 ± 0.24 mg QE/g dry
extract, which was observed for the SP extract. The amount of TF decreased in the order
SP > SG (11.33 ± 0.31 mg QE/g dry extract) > SM (9.88 ± 0.31 mg QE/g dry extract) > SS
(8.70 ± 0.27 mg QE/g dry extract).
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Figure 1. Comparison of selected variables among four moss species (SG, SM, SP, SS) based on LMM
tests. The different lowercase letters (a, b, c and d) above bars denote significant differences at p < 0.05
(LSD Fisher test) among the control and mosses. Results are mean ± SE, n = 6. (A) total phenols
content (TP) as mg GAE/g dry extract; (B) total phenolic acids content (TPA) as mg CAE/g dry
extract; (C) total flavonoids content (TF) as mg QE/g dry extract; (D) antioxidants activity measured
by DPPH method as µM TE/g dry extract; (E) antioxidants activity measured by ABTS method as µM
TE/g dry extract; (F) antioxidants activity measured by FRAP method as µM Fe2+E/g dry extract;
(G) lipid peroxidation (PL) as % inhibition of linoleic acid oxidation; (H) advanced oxidation protein
products (AOPP) as µmol ChTE/mL.

Using the HPLC technique, selected phenolic compounds were determined in extracts
from the tested mosses. In all examined Sphagnum extracts, p-coumaric acid and rutin were
observed. Quercetin was also detected in the Sphagnum magellanicum (SM) extract, and
apigenin was detected in the Sphagnum squarrosum (SS) extract. The values of phenolic
compound content are presented in Table 1. (Table 1; Figures S1–S4 in Supplementary
Materials).
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Table 1. The content of selected phenolic compounds determined by HPLC in Sphagnum extracts.

Species of Moss
Content of Determined Phenolic Compounds in mg/g of Dry Extract

p-Coumaric Acid Rutin Quercetin Apigenin

Sphagnum girgensohnii Russow. 0.141 0.064 - -
Sphagnum magellanicum Brid. 0.069 0.510 0.142 -

Sphagnum palustre L. 0.104 0.364 - -
Sphagnum squarrosum Crome 0.263 0.102 - 0.053

For the standard error, see Appendix A Table A1. “-” indicates that a specific compound concentration was under
the detection limit.

2.2. Results of the Antioxidant Properties of Moss Extracts

According to the LMMs, the species identity of Sphagnum had an impact on antioxidant
properties, as determined by the ABTS, DPPH, FRAP methods, and on PL and AOPP
creation (Figure 1, Supplementary Materials Table S1). The studied species also differed in
TP, TPA and TF. The determined values of TP, TPA and TF also had an influence on selected
antioxidant properties (Figure 2, Supplementary Materials Table S1).
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The strongest antioxidant activity in the studies based on the ABTS, DPPH and FRAP
methods was found for the SM extract. The antioxidant activity values measured by these
methods for the SM extract were 91.78 ± 9.17 µM TE/g dry extract, 63.79 ± 3.84 µM
TE/g dry extract and 98.00 ± 3.89 µM Fe2+E/dry extract, respectively. The lowest an-
tioxidant activity was 20.64 ± 2.49 µM TE/g dry extract and 45.94 ± 1.38 µM Fe2+E/dry
extract for the SS extract, based on determinations by DPPH and FRAP methods, respec-
tively. The antioxidant potential of the SS extract measured by the ABTS method was
41.94 ± 7.60 µM TE/g dry extract, and it was not statistically different from the results
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obtained for SP (52.50 ± 7.21 µM TE/g dry extract) or SG (36.06 ± 6.56 µM TE/g dry
extract). The results of antioxidant activity of all the tested extracts obtained from the
analyzed species of Sphagnum are presented in Figure 1D–F (Figure 1).

The strongest inhibitory effect on the oxidation of linoleic acid (inhibiting lipid per-
oxidation) was shown by the SP and SG extracts, and the inhibition percentage for these
species was 11.53 ± 3.16 and 10.09 ± 0.82, respectively. The weakest inhibitory effect on
the oxidation of linoleic acid was found for the SM extract, with a inhibition percentage
of 6.80 ± 1.40. The extract from SS had 9.02 ± 1.67 inhibition percentage, which was not
statistically different from the results obtained for other tested species (Figure 1).

The strongest ability of protein oxidation inhibition, which is indicated by the reduced
production of AOPP, were found for the extract obtained from SP (2.61 ± 0.14 µmol
ChTE/mL). The SG extract showed the weakest ability for inhibiting AOPP formation
(3.29 ± 0.13 µmol ChTE/mL (Figure 1).

There was a negative relationship between the TF content and antioxidant properties,
as determined by the ABTS method, and the highest effect was caused by S. magellanicum
and S. palustre. The negative relationship was found also between antioxidant capac-
ity measured by FRAP method and TP; however, there was a slight positive effect of
S. girgensohnii. A marginally significant positive relationship was observed between FRAP
and TF (Supplementary Materials Table S1) and was chiefly found in S. girgensohnii extract
(Figure 2).

2.3. Results of the Cytotoxicity Study of Extracts from Four Sphagnum Species

The cytotoxicity results obtained for the extracts showed that the extract from Sphag-
num magellanicum had the lowest cytotoxicity, since even at the concentration of 500 µg/mL
of the extract, the cell viability was higher than 70%. No cytotoxic effect was found for
any tested extracts at the concentration of 125 µg/mL; therefore, this concentration was
selected to study the gene expression of selected skin enzymes (Figure 3).
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2.4. Results of Genes Expression Determination

The control distinctly differed from the studied moss species in terms of relative
mRNA gene expression (Figure 4). The TPA had a negative effect on the ELANE and HAS3
relative mRNA genes expression (Figure 5).

Considering moss species identity, in 10 out of 12 studied genes, there were significant
differences in expression between the studied taxa and control. The extracts from all tested
species of Sphagnum significantly increased the expression of the HYAL2, HYAL3 and
HYAL4 genes compared with NHDF not treated with extracts.
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The effect of the tested extracts from the genus Sphagnum on the relative expression
of the HYAL3 gene was not statistically different between tested mosses. For the HYAL 2
and HYAL 4 genes, the lowest expression was observed after treating the NHDF with the
SS extract, and this expression was still significantly higher than the expression of these
genes in cells which were not treated by extracts. No impact of tested extracts on HYAL 1
expression was observed.

The tested extracts had various impacts on the expression of genes encoding colla-
genases (MMPs), i.e., they increased the expression of MMP1 and inhibited MMP8 and
MMP13 compared with cells not treated with the extracts. No statistically significant
differences between the Sphagnum species in the effect on the expression of these genes
were observed.

The relative expression of tyrosinase gene expression (TYR) was statistically signif-
icant. Its expression was inhibited by all of the tested extracts from Sphagnum species
in comparison to the relative expression of this gene in cells which were not treated by
the extracts. The strongest, statistically significant inhibition of TYR gene expression was
observed for the SP extract.
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Extracts from all tested mosses inhibited the relative expression of hyaluronan syn-
thases genes (HAS1, HAS2 and HAS3) in comparison with their expression in NHDF
not treated by the extracts. No statistically significant differences between the Sphagnum
species in the effect on the expression of HAS1 and HAS2 genes were observed; however,
expression of the HAS3 gene was most inhibited by the SP extract (Figure 6).
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3. Discussion

Mosses have been used in ethnomedicine for centuries, and in several extensive
review papers, a wide range of their applications is presented [31–33]. They are used,
among other applications, in skin disease, infection or cancer treatment [31–33]. In recent
years, studies to confirm these uses of mosses and to discover new applications have been
conducted. Most often, in vitro tests were conducted to determine the activity of moss
extracts or active compounds isolated from them. According to our knowledge, there
are no in vivo studies or clinical studies describing the activity of mosses extracts. In the
literature, we found only one clinical trial description in which a galactosidase inhibitor
isolated from biotechnologically recombined moss—Physcomitrella patens—was used [34].
An aqueous cell extract biotechnologically produced from the same moss is also a cosmetic
ingredient [35]. To the best of our knowledge, there is no reported research describing
the adverse effects of moss extracts. Only allergic reactions have been reported, but these
reports were referring to liverworts, which are plants related to mosses [32,33]. Therefore,
it is necessary to conduct research on the action of mosses extracts, and to publish results
indicating both their beneficial and unfavorable activities.

The skin is the body’s largest organ, protecting against harmful chemical factors,
the influence of UV radiation, penetration of microorganisms and mechanical damage to
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internal organs. It consists of the epithelium, dermis and subcutaneous tissue [36,37]. The
dermis contains the most essential components for the skin and its functions, such as fibers
of collagen and elastin, which are produced by fibroblasts, and glycosaminoglycans located
between the fibers, such as hyaluronic acid. These components are the main ingredients
of the ECM [38,39]. The impact of UV radiation, chemicals and pollution on the skin
causes the overproduction of reactive oxygen species within it, which in turn, increases
the level of oxidative stress. Increased production of free radicals leads to accelerated skin
aging associated with a decline in the amounts of collagen and elastin fibers, reduction in
skin thickness, and formation of wrinkles, skin cancers or hyperpigmentation (melasma,
freckles, age spots) [25,27,40].

Therefore, compounds with antioxidant activity, particularly phenolic compounds,
are used in cosmetics to reduce oxidative damage [41]. Due to the fact that most phenolic
substances are extracted using a mixture of alcohol and water [42,43], a mixture of ethanol
and water in a ratio of 1:1 was used to prepare extracts from four species of Sphagnum. The
highest TP and TPA were found in the Sphagnum magellanicum extract, while the Sphag-
num palustre extract had the highest TF. Sphagnum magellanicum extract also showed the
strongest neutralizing effect on DPPH and ABTS radicals, as well as antioxidant properties
measured by the FRAP method, while Sphagnum palustre extract most strongly inhibited
lipid oxidation and protein oxidation. The antioxidant properties of Sphagnum extracts
determined by the DPPH, ABTS or FRAP methods have already been described [11,15–17].
It is worth noting that this study is the first to compare the inhibition of biomolecules oxida-
tion by extracts from different species of the genus Sphagnum. The inhibitory effect on the
formation of AOPP has already been demonstrated for some phenolic acids and flavonoids
including quercetin [44], which was determined in an extract of Sphagnum magellanicum. It
is worth noting that rutin, which is a quercetin glycoside (rutinoside), was detected in all
tested extracts. Some studies show that the greater the total content of phenolic substances
in the extract, the greater its ability to inhibit protein oxidation and lipid peroxidation [45].
Positive correlations are often shown between the content of phenolic components and the
neutralization of ABTS and DPPH radicals or antioxidant properties determined by the
FRAP method [46,47]. In this experiment, no significant correlations were found between
the content of phenolic compounds in water–ethanol extracts from Sphagnum and their
ability to inhibit the formation of AOPP and oxidation of linoleic acid or DPPH radical
scavenging. Klavina et al. also found no correlation between antioxidant properties and the
content of phenolic compounds in several species of mosses and suggested that the antioxi-
dant activity in mosses may result from the presence of other groups of active compounds
present in Bryophyta [43]. Surprisingly, this experiment observed a negative correlation
between the TF and the antioxidant activity measured by the ABTS method. A negative
relationship was also noted between the iron ion reducing capacity (FRAP) and TP for the
SM, SP, and SS extracts. Only the SG extract showed a positive correlation. A positive
relationship was also found between the antioxidant properties of extracts determined by
the FRAP method and the TF. According to some authors, the presence or absence of a
relationship between the content of phenolic substances and antioxidant properties may
depend on the extraction conditions [48,49].

This study demonstrates the antioxidant effect of water–ethanol extracts from four
species of Sphagnum with a high content of polyphenols. Based on existing reports suggest-
ing that polyphenols may be modulators of enzymes responsible for the skin’s condition,
an attempt was made to determine the effects of these extracts on genes encoding enzymes
such as tyrosinase, collagenase, elastase, hyaluronidases and hyaluronan synthases [23].

In order to study the effect of the obtained extracts on enzymes related to the skin
condition, the cytotoxicity of these extracts was firstly tested. According to previous studies,
an extract is characterized as lacking a cytotoxic effect on cells when the cells viability after
its use is ≥70% (ISO 10993-5). In vitro tests are considered as a key tool for determining the
cytotoxicity of extracts containing new chemical compounds. Many cell lines can be used
for this purpose, among which the fibroblast line is often used [50]. Our results showed
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that the SM extract had the lowest cytotoxicity. It is worth noting that SM is one of the most
frequently used moss species in studies [11,15,51].

Tyrosinase is a copper-dependent enzyme that is widespread in various organisms and
plays a key role in melanogenesis [52]. Therefore, tyrosinase inhibitors are considered to be
potentially useful components of depigmenting cosmetics [53]. Many published papers
have reported the inhibition of tyrosinase activity due to plant extracts [28,29], including
extracts obtained from the mosses Hypnum cupressiforme Hedw. [54] and Polytrichum formo-
sum Hedw. [27]. Studies on the effect of plant extracts on tyrosinase activity are often based
on spectrophotometric measurements, and their results indicate the inhibition of tyrosinase
activity, among others by flavonoids [27,55]. However, there is evidence that flavonoids
and their reactions may influence such an analysis. Tyrosinase activity is usually deter-
mined by the spectrophotometric method by measuring the absorbance of dopachrome,
which is formed as a result of non-enzymatic transformations (cyclization and oxidation) of
dopaquinone, the main product of reactions catalyzed by tyrosinase. Flavonoids can affect
these non-enzymatic reactions and cause errors in the results [56,57].

It is also believed that mushroom tyrosinase (mostly used for screening based on
spectrophotometric measurements) is not as selective as mammalian tyrosinase, and experi-
ments conducted using mammalian cell lines seem to be a better research model than those
based solely on enzymes and spectrophotometric measurements [58]. Considering these
findings, human dermal fibroblasts were used in the work presented here to determine the
impact of moss extracts on enzymes related to skin condition. The results of many previous
studies indicate that the activity of the tyrosinase enzyme is also dependent on the presence
of antioxidants, in particular phenolic compounds. In vivo studies indicate an increase in
tyrosinase activity caused by the presence of free radicals (fibroblast tyrosinase). It was
found that p-coumaric acid, thanks to its structure similar to L-tyrosine, can competitively
inhibit tyrosinase [59]. In this study, p-coumaric acid was present in each of the tested
extracts, and all the extracts were rich in antioxidant phenolic compounds. The results
of the tyrosinase gene expression study indicate that the extracts obtained from all the
tested Sphagnum species inhibit the expression of this gene compared with its expression
in cells not treated with the extract. However, to strictly determine the effect of Sphagnum
extracts on melanin synthesis, further research on other cell lines which synthesize melanin
(melanocytes or melanoma cells) or in vivo studies are necessary.

Collagenases belong to the MMPs family and their activity is dependent on the zinc
cation (Zn2+). By degrading collagen, these endopeptidases play a major role in generating
structural changes in the extracellular matrix of the skin [27,37]. The following collagenases
are distinguished: collagenase 1, collagenase 2, and collagenase 3. These are encoded by the
genes MMP1, MMP8 and MMP13, respectively [37,39]. The most important role in collagen
metabolism is played by collagenase 1 (MMP1), also known as interstitial or fibroblast
collagenase [60–62]. Unfortunately, extracts from the studied Sphagnum species in this study
increased the expression of MMP1 genes, which may contribute to increased degradation of
collagen in the skin and intensification of skin aging processes. Although Sphagnum extracts
reduced gene expression of MMP8 and MMP13 in cells which were treated by extracts,
compared with gene expression in dermal fibroblasts to which Sphagnum extracts were
not added, this effect seems to be less significant, since MMP8 and MMP13 are thought
to contribute to a very small extent to the overall damage to the collagen structure in the
photoaging process [37,39].

In addition to collagen, an important protein in the ECM of mammals is elastin. It
provides flexibility and elasticity to various tissues and organs, including the skin. Elastin
is broken down by enzymes such as serine proteases, MMPs and cysteine proteases [62,63].
In this study, the effects of Sphagnum extracts on the expression of the ELANE gene, which
encodes the enzyme of neutrophil elastase [64], a serine protease [63], were analyzed. Some
authors point to the important (greater than fibroblast elastase) role of neutrophil elastase
in the process of elastin decomposition in the skin [65]. In this study, no effect of Sphagnum
extracts on the neutrophil elastase (ELANE) gene expression was observed compared with
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the expression of the gene in fibroblasts not treated with the extracts, and there was a
negative correlation between gene expression and TPA in the extracts. Elastase is, therefore,
an enzyme whose activity depends on the presence of antioxidants. Another study also
confirmed the relationship between the decrease in elastase activity along with the increase
in the content of antioxidants, including phenolic compounds [66].

HA is an essential component of the ECM and is chemically a non-sulphated gly-
cosaminoglycan. It has an impact on tissue homeostasis, in particular on the formation of
intercellular gels and facilitating the appropriate organization of tissues. Half of the total
amount of HA in the human body is found in the skin (epidermis and dermis), where its
synthesis by epidermal keratinocytes and dermal fibroblasts occurs [67,68]. HA with high
molecular weight is present in normal tissues, while HA with lower molecular weight is
responsible for scar formation, inflammation, immunostimulation and angiogenesis. HA
synthesis occurs with the participation of hyaluronic synthases (HAS), which are glycosyl
transferases. Three isoforms of HAS have been identified in mammals, where fibroblasts
mainly use HAS2, while keratinocytes equally use HAS2 and HAS3 [67]. Decreased HAS
expression and reduced hyaluronic acid deposition have been reported in aging fibroblasts.
Degradation of HA occurs with the participation of hyaluronidases (HYAL), with the most
active ones being HYAL1 and HYAL2 [67]. In this study, a decrease in the expression of the
HAS1, HAS2 and HAS3 genes and increases in the expression of the HYAL2, HYAL3 and
HYAL4 genes in human dermal fibroblasts under the influence of water–ethanol extracts
from all four tested Sphagnum species were observed compared with the expression of these
genes in fibroblasts not treated with the extracts. Despite the lack of influence of the extracts
on the expression of the main gene encoding hyaluronidase (HYAL1), reduced expression of
HAS genes entails reduced synthesis of hyaluronic acid, and increased expression of genes
from the HYAL family leads to its faster degradation. Therefore, the results of the present
study appear to show the adverse effect of Sphagnum extracts on HA transformations in
human fibroblasts, which may result in a reduced HA content in the skin. However, it is
difficult to compare the results of the above work with other data in the literature because
to date, there are no studies showing the effect of water–ethanol extracts from mosses of
the genus Sphagnum on the content of HA in the skin by affecting the expression of genes
encoding enzymes involved in its transformation.

During skin aging processes, the composition of the ECM changes. First of all, collagen,
skin’s basic building protein, undergoes fragmentation in which MMPs play the greatest
role [38,69]. The aging-related increase in the activity of MMPs may be due to the reduction
in the size of fibroblasts in old skin compared with young skin [38,70]. In addition, in aging
skin, the level of endogenous MMPs inhibitors may decrease, which may lead to increased
MMPs activity and collagen breakdown [38]. In the process of natural aging, the number
of elastin fibers decreases [38]. Data from the literature indicate no differences in the level
of HA between young and old skin, but naturally aging skin possesses lower amounts
of HA binding proteins than young skin [38,71]. Therefore, in research on the anti-aging
properties of cosmetic ingredients such as plant extracts, it is worth determining their effect
on the expression of ECM components. In this study, the expression levels of enzymes’
genes which are involved in the metabolism of ECM components were determined, but the
expression of specifically these components, i.e., collagen, elastin and HA, was not. The
lack of these determinations is one of the limitations of this study. Another is the lack of
research using other cell lines, such as NHEK (Normal Human Epidermal Keratinocytes),
melanocyte or melanoma cells. Our study is a preliminary study, providing a good basis
for further research due to the unusual results obtained.

4. Materials and Methods
4.1. Mosses and Extracts Preparation

In southern Poland (49◦32′15′′ N 19◦20′09′′ E), in the Pilsko massif located in the West-
ern Carpathians, on 30 May 2021, gametophytes of four Sphagnum species were collected:
Sphagnum girgensohnii Russow. (SG), Sphagnum magellanicum Brid. (SM), Sphagnum palustre
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L. (SP), and Sphagnum squarrosum Crome (SS). Table 2 presents photographs and brief
characteristics of these species. Voucher specimens were deposited in the Herbarium of the
Department of Pharmaceutical Botany of Medical University of Silesia in Katowice.

Table 2. Description of morphological features and habitat preferences of the studied species from
the genus Sphagnum.

Moss Species Name Photographs of Species Morphological Features Habitats

Sphagnum girgensohnii
Russow.
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The mosses’ gametophytes were dried. A 2 g sample of the powdered material was
extracted with 50 mL of a mixture of ethanol and water (1:1 v/v) for half an hour in a
round bottom flask under a reflux condenser at a temperature of 80 ◦C. The extract was
then filtered through cotton wool. The precipitate together with the cotton wool was
returned to the flask, 50 mL of the mixture of ethanol and water in the same volume
ratio was added, and the extraction was repeated for another 30 min. After this time, the
extract was filtered and combined with the extract obtained in the first stage of extraction.
The extracts obtained in this way were concentrated on an evaporator under lowered
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pressure and then lyophilized. Lyophilized extracts were used to prepare solutions with a
concentration of 1 mg/mL, which were then used for further research. To determine the
phenolic compounds and antioxidant properties, dry (lyophilized) extracts were dissolved
in a mixture of 96% ethanol and water (1:1 v/v). Dry extracts dissolved in water were used to
investigate the impact of the moss extracts on AOPP formation. Two independent extracts
were performed for each species of moss, and three determinations were performed on
each extract. In the cell culture studies, the dry extracts were dissolved directly in the
culture medium.

4.2. Equipment, Materials and Reagents Used in the Determination of Phenolic Compounds and
Antioxidant Activity
4.2.1. Equipment and Materials

The following equipment was employed: an HLP 5sp demineralizer (Hydrolab,
Straszyn, Poland); a microplate reader Tecan Infinite M200 PRO with Magellan 7.2 soft-
ware (Tecan Austria, Grödig, Austria); Spectra/Por dialysis membranes 10 kDa MWCO
(Spectrum Laboratories, Phoenix, AZ, USA); and 96-well plates (Greiner, Frickenhausen,
Germany).

4.2.2. Reagents

The following reagents were bought from Sigma-Aldrich (St. Louis, MO, USA): 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS); 2,2-diphenyl-1-picrylhydrazyl
(DPPH); 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ); acetonitrile; aluminium trichloride (AlCl3);
apigenin; ascorbic acid; bovine serum albumin (BSA); caffeic acid; chloramine T; gallic acid;
linoleic acid; PBS; potassium persulfate; quercetin; and rutin, trolox and thiobarbituric acid.
The following were purchased from CHEMPUR (Piekary Śląskie, Poland): 96% ethanol
(46.07 g/mol, 0.808 g/mL); Arnov’s reagent; hydrochloric acid (HCl); iron sulfate (FeSO4);
methanol; and sodium acetate (CH3COONa). Reagents such as calcium carbonate (CaCO3),
iron trichloride (FeCl3) and sodium carbonate (Na2CO3) were manufactured by POCH
(Gliwice, Poland). Folin–Ciocalteau reagent and trichloroacetic acid were manufactured by
Eurochem BGD (Tarnów, Poland). Sodium hydroxide (NaOH) was purchased from STAN-
LAB (Lublin, Poland) and p-coumaric acid from Fluka (Chemie AG, Buchs, Switzerland).
Orthophosphoric acid (H3PO4; 85%) was delivered by Penta (Prague, Czech Republic).

4.3. Cell line, Equipment, Materials and Reagents Used for Cell Culture and in Molecular Research

Normal human dermal fibroblasts (NHDF) cell line was obtained from Clonetics
(CC-2511; San Diego, CA, USA).

4.3.1. Equipment and Materials

The following equipment was employed: Countess TM Automated Cell Counter (In-
vitrogen, Carlsbad, CA, USA); Incubator CB53 (Binder, Tuttlingen, Germany); LightCycler®

480 Instrument II (Roche Life Science, Basel, Switzerland); Microplate reader Wallac
1420 VICTOR (PerkinElmer, Waltham, MA, USA); Spectrophotometer MaestroNano MN-
913 (MaestroGen Inc., Las Vegas, NV, USA); 25 cm2 cell culture flasks (Sarstedt, Nümbrecht,
Germany); and 96-well culture plates (Nunc, Wiesbaden, Germany).

4.3.2. Reagents

The following reagents were obtained: FGM-2 Fibroblast Growth Medium-2 Bul-
let Kit (Lonza, Basel, Switzerland); 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St Louis, MO, USA); PBS (Lonza, Basel, Switzerland);
dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO, USA); trypan blue (Invitrogen, Carlsbad,
CA, USA); TRIzol reagent (Invitrogen, Carlsbad, CA, USA); SensiFAST SYBR No-ROX
One-Step (Bioline, London, UK); and oligonucleotide specific primers (Sigma-Aldrich,
St Louis, MO, USA).
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4.4. Determination of the Phenolic Compounds Content
4.4.1. TP Determination

Extract samples (1 mg/mL) of 20 µL and gallic acid standard solutions at 0–100 µg/mL
concentrations were added to the appropriate wells of the 96-well plate. Then, 100 µL of
10% Folin–Ciocalteau reagent was added to each well and mixed. After 6 min of incubation
at room temperature, 80 µL of 7.5% Na2CO3 was added to each well, mixed and incubated
for 2 h. After this time, the absorbance at 740 nm was measured using a microplate reader.
TP was expressed as mg GAE/g dry extract [54].

4.4.2. TPA Determination

Extract samples (1 mg/mL) of 10 µL and caffeic acid standard solutions at concen-
trations of 0–100 µg/mL were added to the appropriate wells of a 96-well plate. Then,
20 µL of Arnova reagent, 20 µL of 0.1 M hydrochloric acid, 20 µL of 1 M sodium hydroxide,
and 120 µL of distilled water were added to each well. After shaking the plate for 30 s,
the absorbance at 490 nm was read using a microplate reader. TPA was expressed as mg
CAE/g of dry extract [54].

4.4.3. TF Determination

The modified method described by Mihailović et al. [72] was used to determine the
total content of flavonoids. The modification was based on reducing the volume of the
samples and reagents, and the measurement of absorbance was performed in a 96-well
plate using a microplate reader. Extract samples (1 mg/mL) of 100 µL and quercetin
standard solutions at concentrations of 0–100 µg/mL were added to the appropriate wells
in a 96-well plate, and then 100 µL of a 2% methanolic solution of aluminum trichloride
(AlCl3) was added and incubated at room temperature for 1 h. The absorbance at 415 nm
was then measured using a microplate reader. TF was expressed as mg QE/g of dry extract.

4.4.4. Determination of Selected Phenolic Compounds Using the HPLC Method

The content of selected phenolic acids (gallic acid, 4-coumaric acid) and flavonoids
(quercetin, rutin and apigenin) was determined in the dilutions of dry extracts of the
tested mosses with a final concentration of 1 mg/mL. These were prepared by dissolving
the dry extracts in a mixture of 96% ethanol and water (1:1 v/v). An HPLC apparatus
(UltiMate 3000; Thermo Fisher Scientific, Prague, Czech Republic) with a UV-VIS (VWD-
3100) detector was used for the analysis. The compounds were separated on the C18
column (150 mm × 4.6 mm, 2.6 µm; Phenomenex, Prague, Czech Republic) and heated to
40 ◦C. The injection volume and flowrate were set to 20 µL and 1.0 mL/min, respectively.
As for the mobile phase, it consisted of (A) DI water (pH of 3 adjusted by H3PO4) and
(B) acetonitrile. The linear gradient program was used: 0.0–3.0 min 10% (B), 3.0–13.0 min
80% (B), 13.0–14.0 min 80% (B), and 14.1–17.0 min 10% (B). A wavelength of 272 nm was
used for the detection of all compounds. The limit of detection (LOD), limit of quantitation
(LOQ), standard error and linearity range were calculated for each compound in mg/L.
The LOD and LOQ were established using standard methods according to Knoll [73] as 3
and 10 times the standard deviation of the baseline noise, respectively. The standard error
was calculated from the standard error of the y-intercept. When calibrating the chemicals,
the maximum concentration was 100 mg/L; therefore, the range was established from LOQ
to 100 mg/L. All the data are presented in Table A1 (Appendix A).

4.5. Determination of the Antioxidant Properties of Moss Extracts
4.5.1. DPPH Method

The determination of antioxidant properties by means of the DPPH method was car-
ried out using the protocol described by Bobo-García et al. [74]. Extract samples (1 mg/mL)
of 20 µL and 0–100 µM trolox standard solutions were added to the appropriate wells
of a 96-well plate. Then, 180 µL of DPPH solution at a concentration of 150 µmol/L in
methanol–water (80:20, v/v) was added to each well and shaken for 60 s. After incubation
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in the dark for 40 min, the absorbance at 515 nm was measured. The antioxidant properties
results are expressed as µM TE/g extract.

4.5.2. ABTS Method

The determination of antioxidant properties using the ABTS method was carried out
on the basis of a modified method from Re et al. [75]. Firstly, a 7 mM ABTS solution
and a 2.45 mM potassium persulfate solution were prepared. Then, these solutions were
mixed and left in the dark for 12–16 h at room temperature to obtain the ABTS radical
cation (ABTS•+). The obtained solution was diluted with 96% ethanol in order to obtain
an absorbance of 0.70 ± 0.02 at 734 nm. Then, 4 µL of extract samples (1 mg/mL), trolox
standard solutions at a concentration of (0–100 µM), and 200 µL of the diluted radical cation
solution ABTS were placed in the appropriate wells of the 96-well plate, and the plate was
shaken. The absorbance was estimated at 734 nm after 6 min of incubation. The results are
shown as µM TE/g extract.

4.5.3. FRAP Method

The iron-reducing antioxidant potential (FRAP) was determined based on a modified
method described by Benzie and Strain [76]. The working reagent was prepared directly
before use by mixing 300 mM of acetate buffer (pH = 3.6), 10 mM TPTZ in 40 mM HCl,
and 20 mM of FeCl3·6H2O in a volume ratio of 10:1:1. Then, 10 µL of extract samples
(1 mg/mL), standard FeSO4 solutions at concentrations in the range 0–100 µM, and 300 µL
of working solution were added to the appropriate wells of a 96-well plate, and the plate
was shaken. The plate was kept at room temperature for 20 min and absorbance was
measured at a wavelength of 593 nm. The results are shown as µM Fe2+/g extract.

4.5.4. Study of the Impact on the Formation of AOPP In Vitro by Moss Extracts

The study of the effect of water–ethanol extracts from four Sphagnum species was
carried out using a modified method from Grzebyk and Piwowar [77]. First, a solution of
BSA at a concentration of 40 mg/mL in PBS 0.01 M, pH 7.4 with chloramine T (20 mM) was
prepared. The tested extracts dissolved in water at a concentration of 1 mg/mL were added
to BSA solutions in the ratio 0.1/1.0 (v/v). All the samples were incubated for 60 min at 37 ◦C,
which was followed by dialysis in PBS buffer for 24 h at 4 ◦C performed by introducing
5 changes of PBS buffer. The content of AOPP was determined spectrophotometrically
according to the method described by Witko-Sarsat et al. [78]. The AOPP content in the
samples is shown as µmol ChTE/mL. The solutions with the strongest protein inhibiting
oxidation activity were determined to have the lowest AOPP content in the samples.

4.5.5. Study of the Impact on PL by Moss Extracts

The study of the effect of extracts from four Sphagnum species on lipid peroxidation
was carried out according to a modified method by Choochote et al. [79]. Extract samples
(1 mg/mL) of 100 µL, 0.4 mL of 2.5% linoleic acid solution (w/v in 95% ethanol), 0.4 mL of
PBS (10 mM, pH 7.4), and 0.1 mL of distilled water were added to Eppendorf tubes. All the
ingredients were well mixed, and the Eppendorf tubes were left for 7 days in the dark at
a temperature of 45 ◦C. The reaction with thiobarbituric acid was used to determine the
amount of lipid peroxidation products formed. After 7 days, 0.5 mL of 20% trichloroacetic
acid and 0.5 mL of 1% thiobarbituric acid in 0.05 N NaOH were added to 1 mL of the
mixture. The contents of the tubes were heated in a boiling water bath for 20 min, then
returned to room temperature and centrifuged at 4000 rpm for 15 min. The absorbance was
measured at 532 nm and the % inhibition of peroxidation was calculated by the formula:

% inhibition of lipid peroxidation = [(Abscontrol − Abssample)/Abscontrol] × 100

where Abscontrol is the absorbance of the sample solution mixture without the Sphagnum
extract and Abssample is the absorbance of the mixture with the Sphagnum extract.
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4.6. Study of the Influence of Moss Extracts on the Expression of Genes Encoding Selected Enzymes
4.6.1. Cell Culture Conditions NHDF

Cells were cultured at 37 ◦C in a 5% CO2 incubator with the use of a FGM-2 Fibroblast
Growth Medium-2 Bullet Kit containing FBM Basal Medium and FGM-2 SingleQuots
supplements (human fibroblast growth factor-basic (hFGF-B), insulin and gentamicin). Cell
numbers and their viability were monitored using a Countess TM Automated Cell Counter
after 0.4% trypan blue staining.

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay was
used to assess whether moss extracts SG, SM, SP and SS at concentrations between
15.6 µg/mL and 1000 µg/mL were toxic to NHDF cells. Appropriate concentrations
of moss extracts were prepared in the culture medium. The NHDF cells were seeded into
96-well culture plates at a density of 1 × 104 cells/well and were incubated with the moss
extracts for 24 h. MTT (1.0 mg/mL) was added to the medium for 3 h before the end of the
experiment. Next, the formazan crystals were dissolved in 100 µL of dimethyl sulfoxide
and the absorbance was read at 540 nm using a microplate reader. Based on the MTT test
results, moss extracts at a concentration of 125 µg/mL were selected for further research.

In the next step, the NHDF cells were seeded in 25 cm2 cell culture flasks and then
lyophilized extracts were dissolved in culture medium; the appropriate amount was added
to obtain a concentration of 125 µg/mL in each flask. Following 24 h of incubation, the cells
were washed in PBS and pelleted for further molecular analyses. Untreated cells were used
as a control. Each variant of the experiment was carried out in four biological repetitions.

4.6.2. Molecular Analyses

The RNA extraction was performed using a TRIzol reagent according to the manu-
facturer’s protocols. The next stage of research included the qualitative and quantitative
evaluation of RNA extracts with the use of agarose gel electrophoresis and a MaestroNano
MN-913 spectrophotometer.

The mRNA levels of ELANE (elastase), HYAL1, HYAL2, HYLA3, HYAL4 (hyaluronidase
1–4), MMP1, MMP8, MMP13 (matrix metallopeptidase 1, 8 and 13), TYR (tyrosinase) and
HAS1, HAS2, HAS3 (hyaluronan synthase 1–3) genes in cells exposed to moss extracts were
determined using real-time RT-qPCR reactions. The gene expression levels were evaluated
with SYBR Green I chemistry, and the RT-qPCR reactions were run on a LightCycler®

480 Instrument II. The oligonucleotide specific primers used are commercially available.
Each reaction was performed in duplicate. The thermal parameters for each reaction step
were as follows: reverse transcription, 45 ◦C—10 min; activation, 95 ◦C—2 min, 45 cycles;
denaturation, 95 ◦C—5 s; annealing, 60 ◦C—10 s; and extension, 72 ◦C—5 s. At the end,
melting curve analysis was also performed.

The relative gene expression was determined based on the 2−(∆Ct) method with nor-
malization to GAPDH (glyceraldehyde-3-phosphate dehydrogenase), where ∆Ct = Ct of
the target—Ct of GAPDH [80].

4.7. Data Analysis

R language and environment, version 4.2.2 (R Core Team 2022) and libraries (stats,
lme4, ade4, ggplot2, ggpubr, car, factoextra, lattice, and MuMIn) were used for all statistical
analyses and to visualize the results. To examine the impact of the extracts of the four
moss species (SG, SM, SP and SS) and the content of phenols (TP), phenolic acids (TPA)
and flavonoids (TF) on antioxidant properties (ABTS, DPPH, FRAP), PL and creation of
AOPP, Linear Mixed-Effects Models (LMM) with Gaussian distribution were applied. This
procedure combines analysis of the impact of the factor variable (moss effect in our case)
and continuous variables (TP, TPA, TF). In LMM, the effects of continuous variables were
treated as fixed (under control) variables, while the species identity of Sphagnum spp. (SG,
SM, SP and SS) was regarded as a random variable. Due to the relatively small dataset,
it was not possible to carry out correlation analysis among the variables for each species
separately. Thus, we applied the effect of moss as a random variable. We assumed that
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the effect within specific taxon would be more similar than among taxa. The selection of
the best-fit models of the LMM was performed using the function dredge in the package
“MuMIn”. This procedure indicates models with the lowest corrected Akaike information
(AICc) and the lowest delta (D). Apart from coefficients of the model (full and conditional),
the significance levels of the final model based on Wald chi-square statistics and p-values of
each covariate are presented.

The overall differences in expression of genes coding some enzymes (ELANE, HYAL1,
HYAL2, HYAL3, HYAL4, MMP1, MMP8, MMP13, TYR, HAS1, HAS2, HAS3) in fibroblasts
of human skin among groups (control and particular mosses) were tested using Principal
Components Analysis (PCA). The contributions of particular variables were identified
and the significance of differences (variance partitioning) were calculated using the Monte
Carlo test (999 iterations). The differences in expression of particular genes coding some
enzymes in fibroblasts of human skin among groups (control and particular mosses) were
tested using analysis of variance (ANOVA) and LSD Fisher test for pairwise comparisons
when ANOVA yielded a significant result. The distribution of normality was checked by
the Shapiro–Wilk test. The same LMM was applied to examine the effect of extracts of the
four moss species (SG, SM, SP and SS) and content of phenols (TP), phenolic acids (TPA)
and flavonoids (TF) on the expression of genes coding the aforementioned enzymes.

In order to visualize the results of the LMM, barplots showing the effects of moss and
scatterplots showing the effects of the continuous variables on antioxidant properties and
enzymes are presented.

5. Conclusions

In conclusion, this paper presents the antioxidant properties of water–ethanol extracts
obtained from Sphagnum girgensohnii, S. magellanicum, S. palustre, S. squarrosum. What
is worth emphasizing is that this is the first in vitro study of the effect of extracts from
plants of the genus Sphagnum on the expression of genes encoding enzymes related to the
condition of the skin. Despite the different content of phenolic compounds, the extracts
from all Sphagnum species which were tested had a similar effect on the expression of the
genes encoding the studied enzymes. Assuming that the modulation of gene expression
is responsible for the reduced or increased synthesis of the tested enzymes, it can be
concluded, based on the obtained results, that the potential use of the tested extracts from
various Sphagnum species in cosmetics aimed at reducing the signs of skin aging would
not be a beneficial solution. This conclusion is based on the possibility of accelerating the
degradation of collagen and hyaluronic acid and inhibiting the synthesis of hyaluronic
acid. Based on the results of this work, we cannot confirm the hypothesis stated earlier that
extracts from Sphagnum species could be effective components of anti-aging preparations,
despite their antioxidant activity. The obtained results suggest the need for further research
on the effects of Sphagnum extracts.
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Appendix A

Table A1. Validation data for the determination of phenolic compounds by HPLC.

Parameter
Phenolic Compounds

p-Coumaric Acid Rutin Quercetin Apigenin

LOD (mg/L) 0.25 0.32 0.21 0.12
LOQ (mg/L) 0.83 1.05 0.70 0.38

Standard error (mg/L) 0.08 0.10 0.07 0.04
Linearity range (mg/L) 0.83–100 1.05–100 0.70–100 0.38–100

References
1. Oke, T.A.; Hager, H.A. Plant community dynamics and carbon sequestration in Sphagnum-dominated peatlands in the era of

global change. Glob. Ecol. Biogeogr. 2020, 29, 1610–1620. [CrossRef]
2. Shaw, A.J.; Cox, C.J.; Buck, W.R.; Devos, N.; Buchanan, A.M.; Cave, L.; Seppelt, R.; Shaw, B.; Larraín, J.; Andrus, R.; et al. Newly

resolved relationships in an early land plant lineage: Bryophyta class Sphagnopsida (peat mosses). Am. J. Bot. 2010, 97, 1511–1531.
[CrossRef]

3. Hodgetts, N.G.; Söderström, L.; Blockeel, T.L.; Caspari, S.; Ignatov, M.S.; Konstantinova, N.A.; Lockhart, N.; Papp, B.; Schröck, C.;
Sim-Sim, M.; et al. An annotated checklist of bryophytes of Europe, Macaronesia and Cyprus. J. Bryol. 2020, 42, 1–116. [CrossRef]
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activities of mosses obtained from open habitats. PLoS ONE 2021, 16, e0257479. [CrossRef]

51. Villarroel, M.; Acevedo, C.; Yáñez, E.; Biolley, E. Functional properties of Sphagnum magellanicum fiber and its direct use in
formulation of bakery products. Arch. Latinoam. Nutr. 2003, 53, 400–407.

52. Chang, T.S. An updated review of tyrosinase inhibitors. Int. J. Mol. Sci. 2009, 10, 2440–2475. [CrossRef]
53. Zolghadri, S.; Bahrami, A.; Hassan Khan, M.T.; Munoz-Munoz, J.; Garcia-Molina, F.; Garcia-Canovas, F.; Saboury, A.A. A

comprehensive review on tyrosinase inhibitors. J. Enzyme Inhib. Med. Chem. 2019, 34, 279–309. [CrossRef]
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