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Abstract: Halophytic plants possess a huge range of active constituents and medicinal benefits. In this
study, extracts (water, ethanol, ethyl acetate, dichloromethane, and n-hexane) of two halophytes of the
genus Petrosimonia (P. brachiata and P. nigdeensis) were investigated for their phytochemical profiles
and pharmacological properties. The phytochemical profiles of both species were investigated using
an untargeted metabolomics approach based on high-resolution mass spectrometry. The two species
show different polyphenolic profiles and these are influenced by the different extraction solvents
used. The same extracts were used for different bioactivity assays. The results show that all extracts
yielded total flavonoid and phenolic contents of 11.14–24.22 mg GAE/g and 3.15–22.03 mg RE/g,
respectively. While extracts of both species demonstrated a radical scavenging ability in the ABTS
assay (16.12–98.02 mg TE/g), only the polar and moderately polar extracts (water, ethanol, and ethyl
acetate) showed scavenging potential in the DPPH assay (4.74–16.55 mg TE/g). A reducing potential
was also displayed by all extracts in the CUPRAC and FRAP assays (26.02–80.35 mg TE/g and
31.70–67.69 mg TE/g, respectively). The total antioxidant capacity of the extracts ranged from 0.24
to 2.17 mmol TE/g, and the metal chelating activity ranged from 14.74 to 33.80 mg EDTAE/g. The
water extracts possessed a higher metal chelating power than the other extracts. All extracts acted as
inhibitors of acetylcholinesterase (0.16–3.85 mg GALAE/g) and amylase (0.11–1.28 mmol ACAE/g).
Moreover, apart from the water extracts, the other extracts also showed anti-butyrylcholinesterase
activity (0.73–2.86 mg GALAE/g), as well as anti-tyrosinase (36.74–61.40 mg KAE/g) and anti-
glucosidase (2.37–2.73 mmol ACAE/g) potential. In general, the water extracts were found to be
weak inhibitors of the tested enzymes, while the ethanol extracts mostly showed an inhibitory effect.
The obtained findings revealed the antioxidant and enzyme inhibitory properties of these two species
and demonstrated that the solvent type used affected the pharmacological properties of the extracts
and hence, can be useful to further investigate the active constituents yielded in the extracts and
understand the mechanisms involved.

Keywords: Petrosimonia brachiata; Petrosimonia nigdeensis; flavonoids; phenolics; antioxidant; en-
zyme inhibition

1. Introduction

Halophytes display distinct morphological and physiological adaptations to thrive in
saline ecosystems [1]. Their multifactorial adaptive responses comprise a complex network
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of biochemical mechanisms and abundant bioactive molecules, such as phenolic com-
pounds, glycosides, polysaccharides, lipids, alkaloids, and other related compounds [2].
Indeed, a broad range of secondary compounds of economic interest is present in halo-
phytes, and many of these are limited to halophytic species [3].

The ethnobotanical literature provides evidence that due to their phytochemical rich-
ness, halophytic medicinal plants have extensively been used for treating numerous in-
fectious diseases, particularly in developing countries where traditional medicine is still
employed as an initial approach to treat minor illnesses [4,5]. A variety of species have
traditionally been used as medicines against seven different types of disease conditions
like respiratory, skin, digestive, fever, pain, toothache, genito-urinary, and others [6]. Sev-
eral species of salt-tolerant plants have also been documented to possess a wide range
of ethnomedicinal uses for human parasitic diseases. In fact, the antiprotozoal and an-
thelmintic properties of halophytes have previously been determined using in vitro and
in vivo methods, and bioactive metabolites that may be associated with such properties
have been established [7]. Thus, interest in halophytic plants has grown during recent
years, given their economic potential, and has been supported by studies revealing them to
be potential candidates for medicinal purposes [8].

The genus Petrosimonia, a member of the Chenopodiaceae family, includes between 11
and 15 halophytic species that are present in Southeast Europe, as well as in Central and
Southwest Asia [1]. The plants (P. branchiata and P. nigdeensis) are erect and generally more
than 10 cm and branched. Their leaves are almost 2–5 cm in size. The plant differentiates
itself with some characteristics. P. branchiata has opposite leaves and five perianth segments.
However, P. nigdeensis has alternate upper leaves and three perianth segments [9]. They
are well known to possess medicinally important constituents [10–13]. While several of
their species have been investigated for their salt tolerance mechanisms [14–16], data on
their pharmacological importance are quite limited. Considering the Halophytes genus,
Shehab et al. [17] evaluated the richness in secondary metabolites in four different species.
In particular, the phenolic profiles were evaluated. The results suggest that the phenolic
profiles are species-specific even though all plants live in the same environmental conditions.
Nurpeisova et al. [10] conducted the first study on the phenolic profile of P. sibirica. They
found this species to be a rich source of saponins and flavonoids. The extraction was
performed exclusively using ethyl alcohol. Extracts of other species of Petrosimonia have also
been analyzed for their phytochemical contents. For instance, a phytochemical screening
of P. sibirica showed the presence of several primary and secondary metabolites. The
composition of 20 amino acids and 8 fatty acids of P. sibirica were established. The major
amino acids were alanine, glutamic acid, aspartic acid, arginine, tyrosine, and proline, while
the main fatty acids were oleic and linoleic acids. In addition, 70% ethyl alcohol was found
to be the most suitable solvent, and other factors such as the solid–solvent ratio (1:6–8),
extraction time (3 days), and temperature (20–25 ◦C) were determined. Additionally, the
P. sibirica plant was found to be a rich source of saponins and flavonoids such as quercetin
3-O-β-D-glucopyranoside (isoquercitrin) [10]. Furthermore, a phytochemical analysis of
the aerial part of P. glaucescens revealed the presence of polysaccharides, flavonoids, organic
acids, saponins, alkaloids, and coumarins, including condensed tanning agents [12]. There
is no additional information available in the literature regarding the extraction efficiency
of different solvents for Petrosimonia species. Regarding the ethnobotanical uses of the
members of the Petrosimonia genus, P. branchiata is widely used to treat fever, headache,
and stomach aches [18].

Hence, this study was aimed at investigating the metabolomic profiles and biophar-
maceutical properties of different extracts (water, ethanol, ethyl acetate, dichloromethane,
and n-hexane) of two Petrosimonia species (P. brachiata and P. nigdeensis) from Turkey.
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2. Results and Discussion
2.1. Total Phenolic and Flavonoid Contents

The determination of the total phenolic and flavonoid contents (TPC and TFC) of
medicinal plants in preliminary studies is considered to be important in testing the bioactive
contents of prepared extracts. In fact, numerous studies have used the Folin–Ciocalteu and
aluminum chloride colorimetric assays for determining the TPC and TFC of various plant
extracts [19–21]. Furthermore, the existence of numerous phenolic families in plants having
different chemical structures and polarities results in the use of a wide range of extraction
solvents (water, acetone, ethanol, methanol, or their mixtures with water). Nevertheless,
despite the interests of several researchers in the extraction of polyphenols, there is no
single solvent that can be regarded as a standard since it is usually different for different
plant matrices [22]. For instance, polar solvents are usually utilized to extract phenolic
compounds, glycosides, and saponins, while non-polar solvents are used for fatty acid and
steroid extractions. Many studies have even reported the influence of different solvents
on the content of secondary metabolites, as well as on their antioxidant capacity [23,24].
Herein, different degrees of solvent polarity were used, considering water, ethanol, ethyl
acetate, dichloromethane, and n-hexane.

In the present study, the general TPC spectrometric determination yielded in the range
of 11.14 to 23.91 mg GAE/g and 14.09 to 24.22 mg GAE/g, whereas TFC was yielded in
the range of 14.09–24.22 mg RE/g and 3.15–22.03 mg RE/g in P. brachiata and P. nigdeensis,
respectively. While the P. nigdeensis ethanol extract showed both the highest TPC and
TFC compared to the other P. nigdeensis extracts, the P. brachiata ethyl acetate and ethanol
extracts showed the highest TPC and TFC, respectively, compared to other P. brachiata
extracts (Table 1). The total flavonoid (2.41 mg CE g−1 DW) and polyphenol (4.06 mg
GAE g−1 DW) contents were also detected in P. triandra [8]. The TPC and TFC of the
methanol, ethanol, water, n-hexane, and dichloromethane extracts of P. nigdeensis stem
and fruit/leaf were also tested in a previous study by Asan-Ozusaglam et al. [25]. The
authors used a Soxhlet apparatus for extraction with various solvents. In their study, the
stem dichloromethane extract yielded the highest TPC and TFC (40.89 µg GAE/mg extract
and 57.55 µg QE/mg extract, respectively), unlike in the present study. In addition to the
differences in extraction technique, the differences can be explained by the geographical
and climatic conditions in the plant collection areas.

Table 1. Total phenolic and flavonoid contents of the tested extracts.

Species Extracts Total Phenolic Content
(mg GAE/g)

Total Flavonoid Content
(mg RE/g)

Petrosimoniabrachiata

n-hexane 16.66 ± 0.16 11.46 ± 0.34
Dichloromethane 20.18 ± 0.81 4.56 ± 0.22

Ethyl acetate 23.91 ± 0.36 3.86 ± 0.31
Ethanol 20.65 ± 0.07 18.99 ± 0.08
Water 11.14 ± 0.17 5.99 ± 0.04

Petrosimonia nigdeensis

n-hexane 19.89 ± 0.75 8.80 ± 0.17
Dichloromethane 20.45 ± 0.89 7.08 ± 0.29

Ethyl acetate 21.31 ± 0.69 12.54 ± 0.18
Ethanol 24.22 ± 0.13 22.03 ± 0.35
Water 14.09 ± 0.11 3.15 ± 0.02

Values are reported as mean ± SD of three parallel measurements. GAE: gallic acid equivalents; RE: rutin equivalents.

Based on the obtained results, the total phenolic and flavonoid contents depended
on the polarity of the extraction solvents used. In general, ethanol and ethyl acetate
contained more phenolics compared to the other solvents. Ethyl acetate is a medium-
polarity solvent, making it effective at dissolving a wide range of polar and non-polar
compounds. In addition, it has the ability to penetrate plant tissues and solubilize phenolic
compounds effectively. Ethanol is a polar solvent and is generally recognized as safe
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(GRAS) by regulatory agencies and is commonly used in the food and pharmaceutical
industries [26]. Based on this fact, we can hypothesize that ethanol can be used as a solvent
for manufacturing pharmaceutical applications with Petrosimonia species. However, in
recent years, the spectrophotometric tests for total phenolic and flavonoid content have
some drawbacks. In particular, not only a specific group of plant substances, but also
other substances (particularly peptides) can react with the reagents used, which can lead
to incorrect results [27]. Therefore, the obtained results have to be confirmed using a
chromatographic technique.

2.2. Metabolomic Profiling of Two Petrosimonia Species (P. brachiata and P. nigdeensis)

The effect of different extraction solvents on the yield of phenolic compounds in the
two species of Petrosimonia was studied using an untargeted metabolomic approach. The
phenolic profile allowed us to record 100 features, characterized mainly by low-molecular-
weight (LMW) phenolic compounds—the most frequent class of phenolic compound—with
33 features (7 of these are tyrosol derivates), followed by flavones (16 metabolites), phenolic
acids (19 metabolites), anthocyanins (14 metabolites), flavonols (9 metabolites), lignans
(5 metabolites), and stilbenes (4 metabolites). The whole list of polyphenols annotated
is provided in the Supplementary Materials (Supplementary Table S1), which provides
comprehensive information on their retention time and mass spectrum. To assess the effect
of the different extraction solvents, a semi-quantitative analysis of the main phenolic classes,
expressed as µg phenolic equivalents g−1 dry matter (DM), was carried out and is reported
in Table 2. This semi-quantitation was performed for both Petrosimonia species. Under our
experimental conditions, the most abundant classes of polyphenols were phenolic acids
(P. brachiata 440.43 µg/g and P. nigdeensis 101.93 µg/g) and LMW compounds (P. brachiata
206.69 µg/g and P. nigdeensis 334.93 µg/g). Specifically, 68% of the phenolic acids contained
in P. brachiata were extracted in water, while 30.5% of LMW compounds in ethanol. In the
case of P. nigdeensis, 25% of phenolic acids were extracted in the same amount in water,
ethanol, and ethyl acetate.

Table 2. Polyphenols’ semi quantifications.

Species Extracts Antocyanins
(µg/g)

Flavones
(µg/g)

Flavonols
(µg/g)

Ph.Acids
(µg/g)

LMW
(µg/g)

Lignans
(µg/g)

Stilbenes
(µg/g)

P. brachiata

n-hexane 26.45 ± 18.44 b 4.49 ± 3.02 a n/d 16.46 ± 1.86 d 13.40 ± 6.66 c 5.34 ± 1.63 bc 3.09 ± 0.27 c
Dichloromethane n/d 1.87 ± 0.71 c n/d 51.07 ± 16.42 b 55.26 ± 2.33 b 10.11 ± 2.82 a 16.91 ± 0.36 a

Ethyl acetate n/d 1.60 ± 0.11 c n/d 19.34 ± 0.78 cd 56.02 ± 5.99 ab 7.61 ± 0.91 ab 11.75 ± 1.36 b
Ethanol 44.91 ± 1.04 a 2.79 ± 0.22 ac 8.00 ± 0.45 a 44.88 ± 10.66 bc 63.87 ± 1.60 a 1.5 ± 0.58 d 2.88 ± 0.07 c
Water 31.8 ± 9.62 b 4.62 ± 1.71 ab 0.79 ± 0.15 b 308.67 ± 137.99 a 18.12 ± 2.72 c 2.92 ± 0.34 cd 2.99 ± 0.22 c

Significance *** ** *** *** *** *** *** ***

P. nigdeensis

n-hexane n/d 0.81 ± 0.029 d n/d 15.01 ± 6.28 99.05 ± 7.43 a 11.22 ± 4.04 a 0.69 ± 0.6 d
Dichloromethane 7.54 ± 0.48 c 9.45 ± 0.139 a 1.36 ± 0.14 d 16.37 ± 9.8 54.74 ± 2.57 b 8.16 ± 2.03 ab 33.10 ± 0.32 a

Ethyl acetate 3.32 ± 0.26 d 7.95 ± 0.10 b 2.39 ± 0.09 c 23.35 ± 6.66 100.42 ± 12.92 a 6.16 ± 1.52 b 26.03 ± 0.51 b
Ethanol 61.02 ± 1.4 a 5.93 ± 0.156 c 28.08 ± 0.22 a 23.89 ± 5.79 55.56 ± 3.95 b n/d 9.21 ± 0.42 c
Water 32.7 ± 0.82 b 0.102 ± 0.1 e 6.18 ± 0.23 b 23.28 ± 3.17 24.57 ± 2.85 c 6.92 ± 0.04 b 1.05 ± 0.06 d

Significance *** *** *** n.s. *** ** ***

Semi-quantitative analysis of different phenolic subclasses in P. brachiata and P. nigdeensis. Values are expressed
as three replicates’ mean concentration (µg g−1 dry matter). The letters in the same phenolic subclass indicate
significant differences between treatments (ANOVA and Tukey’s HSD post hoc test, p-value < 0.05). Abbreviations:
LMW: low-molecular-weight phenolic compounds. *** p value < 0.001; ** p value < 0.01.

2.3. Multivariate Discrimination Analysis of Two Petrosimonia Species

The discrimination analysis of the two different Petrosimonia species was carried out
using two approaches. The first approach consisted of an unsupervised hierarchical cluster
analysis (HCA) that clusters samples based on their similarities and/or dissimilarities
considering phenolic compounds extracted using different solvents (Figure 1). As reported
in the figure, HCA reported four different clusters, highlighting the majority effect of
species factor on the phenolic profile compared to solvent extraction. To better investigate
this aspect, two different HCA related to species were elaborated. (Figure 2). For both
species, three different branches were identified, firstly represented by water- and ethanol-
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extracted samples, then by ethyl acetate (EA) and dichloromethane (DCM), and finally by
samples extracted with n-hexane.
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The second approach adopted was the supervised Orthogonal Projection to Latent
Structure Discriminant Analysis (OPLS-DA; Figure 3). In the figure, the OPLS-DA models
for P. brachiata (Figure 3a) and P. nigdeensis (Figure 3b) are reported. The OPLS-DA model
generated for the P. brachiata samples confirmed the data produced using HCA, reporting a
high discrimination performance between different kinds of extraction solvents. The score
plot generated was characterized by high performance parameters, such as goodness of fit
(R2) and the prediction capacity of this model (Q2) at 0.990 and 0.941, respectively. More-
over, the model was validated through cross-validation (CV-ANOVA p-value < 0.05) and
permutation tests in order to exclude model overfitting. To identify the most discriminant
compounds contributing to the differences outlined in the OPLS-DA model, the variable
importance in projection (VIP) compounds were selected with a VIP score ≥ 1.2 (Table 3),
inclusive of compound classification, VIP score ± standard errors, and log fold change
obtained via a pairwise comparison between different extraction solvents and water.
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Figure 3. Supervised orthogonal projections to latent structures discriminant analysis (OPLS-DA)
score plot of P. brachiate (a) and P. nidrigeensis (b) built according to the phenolics compounds in
different extraction solvents. In the legends are reported the extraction solvents—dichloromethane
(DCM), ethyl acetate (EA), ethanol (EtOH), water, and n-hexane.

Table 3. VIP markers were identified for the discrimination of different solvent extraction methods
on P. brachiata leaves. Discriminant phenolic compounds are provided with their compound clas-
sification, VIP scores ± standard errors (VIP ≥ 1.20), and log fold change values obtained from a
pairwise comparison between different solvents and the control (water). The extraction solvents are
dichloromethane (DCM), ethyl acetate (EA), ethanol (EtOH), and n-hexane.

Primary ID Class Sub-Class VIP Score ± SE
Log FC
[DCM]

vs. [H2O]

Log FC
[EA]

vs. [H2O]

Log FC
[EtOH]

vs. [H2O]

Log FC
[Hexane]
vs. [H2O]

Gardenin B Flavonoids Flavones 1.22 ± 1.37
4-Vinylguaiacol Other polyphenols Alkylmethoxyphenols 1.20 ± 0.45 6 6

5-Pentadecylresorcinol Alkylphenols 1.82 ± 0.67 6
1,4-Naphtoquinone Naphtoquinone 1.28 ± 0.17 −0.3 −0.89 −1.01 −6

p-HPEA-EDA Tyrosols 1.60 ± 0.47 6
Hydroxytyrosol 1.28 ± 0.17 −0.3 −0.89 −1.01 −6

Cinnamolyl Glucose Phenolic acid Hydroxycinnamic acids 1.22 ± 0.29 6 6
Piceatannal 3-O-glucoside Stilbenes Stilbenes 1.29 ± 0.76 6 6 25.5

The OPLS-DA model generated for P. nigdeensis was able to discriminate all five
extraction solvents perfectly with two latent vectors. Indeed, the score plot generated
was characterized by high performance parameters (R2 = 0.995 and Q2 = 0.93), as well as
without model overfitting. The list of VIP biomarkers (VIP ≥ 1.2) extrapolated from the
model is reported in Table 4, inclusive of compound classification, VIP score ± standard
errors, and log fold change obtained via a pairwise comparison between solvents and water
(control).

Table 4. VIP markers were identified for the discrimination of different solvent extraction methods
on P. nigdeensis leaves. Discriminant phenolic compounds are provided with their compound clas-
sification, VIP scores ± standard errors (VIP ≥ 1.20), and log fold change values obtained from a
pairwise comparison between different solvents and the control (water). The extraction solvents are
dichloromethane (DCM), ethyl acetate (EA), ethanol (EtOH), and n-hexane.

Primary ID Class Sub-Class VIP Score ± SE
Log FC
[DCM]

vs. [H2O]

Log FC
[EA]

vs. [H2O]

Log FC
[EtO]

vs. [H2O]

Log FC
[Hexane]
vs. [H2O]

Arctigenin Lignans Lignans 1.22 ± 0.44 28.5
5-Heneicosenylresorcinol Other polyphenols Alkylphenols 1.23 ± 0.41 6 6 28.5

5-Heneicosylresorcinol 1.21 ± 0.32 6 6 28.5
Rosmadial Phenolic terpenes 1.27 ± 0.46 28.5

For both species, chemometrics analyses confirmed the importance of the extraction
solvent in relation to the different phenolic profiles obtainable [28]. This may depend on the
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heterogeneity of the classes we call polyphenols and the modifications they may undergo
(methylation, sulfonation, and glycosylation) [29]. So, in general, the relative hydrophilicity
or lipophilicity of polyphenols depends on the number of contained hydroxyl groups [30].

Considering the two species under analysis, the VIP compound classes revealed by
the OPLS are markedly different. P. brachiata appears to be the species with the highest com-
plexity of chemical species. Flavones, alkylphenols, and alkylmethoxyphenols, primarily
surfactants and scaffolds of pharmaceutical preparations, are notable [31,32]. Flavonoids,
in particular, are considered important scaffolds, with their structure often referred to as
the “skeleton key” [33]. This designation arises because flavones are an essential core for
many compounds that act on various targets, eliciting different pharmacological properties
through various substitution patterns. It is this structural diversity that grants flavones a
wide range of biological activities [34]. Their extensive biological activity spectrum has
attracted the interest of medicinal chemists, culminating in the discovery of several lead
molecules for numerous pathologies. Alkylphenols and alkylmethoxyphenols hold signif-
icant commercial importance due to their alkyl groups, which range in size from one to
twelve carbons [31]. The majority of alkylphenols are used to synthesize derivatives, with
applications spanning from surfactants to pharmaceuticals. Hydroxycinnamic acid deriva-
tives have diverse applications, particularly in cosmetics [35]. They exhibit photoprotective,
antioxidant, and anti-inflammatory effects. Stilbenes, such as Piceatannal 3-O-glucoside,
are known for their anti-cancer activity and their potential in preventing liver and lung
diseases. There are currently two patents for the applications of this molecule in the preven-
tion and treatment of pulmonary diseases and fatty liver syndrome [36]. Finally, tyrosolic
derivatives possess antioxidant activity, making them suitable for use in supplements and
cosmetic preparations [35]. P-HPEA-EDA is considered a promising compound for the
prevention and therapy of colon cancer [37].

P. nigdeneensis, on the other hand, has a smaller variety of discriminating biochemical
classes. We found alkylphenols, lignans, and phenolic terpenes. Alkylphenols have a signif-
icantly higher extraction yield in this species when using hexane as the extraction solvent.
From a pharmaceutical perspective, lignans perform many biological functions, including
antioxidant, antimicrobial, anticarcinogenic, antiplatelet aggregation, hormone modulation,
and the detoxification of enzyme systems [38,39]. In particular, Arctigenin has several
applications in the anti-cancer field for pancreas, colon, and stomach cancers [40,41], as well
as anti-leukemic [42] and anti-inflammatory effects [43]. The last class is phenolic terpenes.
These fall into the terpene category and exhibit varied effects, including cancer chemopre-
ventive, antimicrobial, antifungal, antiviral, antihyperglycemic, anti-inflammatory, and
anti-parasitic activities [44]. Terpenes are also known as stimulators of skin penetration
and as agents involved in the prevention and treatment of various inflammatory diseases.

2.4. Antioxidant Properties

In the present study, while the n-hexane and dichloromethane extracts showed no
DPPH scavenging activity, the ethyl acetate, ethanol, and water extracts did display DPPH
scavenging activity (P. brachiata: 4.74–7.25 mg TE/g). Interestingly, for both petrosimonia
species, the same order was obtained based on the DPPH scavenging ability (ethanol >
water > ethyl acetate). On the other hand, all tested extracts of P. brachiata and P. nigdeen-
sis exerted ABTS scavenging activity (30.56–84.22 mg TE/g and 16.12–98.02 mg TE/g,
respectively). Remarkably, the same trend in ABTS scavenging ability was obtained
for extracts of both species, whereby the more polar extracts showed a higher ABTS
scavenging potential and the least polar/non-polar extracts showed a lower potential
(water > ethanol > ethyl acetate > dichloromethane > n-hexane) (Table 5). The polarity-
dependent increase in radical scavenging properties indicates the extraction of strong
antioxidant compounds in polar solvents, as previously reported in other studies [45,46].
n-hexane and dichloromethane are non-polar solvents. Non-polar solvents extract lipids
and either dissolve or destabilize the plant cell membrane, thereby facilitating the release
of intracellular components [47]. They can extract particularly lipophilic compounds
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such as fatty acids or phytosterols. Since the lipophilic compounds have weaker an-
tioxidant properties, the non-polar extracts have the weakest radical scavenging abili-
ties for DPPH and ABTS [46,47]. All extracts acted as reducing agents in the CUPRAC
(P. brachiata: 26.02–69.68 mg TE/g; P. nigdeensis: 36.01–80.35 mg TE/g) and FRAP (P. brachi-
ata: 36.93–53.91 mg TE/g; P. nigdeensis: 31.70–67.69 mg TE/g) assays (Table 5). In the
CUPRAC assay, the water extracts showed the least reducing activity, while the ethyl
acetate extract of P. brachiata and the ethanol extract of P. nigdeensis showed the highest
activity. On the other hand, the ethanol extracts of both species yielded the highest reducing
activity in the FRAP assay. The phosphomolybdenum assay also revealed all extracts to
possess total antioxidant capacity in the range of 0.16–2.17 mmol TE/g for P. brachiata and
0.24–1.95 mmol TE/g for P. nigdeensis. A metal chelating activity was also displayed by all
extracts (P. brachiata: 14.74–30.52 mg EDTAE/g; P. nigdeensis: 18.43–33.80 mg EDTAE/g).
The water extracts were found to possess the highest metal chelating power (Table 5). In
general, the ethanol and water extracts of both Petrosimonia species showed a stronger
radical scavenging and reducing ability than the other extracts. In particular, Table 2 shows
that the ethanol and water extracts were rich in anthocyanins and flavonols, and these
compounds can be attributed to the observed antioxidant abilities. Flavonols have been
reported to be powerful antioxidant molecules, especially with the 3-OH group in the
flavonoid ring, and this group is very effective in hydrogen and electron donation ability
in antioxidant tests [48,49]. In addition, anthocyanins, with their three-ring structure, are
able to improve the antioxidant properties of the tested extracts. The -OH groups function
as hydrogen donors during redox reactions, while the -OCH3 groups are considered to
provide an intramolecular electron donor effect [50].

Table 5. Antioxidant properties of the tested extracts.

Species Extracts DPPH
(mg TE/g)

ABTS
(mg TE/g)

CUPRAC
(mg TE/g)

FRAP
(mg TE/g)

PBD
(mmol TE/g)

MCA
(mg

EDTAE/g)

P. brachiata

n-hexane na 30.56 ± 1.27 53.64 ± 2.70 41.66 ± 1.21 2.17 ± 0.10 28.81 ± 0.98
Dichloromethane na 37.42 ± 0.71 60.19 ± 2.02 42.68 ± 1.22 1.88 ± 0.03 22.72 ± 0.25

Ethyl acetate 4.74 ± 0.40 59.94 ± 2.30 69.68 ± 0.91 46.59 ± 0.30 1.89 ± 0.03 21.45 ± 0.66
Ethanol 7.25 ± 0.95 69.81 ± 1.53 64.69 ± 1.79 53.91 ± 0.32 1.28 ± 0.02 14.74 ± 0.86
Water 6.14 ± 0.64 84.22 ± 0.93 26.02 ± 0.55 36.93 ± 0.45 0.16 ± 0.04 30.52 ± 0.21

P. nigdeensis

n-hexane na 16.12 ± 2.12 49.51 ± 1.14 31.70 ± 0.97 1.26 ± 0.03 18.90 ± 3.20
Dichloromethane na 41.37 ± 1.37 63.05 ± 1.12 44.23 ± 0.27 1.79 ± 0.11 23.33 ± 0.87

Ethyl acetate 6.93 ± 1.16 56.65 ± 4.30 65.58 ± 0.96 47.59 ± 0.99 1.95 ± 0.17 25.01 ± 0.48
Ethanol 16.55 ± 1.14 78.64 ± 1.95 80.35 ± 3.28 67.69 ± 0.63 1.50 ± 0.08 18.43 ± 0.42
Water 15.29 ± 0.25 98.02 ± 0.94 36.01 ± 0.23 49.63 ± 0.39 0.24 ± 0.01 33.80 ± 0.03

Values are reported as mean ± SD of three parallel measurements. PBD: phosphomolybdenum; MCA: metal
chelating activity; TE: Trolox equivalent; EDTAE: EDTA equivalent; na: not active.

The term antioxidant is one of the most popular in various scientific fields. Antiox-
idants are substances that are capable of hindering oxidation. They are known as free
radical scavengers, which can either prevent the formation of reactive oxygen species or
eliminate them before they can cause damage to vital cell components [51]. Therefore, an
antioxidant diminishes the development and occurrence of different oxidative-induced
pathological disorders such as diabetes, inflammation, aging, cancer, cataract, nephrotox-
icity, neurodegenerative disorders, and liver and cardiovascular diseases [52]. Various
analytical methods have been established to assess the antioxidant properties of plant-based
phytochemicals. Indeed, their antioxidant activity rests on their chemical structure, along
with their ability to donate hydrogen electrons, metal chelation, and their ability to delocal-
ize the unpaired electron within the aromatic structure [53]. In this sense, the antioxidant
properties of a plant extract are an important indicator for the development of functional
applications, including pharmaceuticals, nutraceuticals, and cosmetics. To the best of our
knowledge, there is very little information about the antioxidant properties of members of
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the genus Petrosimonia. In contrast to the results we presented, Asan-Ozusaglam et al. [25]
reported that n-hexane had the highest DPPH radical scavenging ability. In addition, the
authors found that the n-hexane extract exhibited the best metal chelating ability compared
to methanol, ethanol, dichloromethane, and water. In the literature, some species, such
as Suaeda edulis [54] and Chenopodium ambrosioides [55] from the family Chenopodiaceae,
indicate significant antioxidant properties in in vitro test systems. From this point, our
results can be valuable for the determination of new sources of antioxidants, and the tested
Petrosimonia species can be considered as potential sources of natural antioxidants in the
pharmaceutical, nutraceutical, and cosmeceutical fields. This study can therefore be an
important starting point for further studies on the genus Petrosimonia.

2.5. Enzyme Inhibition Properties

Drugs functioning as enzyme inhibitors constitute an important segment of the orally
bioavailable therapeutic agents that are currently in clinical use for treating diverse illnesses.
Similarly, many of the drug discovery and development endeavors are focused on the
identification and optimization of drug candidates that can act by inhibiting specific enzyme
targets linked to different types of diseases [56–58].

Given that the cholinergic system plays a significant role in regulating learning and
memory processes, it is considered as a pertinent target for the design of anti-Alzheimer’s
drugs. Cholinesterase inhibitors improve cholinergic transmission by directly inhibiting
the enzyme acetylcholinesterase (AChE) that hydrolyses acetylcholine. It has also been
found that both acetylcholinesterase and butyrylcholinesterase (BChE) play a vital part
in Aβ-aggregation during the initial phases of senile plaque formation. Consequently,
AChE and BChE inhibition have been documented to be critical targets for the effective
management of Alzheimer’s disease by a rise in the availability of acetylcholine in the brain
areas and a decline in the Aβ deposition [59]. Additionally, cholinesterase inhibitors are
the only available and approved treatment for Alzheimer’s disease and have been reported
to stabilize or delay cognitive deterioration [60].

In the current study, extracts of both P. brachiata and P. nigdeensis species were found to
inhibit acetylcholinesterase (0.24–3.77 mg GALAE/g and 0.16–3.85 mg GALAE/g, respec-
tively). Moreover, with the exception of the water extracts, all other extracts of both species
showed anti-butyrylcholinesterase activity (0.73–2.86 mg GALAE/g and 1.47–2.23 BChE
mg GALAE/g). While the ethanolic and dichloromethane extracts of P. brachiata displayed
the highest anti-AChE potential, the n-hexane and ethanol extracts of P. nigdeensis were
found to have the most potent anti-AChE potential (Table 6).

Table 6. Enzyme inhibitory effects of the tested extracts.

Species Extracts AChE
(mg GALAE/g)

BChE
(mg GALAE/g)

Tyrosinase
(mg KAE/g)

Amylase
(mmol ACAE/g)

Glucosidase
(mmol ACAE/g)

P. brachiata

n-hexane 2.77 ± 0.11 0.73 ± 0.02 47.43 ± 2.21 1.01 ± 0.02 2.63 ± 0.10
Dichloromethane 3.15 ± 0.14 1.44 ± 0.09 43.30 ± 3.40 1.26 ± 0.02 2.38 ± 0.09

Ethyl acetate 2.84 ± 0.04 1.56 ± 0.09 48.07 ± 0.88 1.28 ± 0.01 2.50 ± 0.05
Ethanol 3.77 ± 0.03 2.86 ± 0.10 60.58 ± 1.07 0.72 ± 0.03 2.73 ± 0.02
Water 0.24 ± 0.04 na na 0.11 ± 0.01 na

P. nigdeensis

n-hexane 3.85 ± 0.19 1.73 ± 0.07 36.74 ± 0.55 0.90 ± 0.01 2.37 ± 0.16
Dichloromethane 3.27 ± 0.31 1.47 ± 0.06 49.65 ± 1.09 1.25 ± 0.01 2.42 ± 0.05

Ethyl acetate 2.98 ± 0.15 2.23 ± 0.02 57.69 ± 0.80 1.22 ± 0.01 2.42 ± 0.07
Ethanol 3.76 ± 0.07 2.19 ± 0.05 61.40 ± 2.39 0.89 ± 0.01 2.72 ± 0.0
Water 0.16 ± 0.01 na na 0.11 ± 0.01 na

Values are reported as mean ± SD of three parallel measurements. GALAE: galantamine equivalent; KAE: kojic
acid equivalent; ACAE: acarbose equivalent; na: not active.

Although several synthetic oral antidiabetic drugs are currently available, there is a
critical need for the discovery and design of new antidiabetic drugs, given the development
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of resistance and adverse effects of those drugs for long-term usage. On the contrary, plants
or herbal sources are becoming increasingly popular to the pharmaceutical industries
worldwide, in a search for potential bioactive compounds for developing targeted novel
antidiabetic drugs that can control diabetes with fewer undesirable effects than conventional
drugs [61].

The inhibition of α-glucosidase and α-amylase, enzymes involved in carbohydrate
digestion, can significantly lessen the postprandial increase in blood glucose and can, thus,
be an imperative approach in the management of blood glucose levels in type 2 diabetic
patients. In this regard, there has been a renewed interest in plant-based medicines modu-
lating physiological effects in the treatment and prevention of diabetes and obesity [62].

In the present study, all extracts showed amylase inhibition (P. brachiata: 0.11–1.28
mmol ACAE/g; P. nigdeensis: 0.11–1.25 mmol ACAE/g). Moreover, all extracts except the
water extracts demonstrated glucosidase inhibition (P. brachiata: 2.38–2.73 mmol ACAE/g;
P. nigdeensis: 2.37–2.72 mmol ACAE/g) (Table 6).

Melanin is a major pigment of human skin that protects the skin from harmful ultra-
violet radiation, DNA damage, and oxidative stress. However, an excessive buildup of
melanin may lead to several hyperpigmentation-related diseases. Tyrosinase is a copper-
containing enzyme that controls the rate-limiting step of melanin synthesis. Therefore,
inhibiting tyrosinase is a key target for researchers in the search for a treatment against
hyperpigmentation [63].

In plants, secondary metabolites such as flavonoids, stilbenes, chalcones, tannins,
hydroquinone, and kojic acid, among others, have been revealed to exert anti-tyrosinase
activity. Tyrosinase inhibitors of herbal origin have been widely reported to possess a potent
inhibitory action on tyrosinase [64,65] and are greatly considered for research purposes. In
this study, extracts of both species acted as tyrosinase inhibitors (P. brachiata: 43.30–60.58 mg
KAE/g; P. nigdeensis: 36.74–61.40 mg KAE/g), except the water extracts. For both species,
the ethanolic extracts followed by the ethyl acetate extracts showed the highest tyrosinase
inhibitory effect (Table 6).

To the best of our knowledge, there is no information on the enzyme inhibitory
properties of members of the genus Petrosimonia. Thus, the presented results are the first
report of these effects and could provide a scientific basis for the genus. The results can
also provide alternative raw materials for functional applications such as pharmaceuticals,
nutraceuticals, and cosmeceuticals.

2.6. Pearson’s Correlation

Pearson’s coefficients were calculated in order to highlight the possible correlations
between bioactive compounds and biological activities reported for the different Petrosi-
monia species. Phenolic compounds derived from P. brachiata leaf extracts (Supplementary
Table S2) reported a high correlation with antioxidant and enzyme inhibition activities. In-
terestingly, low-molecular-weight compounds have been shown to possess a high positive
correlation with CUPRAC, FRAP, and BChE activities (r > 0.7; p < 0.01), and a negative
correlation with the metal chelating activity (r < −0.9; p < 0.01). While stilbenes and lignans
reported a positive correlation with amylase (r > 0.7; p < 0.01), phenolic acids had a negative
correlation with a-glucosidase (r = −0.708).

The relationship between antioxidant activity, evaluated through CUPRAP and FRAP
assays, and low molecular weight compounds is well described in the literature [66,67].
The scavenging activity of LMW compounds depends on their structural features. The
most represented class in the LMW group are tyrosyls, phenolic terpenes, and alkylphenols.
The antioxidant effect of these classes of compounds is well described [68–70]. Lignans and
stilbenes are correlated to a different modulation of enzyme inhibitor effects, particularly
the inhibition of the α-amylase enzyme [71]. Regarding inhibition activities related to these
classes of compounds, the accepted mechanism of action is related to the capability to
maintain enzymes in their reduced states.
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Considering P. nigdeensis (Supplementary Table S3), the pool of phenolics and flavonoids
was reported to be positively correlated with antioxidant activities and inhibition activity.
Anthocyanins were positively correlated with DPPH and FRAP activity (r > 0.8; p < 0.001).
Flavonols had a positive correlation with FRAP (r > 0.7; p < 0.05). Lignans had a positive
correlation with DPPH (r > 0.7 and p < 0.02), but they had a negative correlation with FRAP
(r > −0.7; p < 0.02). Flavones and stilbenes had a positive correlation with the molybdenum
assay (r > 0.7 and p < 0.001).

The positive correlation between different polyphenol classes and increased antioxi-
dant activity is also important for P. nigdeensis. However, the results obtained show that
different classes of compounds have more significant antioxidant effects. Among them, we
find anthocyanins, flavonols, and lignans. The anthocyanins’ and flavonols’ activity related
to the antioxidant activity has been an object of study for a long time [72–74]. The lignans’
antioxidant activity under different conditions, in particular, shows that lignans have the
ability to generate stable products by giving electrons to free radicals and ROS [75]

3. Materials and Methods
3.1. Plant Materials

Plant materials were gathered from a field investigation in 2021 (Konya, Turkey) and
the information on their locations is given below. Taxonomic identification, performed
by Dr. Evren Yildiztugay, resulted in the deposition of a specimen in the herbarium of
Selcuk University. The aerial parts were meticulously separated, dried in the shade at room
temperature, ground into powder using a laboratory mill, and were stored in darkness.

Petrosimonia nigdeensis Aellen: Bolluk Lake (Cihanbeyli, Konya), Salty steppes, 950 m.
Petrosimonia brachiata (Pall.) Bunge: Koyuncu Salt Industry (Şereflikoçhisar, Ankara),

Salty steppes, 920 m.

3.2. Extraction Method

A total of 10 g of dried plant material was accurately weighed and placed into a suitable
container. In total, 200 mL of each solvent (n-hexane, ethyl acetate, dichloromethane,
and ethanol, separately) was measured and added to separate containers holding the
plant material. The extracts were stirred and underwent extraction overnight at room
temperature. For the aqueous extract, the same amount of plant material (10 g) was used,
and 200 mL of hot water was poured over the plant material, which was allowed to steep
for 15 min. This process helps to extract water-soluble compounds effectively. After the
extraction process, the organic solvents (n-hexane, ethyl acetate, dichloromethane, and
ethanol) containing the plant extracts were subjected to evaporation to remove the solvents.
To remove water, a freeze-drying technique was employed. The organic extracts were
dissolved in ethanol, while the aqueous extracts were prepared in water before analysis.

3.3. Assay for Total Phenolic and Flavonoid Contents

The quantification of phenols and flavonoids was conducted in accordance with the
procedures outlined in [76]. The Folin–Ciocalteu method was used for the quantification
of the total phenolic content, and the results were expressed as gallic acid equivalents
(mg GAE/g). Regarding the total flavonoid content, AlCl3 was used to evaluate the total
flavonoid content in the extracts, and the results were given as mg rutin equivalent RE/g.
The experimental details are given in the Supplementary Materials.

3.4. Untargeted Phenolic Compound Profiling using UHPLC QTOF-MS Spectrometry

Lyophilized samples were solubilized in 5 different solvent solutions (water, ethanol,
ethyl acetate, dichloromethane, and n-hexane) using a dilution factor of 1:10. After the
solubilization, samples were centrifugated for 10 min at 6000× g in a refrigerated cen-
trifuge (Eppendorf 5430R, Hamburg, Germany), and the supernatants were collected and
filtrated trough 0.22 µm cellulose filters in amber vials. For the untargeted phenolic pro-
filing, samples were analyzed with ultra-high-pressure liquid chromatography coupled
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to a quadrupole time-of-flight mass spectrometer (UHPLC-ESI/QTOF-MS; Agilent Tech-
nologies, Santa Clara, CA, USA). The analytical conditions have been well described in our
previous work [77]. Chromatographic separation was achieved in reverse phase using a C18
column (Agilent Zorback Eclipse Plus 4.6 mm × 150 mm, nominal surface area of 160 m2/g
and a controlled pore size of 95 Å) through a water–acetonitrile gradient elution (6–94% in
33 min). Positive full scan mode was used to acquire an accurate mass in the 100–1200 m/z
range at a rate of 0.8 spectra/s. The injection volume was 6 µL, and three replicates were
considered for each extract condition. After data acquisition, compound identifications
were conducted using the software Profinder B.08 (from Agilent Technologies), according
to the ‘find-by-formula’ algorithm against the Phenol-explorer 3.6 database [78]. The an-
notation workflow allowed compound identification according to Level 2 confidence (i.e.,
putatively annotated compounds), with reference to the COSMOS Metabolomics Standards
Initiative. Afterward, cumulative intensities per class of compounds were calculated and
qualitative concentrations were determined using calibration curves of pure individual
standard compounds (expressed as mg equivalents/g dry weight (dw); Extrasynthese,
Lyon, France; purity > 98%) analyzed under the same conditions: ferulic acid (phenolic
acids), quercetin (flavonols), sesamin (lignans), cyanidin (anthocyanins), catechin (flavan-3-
ols), luteolin (flavones and other remaining flavonoids), resveratrol (stilbenes), and tyrosol
(tyrosols and other polyphenols).

3.5. Biological Activity Assays

Antioxidant tests were conducted in vitro following known protocols outlined in
previous research [79]. The results of the DPPH, ABTS, CUPRAC, and FRAP assays were
expressed in milligrams of Trolox equivalents (TE) per gram of extract. The antioxidant
capacity was measured using the phosphomolybdenum (PBD) assay and the results were
expressed as mmol of Trolox equivalents (TE) per gram of extract. The metal chelating
activity (MCA) was quantified in milligrams of disodium edetate equivalents (EDTAEs)
per gram of extract. [79]. Enzyme inhibition investigations were carried out on the materi-
als using established methods. The enzyme inhibition for amylase and glucosidase was
quantified in mmol of acarbose equivalents (ACAEs) per gram of extract, while acetyl-
cholinesterase (AChE) and butyrylcholinesterase (BChE) activity inhibition was expressed
in mg of galanthamine equivalents (GALAEs) per gram of extract. The tyrosinase inhibition
was measured in milligrams of kojic acid equivalents (KAEs) per gram of the tested extracts.
The experimental details are given in the Supplementary Materials.

3.6. Statistical Analysis

A one-way analysis of variance (ANOVA with Tukey’s post hoc test) was performed
considering data from each assay and using SPSS 26.0 software (SPSS Inc., Chicago, IL,
USA). The chemometrics analysis was conducted using Mass Profiler Professional B12.6
(Agilent Technologies, Santa Clara, CA, USA), and data normalization was performed
according to previously published work [80]. Specifically, identified compounds were
filtered by frequency, normalized at the 75th percentile, and were baselined with the me-
dian of all samples. The resulting dataset was investigated through both unsupervised
hierarchical cluster analysis (HCA) and supervised Orthogonal Projections to Latent Struc-
tures Discriminant Analysis (OPLS-DA; SIMCA 16, Umetrics, Malmo, Sweden) approaches.
The OPLS-DA models of leaves and roots were successively cross-validated (CV-ANOVA;
p < 0.01) and permutation testing was conducted after inspecting the model parameters
(goodness-of-fit, R2Y, and goodness-of-prediction, Q2Y) and model outliers (Hotelling’s T2).
The variable importance in projection (VIP) metabolites, having a score >1.2, were extrapo-
lated as being the biomarker responsible for the discrimination capacity of the models.

4. Conclusions

The metabolomic and biochemical results of this study highlighted the differences
between the polyphenolic profiles of the two species. The extracts obtained had different
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antioxidant and enzyme inhibition properties, and the solvent type used was shown to
influence the pharmacological properties of the extracts. This study, through metabolomic
and biochemical assays, has helped to gather information on the in vitro pharmacological
properties and phytochemical contents of two species of Petrosimonia. While the different
extracts showed varied TPC and TFC, the polar extracts showed better radical scavenging
abilities in the DPPH and ABTS assays, the ethanol and/or ethyl acetate extracts demon-
strated a better reducing activity, and the water extracts displayed a higher metal chelating
power. On the other hand, the water extracts were revealed to be poor inhibitors of the
tested enzymes, while mostly the ethanol extracts showed a more potent enzyme inhibition.
Overall, the findings obtained in this study demonstrated the antioxidant and enzyme
inhibitory effect of these two halophytic species and that the different solvents had an
effect on the biological potency of the plant species. From this point, the tested Petrosimonia
species can be considered as potential sources of bioactive compounds in the preparation
of health-promoting applications, for example, in Alzheimer’s disease or diabetes. How-
ever, we strongly recommend further studies to understand their cytotoxic effects and
pharmacokinetic properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13152073/s1, Table S1: Metabolomics raw data; Table S2:
Pearson’s correlation for P. branchiata; Table S3: Pearson’s correlation for P. nigdeensis. Reference [81]
is cited in the Supplementary Materials.
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