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Abstract: The Red Sea is one of the most biodiverse aquatic ecosystems. Notably, seagrasses possess
a crucial ecological significance. Among them are the two taxa Halophila stipulacea (Forsk.) Aschers.,
and Thalassia hemprichii (Ehrenb. ex Solms) Asch., which were formally ranked together with the
genus Enhalus in three separate families. Nevertheless, they have been recently classified as three
subfamilies within Hydrocharitaceae. The interest of this study is to explore their metabolic profiles
through ultra-high-performance liquid chromatography-high-resolution mass spectrometry (UPLC-
HRMS/MS) analysis in synergism with molecular networking and to assess their chemosystematics
relationship. A total of 144 metabolites were annotated, encompassing phenolic acids, flavonoids,
terpenoids, and lipids. Furthermore, three new phenolic acids; methoxy benzoic acid-O-sulphate
(16), O-caffeoyl-O-hydroxyl dimethoxy benzoyl tartaric acid (26), dimethoxy benzoic acid-O-sulphate
(30), a new flavanone glycoside; hexahydroxy-monomethoxy flavanone-O-glucoside (28), and a
new steviol glycoside; rebaudioside-O-acetate (96) were tentatively described. Additionally, the
evaluation of the antidiabetic potential of both taxa displayed an inherited higher activity of H.
stipulaceae in alleviating the oxidative stress and dyslipidemia associated with diabetes. Hence, the
current research significantly suggested Halophila, Thalassia, and Enhalus categorization in three
different taxonomic ranks based on their intergeneric and interspecific relationship among them and
supported the consideration of seagrasses in natural antidiabetic studies.

Keywords: seagrasses; Halophila stipulacea; Thalassia hemprichii; Hydrocharitaceae; molecular net-
working; antidiabetic; chemosystematics

1. Introduction

The Red Sea is remarkably regarded as one of the most biodiverse marine envi-
ronments harbouring seagrasses with a pivotal ecological significance either as natural
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reservoirs of an array of microhabitats or perpetual promoters of countless adjacent living
systems [1]. Taxonomically, seagrasses are belonging to five distinct families; Cymod-
oceaceae, Hydrocharitaceae, Posidoniaceae, Ruppiaceae, and Zosteraceae [2,3]. From
which the Hydrocharitaceae family comprises 16 genera and 135 species; occurring mainly
in freshwater habitats [4]. Nevertheless, only three genera of the family exist exception-
ally in marine niches, and this includes Halophila Thouars (10 species), Thalassia Banks ex
K.D.König (2 species), besides Enhalus Rich (monospecific) [5].

According to the Egyptian flora, these taxa are solely represented by two genera
Halophila (two species; Halophila stipulacea (Forsk.) Aschers. and Halophila ovalis (R.Br.)
Hook. f.), and Thalassia (one species; Thalassia hemprichii (Ehrenb. ex Solms) Asch.) [6,7].
Moreover, these species are not only distinguished from other Hydrocharitaceae members
by their marine environment, but also, they share familiar morphological characters that
differ from the rest of the species.

Despite their prevalence and environmental impact on their niches, limited phyto-
chemical reports have unveiled the occurrence of unidentified sulphated phenolic com-
pounds, non-sulphated flavones, flavone glycosides in H. stipulacea [8], and terpenoids
exemplified by the macrocyclic glycoterpenoid syphonoside [9]. At the same time, acylated
polyhydroxylated flavone glycosides were also found in H. johnsonii [10]. Within the same
context, Thalassia depicted as T. hemprichii is known to afford benzoic acids, cinnamic
acids, methoxy flavones, and sulphated flavone glycosides [11]. In contrast to the broad
variability of the secondary metabolic content, the previous biological evaluations were
merely narrowed to their antioxidant and antimicrobial potencies [8,11–14].

In the meantime, diabetes mellitus continually contributes to the underlying reason for
several morbidities and has a myriad of complications, including cardiovascular disorders,
blindness, kidney failure, and peripheral nerve damages, and thus represents a significant
threat to global health [15]. To partially sort out such implications, several hypoglycemic
strategies have been recruited for the management of diabetes, including insulin release
stimulation, gluconeogenesis inhibition, glucose transport activity increase, and intestinal
glucose absorption reduction [16]. Nonetheless, the World Health Organization (WHO)
Expert Committee constantly urges the need to come up with new hypoglycemic agents
from natural origins to lessen the side effects of the marketed synthetic drugs [17]. In
response, our phytochemical traction was channeled to the marine environment, particu-
larly seagrasses, as a relatively underexploited source of bioactive metabolites possessing
engaging and less investigated pharmacological aspects [18].

Motivated by the abundance and phytochemical richness of such species besides the
pressing need of finding alternative hypoglycemic sources, our contemporary quest aims
to broadly characterize the metabolic profiles of both H. stipulacea (Hs) and T. hemprichii (Th)
through a comprehensive ultraperformance liquid chromatography–high-resolution mass
spectrometry (UPLC–HRMS-MS) analysis supported by the Global Natural Products Social
Molecular Networking (GNPS) and to shed light on their chemosystematics relatedness
with other seagrass species. To correlate the possible antidiabetic potentiality in tandem
with the annotated chemistries, in vitro inhibitory assessments against different digestive
enzymes and in vivo antidiabetic assays were conducted as well. It may help the discovery
of novel marine-derived drugs from one of the richest, biodiverse, and less exploited
environments and open new frontiers revealing the metabolic profiles responsible for
such activity.

2. Results and Discussion
2.1. Phytochemical Analysis
2.1.1. Acid Hydrolysis

Complete acid hydrolysis of both H. stipulacea (Hs) and T. hemprichii (Th) extracts
was performed for the sake of the isolation of the major aglycones and the identification
of the linked sugar moieties. The pure aglycones were isolated from the ethyl acetate
layers of Hs and Th and gave dark spots on PC under UV, indicating the flavone nucleoli.



Mar. Drugs 2021, 19, 279 3 of 18

Comparing with authentic samples, some spots showed matching Rf values and color
reaction as that of apigenin, genkwanin, scutellarein, isoscutellarein, hispidulin, luteolin,
chrysoeriol, 6-hydroxyl luteolin, and pedalitin. Furthermore, the major detected aglycones
(apigenin, isoscutellarein, cirsimaritin, luteolin, chrysoeriol, and 6-hydroxyl luteolin) were
additionally confirmed via their UV and 1H-NMR spectral data (Supplementary Table S1).
Glucose was spotted as a significant sugar moiety in the aqueous extract in addition to
xylose and rhamnose moieties. Complete hydrolysis confirmed that all glycosides were in
O-glycosidic format.

2.1.2. High-Performance Liquid Chromatography (HPLC) and Ultra-High Performance
Liquid Chromatography-High-Resolution Mass Spectrometry (UPLC-HRMS/MS) Analyses

The HPLC readings of Hs and Th extracts at different wavelengths (Supplementary
Figures S1 and S2) exhibited significantly different profiles characterized by two dominant
peaks at 26 min in Hs, unlike the Th profile, which disclosed more UV detectable metabolites
chiefly eluted from 19–28 min.

Consequently, a comprehensive analysis of the metabolites of the two seagrasses
was commenced using reversed-phase (RP-C18) ultra-performance liquid chromatography
(UPLC) coupled to photodiode array detection (PDA) and electrospray ionization (ESI)
tandem mass spectrometry, i.e., UPLC-PDA-ESI-HRMS/MS in both positive and negative
ionization modes for the in-depth exploration of the metabolic differences between the two
species (Supplementary Figures S3 and S4).

2.1.3. UPLC-HRMS/MS Metabolite Annotation Aided with Molecular Networking

The UPLC-MS/MS data were mined employing GNPS platform (Global Natural Prod-
ucts Social Molecular Networking) in which molecular networking (MN) was generated
to visually display the existing chemical space of the acquired MS/MS data and infer the
metabolites distribution facilitating the dereplication across different metabolomes [19].

Two MNs were laid out from the MS/MS data of both ionization modes. The negative
MN resulted in 314 nodes grouped as 19 clusters (with a minimum of two connected nodes)
and 190 singletons (Figure 1). The significant dereplicated sets of the negative MN were
cluster A (lipids), cluster B (flavonoids), cluster C (cinnamic acid esters), cluster D (steviol
glycosides), and cluster E (macrocyclic glycoterpenoids) (see Figure 1).

1 
 

 
Figure 1. The enlarged negative molecular network created using MS/MS data (negative mode)
from Halophila stipulaceae (purple nodes) and Thalassia hempiricii (Th) (yellow nodes). The network is
displayed as a pie chart to reflect the relative abundance of each ion in both extracts. The black color
corresponds to the solvent used as a blank.
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In parallel, the positive MN constituted of 217 nodes in 18 clusters and 58 discrete
nodes, in which cluster A (flavonoid glycosides and their aglycones) and cluster B (cin-
namic acid amides) were of interest (Supplementary Figure S5). In general, nodes were
portrayed as a pie chart to reflect the relative abundance of each ion in the two extracts.
The two samples were color-coded, where purple represents Hs extract and yellow as Th
extract. In contrast, the solvent as a blank was given a black color to be avoided during the
annotation phase.

Metabolites putative annotation was fundamentally counted on considering their
retention times, chemical formula, UV absorption maxima, along with their fragmentation
behavior with hitherto described literature. The propagation of metabolites identifica-
tion was further reinforced with the MN inspection, and GNPS spectral library search
synchronized with the proposed fragmentation trees by Sirius [20,21]. Overall, 144 metabo-
lites were tentatively assigned, encompassing phenolic acid derivatives (35 metabolites),
flavonoids (48 metabolites), terpenoids (5 metabolites), lipids (11 fatty acids, 13 acylglycerol,
and 9 phospholipids, and others. Detailed information about the annotated metabolites
(including the retention time, observed molecular ion, fragmentation pattern, molecular
formula, and mass error) are displayed in Supplementary Table S2. Among them, anno-
tated chemotypes like phenolic acids, flavonoids, and terpenoids were exploited as useful
chemotaxonomic markers (Figure 2a,b).
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Figure 2. Some characteristic chemical structures; (a) Halophila stipulaceae (Hs), (b) Thalassia hempiricii
(Th); * Position of the substitution may vary. Detailed information about the annotated metabolites
(including the retention time, observed molecular ion, fragmentation pattern, molecular formula,
and mass error) are displayed in Supplementary Table S2.

Phenolic Acids

Two distinct subgroups of phenolic acids were observed, including benzoic and
cinnamic acid derivatives, which were more characteristic of Th extract. Generally, neutral
losses of 44 Da stands for the cleavage of the carboxylic group of the phenolic acids, while
the expulsions of 80 and 162 Da were typical for sulphated and glucosylated additives,
respectively.



Mar. Drugs 2021, 19, 279 5 of 18

Benzoic Acids

Earlier, benzoic acids were detected in Th and some Halophila species based on compar-
ative chromatography [22] and were later isolated from Th to include p-hydroxyl benzoic
acid [23]. Benzoic acids were found to be either glucosylated or sulphated in the negative
MN as isolated nodes, which could be justified by their fewer observed fragments (2–4)
vs. the used minimum number of common fragments (set to 6) required to cluster two
spectra in the MN. This to include two isomers of vanillic acid-O-glucoside; 8 and 13 (m/z
329.0874 [M − H]−, C14H18O9), syringic acid-O-glucoside; 11 (m/z 359.0982 [M − H]−,
C15H20O10), in addition to a benzaldehyde derivative annotated as vanillin-O-glucoside; 10
(m/z 313.0927 [M − H]−, C14H18O8); all sharing the loss of a glucoside moiety as apparent
from a fragment ion at m/z [M-H-162]−.

Furthermore, a new sulphated benzoic acid derivative 16, an isolated node in the
negative MN found in both extracts, was tentatively detected at Rt 11.4 min with C8H8O6S,
m/z 230.9970 [M − H]− proven by the observed fragment ions at m/z 151 [M-H-80]−, and
107 [M-H-80-44]− (Supplementary Figure S6). Thus, it was assigned as methoxy benzoic
acid -O-sulphate. In a similar fashion, an exclusive feature 30 to Th extract at 13.25 min with
an extra 30 Da (OCH2) was tentatively envisioned as a dimethoxy benzoic acid-O-sulphate
(m/z 261.0075 [M − H]−, C9H10O7S) considering its fragments at m/z 181 [M-H-80]− and
137 [M-H-80-44]− (Supplementary Figure S7).

Within the same chemical space, a diglycosylated benzoic acid congener was also
proposed as a dihydroxybenzoylmethyl ester-(-O-vanilloyl)-xylosyl glucoside; 44 (m/z
611.1619 [M − H]−, C27H32O16) based on its MS2 spectrum which gave m/z 461 [M-
H-C8H8O3]− pointing to the cleavage of a vanilloyl motif, and fragments at m/z 311
and 167 corresponding to the breakup of the xylosyl-glucoside units followed by the
dihydroxybenzoyl methyl ester moiety.

Cinnamic Acids and Their Derivatives

An extra set of phenolic acids was deconvoluted as cinnamic acid-containing com-
pounds, chiefly derivatives of caffeic acid; 39 (m/z 179.0351 [M-H], C8H8O4), coumaric
acid; 64 (m/z 163.0402 [M − H]−, C9H8O3), and ferulic acid; 93 (m/z 193.0505 [M − H]−,
C10H10O4).

Similar to the earlier discussed sulphated benzoic acids, two variants of sulphated
cinnamic acid were also detectable exemplified by hydroxyphenyl-sulfooxypropanoic
acid (tichocarpol A); 12 in Hs (m/z 261.0072 [M − H]−, C9H10O7S), previously isolated
from red marine algae Tichocarpus crinitusin with potent feeding-deterrent activity against
sea urchins [24]. Besides, 34 in Th (m/z 258.9919 [M − H]−, C9H8O7S) was assigned as
sulphated caffeic acid obeying the characteristic fragmentation mechanism of the sequential
cleavage of sulphate (−80 Da) and carboxylic groups (−44 Da).

Equivalently to benzoic acid glucosides dispersal in MN, the glucosylated formats of
cinnamic acid were visualized too as scattered nodes in the negative MN owing to their few
detected fragments, however, still marked by the neutral loss of 162 Da. They were initially
recorded as sinapic acid-O-glucoside; 19 (m/z 385.1138 [M − H]−, C17H22O10) followed
by coumaric acid-O-glucoside isomers; 20 and 24 with EIC at Rt 12.33 and 12.81 min (m/z
325.0923 [M − H]−, C15H18O8). Equally, isomers of dihydrocoumaroyl-O-glucoside were
additionally seen at Rt 12.49 and 12.57 min, 21 and 23 (m/z 327.1083 [M − H]−, C15H20O8),
and lastly ferulic acid-O-glucoside; 31 (m/z 355.1035 [M − H]−, C16H20O9).

Moreover, a suite of mono- and di-substituted tartaric acid esters was disclosed
seamlessly in Th sample as 17, 26, 32, 57, 58, 74, 78, 80, 81, 91, and 95 composing cluster C
in the negative MN (Figure 1). They were deciphered by 132 Da as a neutral loss accounting
for the breakage of dehydrated tartaric acid (C4H4O5) and the distinct fragment at m/z 149,
C4H6O6 for the tartaric acid moiety.

Monocinnamic acid esters of tartaric acid including O-caffeoyl tartaric acid isomers; at
Rt 11.6 and 17.38 min; 17 and 57 (m/z 311.0439 [M − H]−, C13H12O9), O-coumaroyl tartaric
acid; 32 (m/z 295.0460 [M − H]−, C13H12O8) and O-feruloyl tartaric acid; 81 (m/z 325.0565
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[M − H]−, C17H14O6) were laid out as standalone ions in the negative MN thanks to the
recruited parameters.

Nevertheless, di-substituted tartaric acid entities were grouped efficiently in the
negative MN as cluster C and were distinctive of Th (Figure 1). This listed di-O-caffeoyl
tartaric acid; 58 (m/z 473.0724 [M − H]−, C22H18O12) which showed distinctive fragments
at m/z 311 and 149 for the consecutive losses of two caffeoyl acid moieties, followed by
O-caffeoyl O-feruloyl tartaric acid; 80 (m/z 487.0880 [M − H]−, C23H20O12) with fragments
at m/z 325 and 149 for the loss of a caffeoyl and feruloyl moieties, respectively.

Remarkably, isomeric di-substituted tartaric acid esters were well-differentiated within
cluster C in the negative MN (Figure 1) through their retention time discrepancy. For in-
stance, isomers of O-caffeoyl-O-coumaroyl tartaric acid; 74 and 78 at Rt 19.25 and 19.59 min,
(m/z 457.0777 [M − H]−, C22H18O11) gave fragments at m/z 295 and 149 for the cleavage
of a caffeoyl and coumaroyl units, respectively. Likewise, di-O-coumaroyl tartaric acid
isomers; 91 and 95 at Rt 21.29 and 21.70 (m/z 441.0828 [M − H]−, C22H18O10) with a base
peak at m/z 163 corresponding to the coumaric acid moiety.

Ultimately, a newly non-reported congener of caffeoyl tartaric acid ester, 26 (m/z
491.0829 [M − H]−, C22H20O13), observed as a singleton in the negative MN, was tenta-
tively possible to be read out in terms of structural anticipation. Its suggestive skeleton was
proposed with the aid of fragments observation at m/z 329 [M-H-162]−, 179 [M-H-329-150]−

for the cleavage of caffeic and tartaric acid motifs, followed by the loss of two CH3 groups
(m/z 149) assisting its dereplication as O-caffeoyl O-hydroxyldimethoxybenzoyl tartaric
acid (Supplementary Figure S8).

Despite the variation in the chemical scope of the monitored cinnamic acid esters in Th,
two isomers of cinnamic amides; 38 and 43 were utterly identified in Hs by the positive MN
at Rt 14.7 and 15.37 min; as dicoumaroyl spermidines (m/z 438.2405 [M + H]+, C25H31N3O4)
(Supplementary Figure S5).

The occurrence of cinnamic acids was previously described in Thalassia [25], Halophila [26],
and various seagrass species [27]. Similarly, tartaric acid esters of cinnamic acids were
previously encountered in Thalassia [23] and some seagrass taxa such as Syringodium [28],
Cymodocea [29], and Posidonae [30] mainly as caftaric and chicoric acids.

Flavonoids

Recently, there is a growing interest in marine-derived flavonoids, which may be
attributed not only to their auspicious biological potential, but also for their antifouling
and anti-feedant activities. The reported biological activities of marine flavonoids exhib-
ited a broad spectrum of potencies ranging from antioxidant, antimicrobial, antidiabetic,
antitumor, anticoagulant, to antidiabetic [31].

Considering the seagrasses, upon investigation the flavone-type flavonoids were the
most abundant class in both extracts, delivered as cluster B (Figure 1) in the negative MN.
The fragmentation sequence was typical of O-glycosidic derivatives, being characterized by
neutral losses and mass differences in the MN of 162, 146, or 132 correlating to O-hexoside,
O-deoxyhexoside or O-pentoside, correspondingly [16]. The aglycone and sugar identities
were confirmed as formerly stated via the acid hydrolysis of the two extracts to figure out
the prevalence of the flavone aglycones and glucose as the main hexose, rhamnose as the
deoxyhexoside, and xylose as the predominant pentose (Supplementary Table S1).

Flavone di-glucosides existed exclusively in Hs supported by the positive MN (Sup-
plementary Figure S5). They were annotated as apigenin di-O-glucoside 27 (m/z 595.1672
[M + H]+, C27H30O15) and chrysoeriol di-O-glucoside 29 (m/z 625.1785 [M + H]+, C28H32O16)
evident by the consecutive losses of two glucose moieties.

Whereas flavone mono-glucosides were detected in both extracts, nevertheless they
showed some differences in the aglycone moieties. For example, methoxylated flavone
glucosides were distinctive of Hs and were witnessed in the positive MN (Supplemen-
tary Figure S5) as three isomers of dihydroxy dimethoxy flavone-O-glucoside; 36, 84,
99 (m/z 477.1404 [M + H]+, C23H24O11), monohydroxy trimethoxy flavone-O-glucoside;
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62 (m/z 491.1555 [M + H]+, C24H26O11). Besides, (rhamnosyl)-ethenyl-trihydroxyflavone
(drymariatin A); 25 occurred in Hs extract (m/z 459.1299 [M + H]+, C23H22O10) with a
characteristic fragment at m/z 283 for the cleavage of the ethenyl side-chain together with
the rhamnosyl unit.

However, polyhydroxylated flavone glucosides were predominant in Th as unveiled
from the negative MN (Figure 1), which could be exemplified by two isomers of 6-hydroxy
luteolin O-glucoside; 37 and 48 (m/z 463.0878 [M − H]−, C21H20O12), 6-hydroxy luteolin O-
rutinoside; 42 (m/z 609.1463 [M − H]−, C27H30O16), 6-hydroxy luteolin-O-xyloside; 56 (m/z
433.0776 [M − H]−, C20H18O11). Isoscutellarein 7-O-xyloside; 67 (m/z 417.0828 [M − H]−,
C20H18O10), and isoscutellarein 7-O-glucoside; 69 (m/z 447.0931 [M − H]−, C21H20O11)
were also observed, while scutellarein-O-glucoside; 61 (m/z 449.1086 [M + H]+, C21H20O11)
was eluted at earlier retention time and characteristic for Th extract.

Additionally, both MNs indisputably enabled the retrieval of some common flavone
monoglucosides from both extracts (Figure 1) (Supplementary Table S2, Figure S5). This
to include pedalitin-O-glucoside; 51 (m/z 477.1038 [M − H]−, C22H22O12), apigenin 7-
O-glucoside; 63 (m/z 431.0988 [M − H]−, 433.1135 [M + H]+, C21H20O10), chrysoeriol-O-
glucoside isomers; 66 and 94 (m/z 461.1095 [M − H]−, 463.1247 [M + H]+, C22H22O11), and
genkwanin 4′-O-glucoside; 97 (m/z 491.1281 [M - H + FA]−, 447.1295 [M + H]+, C22H22O10).

Aside from the abundant flavone type glucosides, three flavanone type glucosides
were also distinguished. The first 28 was noticed at Rt 13.41 min (m/z 513.1254 [M + H]+,
C22H24O14), exclusively in Hs as a distant self-looped node. Its MS2 spectrum showed the
loss of a glucoside group (-162 Da) with fragment at m/z 351 and m/z 331 for further dehy-
dration (-18 Da). Consequently, it was tentatively dereplicated as non-previously reported
methoxypentahydroxyflavanone-O-glucoside (Supplementary Figure S9), whereas 33 (m/z
449.1090 [M − H]−, C21H22O11) and 52 (m/z 465.1036 [M − H]−, C21H22O12), both in Th,
were putatively interpreted as tetrahydroxy flavanone-O-glucoside and pentahydroxy
flavanone-O-glucoside, respectively.

Sulphated Flavonoids

Cluster B in the negative MN allowed the expansion of the flavonoids chemical
space by instant recognition of sulphated motifs via 80 Da mass difference as an edge
connection to their flavonoid glycosides (Figure 1) innate to Th. This agrees well with the
previous investigations, which hinted at the occurrence of sulphated flavone glucosides
in Th exemplified by Thalassiolins A-D, which showed antiretroviral activity via the
inhibition of HIV integrase [32,33]. The successfully deciphered sulphated flavonoids
included thalassiolin A; luteolin O-glucoside sulphate; 46 (m/z 447.0501 [M−H]−, 529.0662,
[M + H]+, C21H20O14S) besides, thalassiolin B; chrysoeriol 7-O-glucoside sulphate; 59 (m/z
541.0635 [M−H]−, 543.0816 [M + H]+, C22H22O14S), thalassiolin C; apigenin7-O-glucoside
sulphate; 60 (m/z 511.0550 [M − H]−, C21H20O13S), and pedalitin-O-glucoside sulphate;
75 (m/z 557.0601 [M − H]−, C22H22O15S).

Supplemental flavonoid sulphates were possible to be putatively defined as luteolin O-
glucoside sulphate sodium salt; 45 (m/z 549.0313 [M − H]−, C21H19NaO14S), and luteolin-
O-sulphate; 86 (m/z 364.9965 [M − H]−, C15H10O9S) in the form of singletons in the
negative MN.

Acylated Flavonoids

In addition to the previously annotated sulphated, mono, and di-glycosylated flavonoids,
acylated ones were decoded in both extracts as well. Acylated flavonoids in Hs extract were
represented by acetylated and malonylated variants recognized as cluster A in the positive
MN showing edge connectivity with mass shift of 42 and 86 Da, respectively (Supplemen-
tary Figure S5) [15]. Malonylated derivatives were formerly defined in Hs by [34] and were
encountered in this study comprising O-malonylated glucosides of 6-hydroxylluteolin;
54 (m/z 549.0879 [M − H]−, 551.1052 [M + H]+, C24H22O15), apigenin; 76 (m/z 519.1144
[M + H]+, C24H22O13), and chrysoeriol; 79 (m/z 549.1252 [M + H]+, C25H24O14). While,
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O-acetylated glucosides were symbolized by those of 6-hydroxy luteolin; 70 (m/z 505.0976
[M − H]−, 507.1147 [M + H]+,C23H22O13) and apigenin; 89 (m/z 473.1088 [M − H]−,
475.1249 [M + H]+,C23H22O11).

Resembling the malonylated derivatives in Hs, coumaroyl flavone glucosides were
merely noticed in Th extract as verified by the negative MN (Figure 1) and their frag-
mentation pattern showed a neutral loss of 146 Da (dehydrated coumaroyl moiety). The
MN disclosed the co-existence of 6-hydroxyl luteolin-O- coumaroyl glucoside isomers;
83 and 87 and confirmed through their EIC at Rt 20.22 and 20.89 min; (m/z 609.1247
[M − H]−, C30H26O14) along with scutellarein-O-coumaroyl glucoside; 88 (m/z 593.1300
[M-H], C30H26O13).

Flavonoid Aglycones

Thirteen flavonoid aglycones were concluded during this study and united nicely
in cluster A of the positive MN (Supplementary Figure S5), nine of which were isolated
and confirmed through their chromatographic and spectral behavior as earlier described
(Supplementary Table S1).

Diterpenoids

Besides leveraging the chemical landscape of the phenolic acids and flavonoids enti-
ties, the negative MN was additionally able to unfold an extra phytochemical molecular
family, diterpenoids, which were subdivided into two main classes: steviol glycosides and
macrocyclic diterpenoids.

Steviol Glycosides

Steviol glycosides are diterpene glycosides well known for their sweetness and occur
only in few plants, mainly Stevia rebaudiana [35]. They were reported to exert antioxidant,
glucose-lowering, and antihypertensive effects [35]. During this study, three steviol glyco-
sides were only detected in Hs extract and were unveiled based on their previously reported
data in the literature. They were observed in the negative mode MN (Figure 1), firstly
as rebaudioside B; 72 (m/z 803.3714 [M − H]−, C38H60O18) with fragmentation sequence
showing the sequential loss of three hexoses moieties with fragments at m/z 641, 479, and
317 [36]. It was found to be connected to another analogue with a mass difference of 42 Da
(C2H2O), implying an acetylated derivative 96 (m/z 845.3822, C40H62O19). Even though it
shared the same aglycone as 72 at m/z 317, its fragmentation pattern was a bit different
since it schemed an initial loss of two hexose units with fragments at m/z 683, 521 followed
by a fragment at m/z 317 for the loss of an acetylated hexose. Thus, it was assigned as a
new acetylated equivalent of rebaudioside B (Supplementary Figure S10).

Lastly, as an observed scattered node in the negative MN rubusoside was charac-
terized; 100 (m/z 641.3191 [M − H]−, C32H50O13) with a fragmentation order showing
the cleavage of two hexose units yielding the aglycone at m/z 317 [37]. The declustering
behavior from its similar entities (Figure 1) could be possibly envisioned to their differences
in the position and degree of glycosylation.

Macrocyclic Glycoterpenoids

The existence of macrocyclic glycoterpenoids was formerly pinpointed in Hs and
showed to suppress apoptosis in some human and murine cancer cell lines [9]. Nonetheless,
the MN revealed their presence in Th as well for the first time (Figure 1, Supplementary
Figures S11 and S12). The detected glycoterpenoids comprised syphonoside; 53 (m/z
831.3645 [M+CH2O2-H]−, C38H58O17), and its acetylated derivative; 73 (m/z 873.3759
[M+CH2O2-H]−, C40H60O18) which were furtherly validated through their direct linkage
in the negative MN (Figure 1) with ∆ m/z of 42 Da (C2H2O) (Supplementary Figure S12).
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2.2. Chemosystematic Significance

At the intergeneric point of view, Halophila, Thalassia and Enhalus provide a remark-
able example of intolerance concerning the phylogenetic similarities of seagrasses, even
those presumed to be closely related. Formerly, refs. [38,39] assigned them to three sep-
arate families Thalassiaceae, Halophilaceae, and Vallisneriaceae, respectively, based on
the morphological characters of their leaves and anthers. Nevertheless, they were later
replaced within Hydrocharitaceae family separated amongst three different subfamilies
Halophiloideae, Thalassioideae, and Vallisnerioideae, respectively [40,41]. This was further
supported by the rbcL gene sequence [40], which deduced that these genera form a mono-
phyletic group with an affinity for tropical oceanic habitats. Yet, this clade is imbedded
within Hydrocharitaceae freshwater genera with 100% bootstrap support. Accordingly, the
three marine genera were retained as a single taxon (e.g., a common subfamily) within the
Hydrocharitaceae rather than as three distinct subfamilies of Hydrocharitaceae or three
different seagrass families. Likewise, it was suggested that the family rank is not necessary
for these genera; and the subfamily position within the Hydrocharitaceae can express a
satisfactory classification [2].

Conspicuously, these genera are not only distinguished from other members of Hy-
drocharitaceae by their aquatic habitat but also, they share familiar morphological char-
acters that differ from the rest of the aquatic species. For instance, their pollen grains
are carried in chains, as threads of drips, while they are free and globular in the other
Hydrocharitaceae species. These pieces of evidence support their discrepancy from other
Hydrocharitaceae members and their significant affinity to seagrasses.

Yet, no prior chemosystematic studies at the intergeneric level were drafted for the
marine Hydrocharitaceae; thus, the inquiry has persisted whether these marine genera
represent one, two, or three independent origins within the Hydrocharitaceae family or as
three distinct families.

Scrutinizing the phytochemical data obtained in the present study and in relation to
previous ones, the phenolic profiles of the three genera were proven to be exploited as useful
chemotaxonomic markers, both at the inter-specific and intra-specific levels (Figure 3).
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Notably, the three marine genera (Enhalus, Halophila, and Thalassia) can biosynthesize sul-
phated derivatives of benzoic acids, flavones as well as cinnamic acid esters (Supplementary
Table S2), some of which were previously detected in other seagrass taxa [28], and not reported
in some possible freshwater genera of Hydrocharitaceae to the best of our knowledge.

The MNs (Figure 1 and Supplementary Figure S5) showed the characterization of the
Egyptian Th by the presence of phenylpropanoic acid esters and cinnamic acid derivatives
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of tartaric acid (Figure 1, cluster C). Particularly, Th was described with sulfated flavone
glycosides (Supplementary Table S2, Figure 3), which is compatible with the previous
chemical investigations on Th and T. testudinum [23] versus one sulphated flavone aglycone
detected in both species which again fortifies the fact that the earlier species are considered
to be twin species. Another distinguishable feature was the O-glycosylation of the flavone
aglycones with xylose and glucuronioic acid in Thalassia and Enhalus, respectively [11,42].

Alternately, flavone acyl glycosides (as acetylated and malonylated variants), methoxy-
lated flavanones, and steviol glycosides were exclusive to Halophila versus their abolish-
ment in Thalassia. Similarly, methoxy flavones are restricted to some Halophila species, Th
and T. testudinum, and are absent in Enhalus acoroides (L. f) Royle [42]. These metabolic
differences supported their placement in different taxonomic ranks. Contrariwise, the
freshwater taxa of Hydrocharitaceae are able to afford flavonol nuclei, and chlorogenic acid
isomers [43,44], which are absent in the three marine genera.

Decisively, the phenolic entities, i.e., the extensive varieties as derivatives of benzoic
acids, cinnamic acid esters, and flavonoids, of Enhalus, Halophila, and Thalassia could be
efficient chemotaxonomic markers advocating their placement in three different taxonomic
ranks. Nonetheless, the query of their affinity to three individual seagrass families or as
three subfamilies of the Hydrocharitaceae remains unanswered, taking into regard that the
former molecular biology study was based solely on one gene sequence. Additional phyto-
chemical efforts (using UPLC-HRMS/MS analysis and MN) coupled with phylogenetic
analysis (using other gene sequences) are required to compare them to other freshwater
taxa of the Hydrocharitaceae to solve the existing taxonomic conflict.

2.3. In Vitro and In Vivo Antidiabetic Assays

Considering the growing declarations of diverse plants-based phytochemicals ability
to control hyperglycemia through the suppression of the digestive enzymes and hence
reducing the absorption of sugars and fatty acids [2,41,45]. It was of interest to test the
marine-derived specialized metabolites, particularly seagrasses under investigation Hs
and Th, for their antidiabetic potential via their in vitro inhibitory effects on some digestive
enzymes, like α-amylase, β-glucosidase, and pancreatic lipase enzymes.

Both seagrasses showed comparable enzymatic inhibitions, highlighting their poten-
tial as antidiabetic agents to surveil the calorie intake (Supplementary Table S3). These
findings were consistent with the previous dose-dependent inhibition results attained with
H. beccarii [46] and Th [47].

Such observed inhibitory readings could possibly be rationalized to the high preva-
lence of phenolic metabolite(s) in both seagrasses (Supplementary Table S2), which report-
edly regulate the carbohydrates and lipids metabolism by downregulating the digestive
enzymes [48,49].

To gain more mechanistic insights regarding the antidiabetic effects of Hs and Th, the
in vivo studies were recalled. Animals with high serum glucose and low serum insulin
levels were considered, such as diabetic rats, and were included in the study. Interestingly,
administration of dose-dependent Hs extract resulted in a glucose-lowering action and
restored back the insulin levels (Figure 4a,b and Supplementary Table S4), which can
be referred to its exclusive content of steviol glycosides [50]. Since diabetes is usually
allied with pathophysiological conditions attributed to the dysregulation of the glucose
transporter GLUT2 [51], the evaluation of GLUT2 levels was of interest. Despite the fact
that both extracts were able to reverse the observed low GLUT2, the alleviating effect of Hs
extract was nearly doubled either with the low or high administered dosage compared to
Th (Figure 4c and Supplementary Table S4).
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Figure 4. In vivo antidiabetic biomarkers in different studied groups; (a) Serum glucose level, (b) serum insulin level;
(c) pancreatic GLUT-2 level; (d) Serum NO level; (e) pancreatic MDA level. Results are expressed as mean ± SD. D,
diabetic control; G, glibenclamide 6.5 mg/kg/day; Th 100, Th 100 mg/kg/day; Th 200, Th 200 mg/kg/day; Hs 100, Hs
100 mg/kg/day; Hs 200, Hs 200 mg/kg/day. * Significant difference at p < 0.5, **: Significant difference at p < 0.01,
***: Significant difference at p < 0.001.

In alignment with the formerly attained glucose/insulin effects, the unique occurrence
of steviol glycosides in Hs extracts possibly enabled the upregulation of GLUT2 gene
expression, improving the uptake of glucose in the liver, which will in turn aid to ameliorate
hyperglycemic conditions as formerly sketched [52–56].

Minding the controversial levels of serum nitric oxide (NO) exerted by its diverse
roles played in the body ranging from maintaining the endothelial function to acting as an
inflammatory mediator, the NO oxide levels were additionally listed [57,58]. The analyses
iteratively revealed Hs extracts delivered 3–4 folds increase in the NO levels versus Th
(Figure 4d, Supplementary Table S4), which could be due to the predominant phenolics
and steviol glycosides [50].

To estimate the imbalance between oxidant/antioxidant status, which normally asso-
ciates diabetes, malondialdehyde (MDA), the product of lipid breakdown, was selected
as a valuable indicator of free radical-induced lipid peroxidation. Predictably counting
on the phenolic content richness [59], both extracts were found to significantly decrease
the pancreatic MDA, where Hs extracts showed the most notable antioxidant behavior
(Figure 4e, Supplementary Table S4).

Abnormal lipid metabolism as an additional common diabetes complication linked to
several cardiovascular disorders was also regarded within the in vitro tests’ suite [60]. The
antihyperlipidemic effect was noticeable with both extracts altering the serum lipid profile
to normality, highlighting the superiority of Hs extract as a lipid-lowering agent.

3. Materials and Methods
3.1. Plant Material

One kilogram of both H. stipulacea (Hs) and T. hemprichii (Th) were collected from
the Red Sea of Ras Shetan Nuweiba in Egypt. A voucher specimen (17-1-2018 for Hs and
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18-1-2018 for Th) was deposited at the Museum of the Pharmacognosy Department, Faculty
of Pharmacy, Cairo University.

3.2. Chemicals and Reagents

All chemicals for phytochemical analysis were from Sigma-Aldrich (Merck, Kenil-
worth, NJ, USA). Chemicals for the in vivo assays were obtained as follows: streptozotocin
(STZ) and glucose (Sigma-Aldrich, Merck, USA), tween 80 (El-Gomhoria, Cairo, Egypt),
daonil™, glibenclamide (Sanofi Co., Cairo, Egypt), cholesterol and HDL (BioChain, Eureka
Dr, Newark, CA, USA), triglycerides (XpressBio, Wedgewood Blvd, Suite 103, Frederick,
MD, USA), nitric oxide (StressGen, Glanford Ave., Suite 350, Victoria, British Colombia,
Canada). Rat insulin ELISA (CUSABIO, Wuhan, China), glucose transporter 2 (GLUT2)
ELISA (MyBioSource, Beijing, China), and malondialdehyde ELISA (LSBio, Fourth Avenue
Suite 900. Seattle, USA) kits were used for the assay of biomarkers.

3.3. Preparation of the Crude Extracts

Hs and Th (1 Kg each) were separately macerated in 5 L of 70% (v/v) ethanol at room
temperature (48 h), filtered then concentrated under reduced pressure at 40 ◦C to yield the
ethanolic extracts as solid residues (110 and 100 g, respectively).

3.4. Phytochemical Analysis
3.4.1. Acid Hydrolysis

Twenty-five grams of each extract were defatted with n-hexane (40–60 ◦C) and then
subjected to the complete acid hydrolysis procedure (2N HCl, 100 ◦C, 2 h) [61]. The acidic
solutions were extracted with ethyl acetate several times, affording an ethyl acetate extracts
upon evaporation which were subjected to Sephadex LH-20 column using MeOH: H2O (1:1)
then 100% MeOH, as eluents to attain pure aglycones. The major aglycones were identified
by their typical ultraviolet (UV) absorbance using UV spectrophotometer (Shimadzu UV-
240) and characteristic 1H-NMR signals (Jeol EX-500 spectrometer; JOEL Inc., Tokyo, Japan).
On the other hand, the minors were aligned by co-chromatography with authentic samples
(formerly isolated and identified by our research group, Department of Phytochemistry
and Plant Systematics) using paper chromatography (PC) (Whatman Ltd., Maidstone,
Kent, England) and solvent systems; 50% AcOH and BAW (n-BuOH-AcOH-H2O 4:1:5). To
discriminate between the sugar moieties, the aqueous layer of each extract was carefully
neutralized, then exposed to the PC elution using BBPW (benzene: n-BuOH: pyridine:
H2O; 1:5:3:3) versus standard sugars (E. Merck, Darmstadt, Germany) [62].

3.4.2. Sample Preparation, HPLC Profiling and MS Analyses
Sample Preparation

The lyophilized extracts of Hs and Th were prepared for HPLC profiling and UPLC-
MS/MS analyses following the afore-described method [62].

HPLC Profiling

To profile Hs and Th extracts, HPLC system comprising a Waters 1525 Binary Pump
with a 7725i Rheodyne injection port, a Kromega Solvent Degasser, Waters 996 Photodiode
Array Detector, and a Luna polar Omega column (3.6 µm, 250 × 4.6 mm, Phenomenex®)
was used. Gradient elution of analytes was carried out with acetonitrile; ACN (solvent A)
and 0.1% triflouroacetic acid; TFA (solvent B) at a constant flow rate of 0.5 mL/min, with
an injection volume of 5 µL. A non-linear gradient was applied: for the first 5 min, 90% B;
for the next 10 min; 80% B, then 70 % B for 10 min, 65% B for additional 15 min, 50% B for
15 min, followed by 100% B for 7 min and finally 90% B for the last 3 min. The detection
wavelengths were 210, 250, 285, and 375 nm.
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UPLC–HRMS-MS Analysis

The HR-MS-MS analysis was carried out on MaXis 4G instrument (Bruker Daltonics®)
coupled to an Ultimate 3000 HPLC (Thermo Fisher Scientific®). A UPLC-method was
applied as follows: (with 0.1% formic acid in H2O as solvent A and 100% ACN as solvent
B), an isocratic gradient of 10% B for 10 min, 10% to 100% B in 30 min, 100% B for an
additional 10 min, using a flow rate of 0.3 mL/min; 5 µL injection volume and UV detector
(UV/VIS) wavelength monitoring at 210, 254, 280, and 360 nm. The separation was carried
out on a Nucleoshell 2.7 µm 150 × 2 mm column (Macherey-Nagel®), and the range for
MS acquisition was m/z 50–1800 Daltons (Da).

A capillary voltage of 4500 V, nebulizer gas pressure (nitrogen) of 2 (1.6) bar, ion
source temperature of 200 ◦C, the dry gas flow of 9 L/min source temperature, and spectral
rates of 3 Hz for MS1 and 10 Hz for MS2 were used. For acquiring MS/MS fragmentation,
the 10 most intense ions per MS1 were selected for subsequent CID with stepped CID
energy applied. The employed parameters for tandem MS were applied as previously
detailed [63].

Data Analysis

Raw data visualization was performed using Compass Data Analysis 4.4 (Bruker
Daltonics®) while Metaboscape 3.0 (Bruker Daltonics®) was utilized for picking molecular
features, and for raw data treatment and pre-processing. T-ReX 3D (Time aligned Region
Complete eXtraction) algorithm was implemented for retention time alignment and the
simultaneous detection and combination of isotopes, adducts, and fragments innate to the
same compound into one feature. A bucket table was then generated containing all the
detected features along with their retention time (Rt), measured m/z, molecular weight,
and detected ions [64]. The cataloged ions table was created with an intensity threshold
10e3 and 10e4 for negative and positive ionization modes, respectively setting a retention
time range from 1 to 40 min with restricted mass range m/z from 120 to 1800 Da.

Molecular Networking and Compounds Dereplication

The MS/MS (MS2) data (positive and negative modes) were independently uploaded
as .mgf files to the publicly available Global Natural Product Social molecular networking
(GNPS) platform (http://gnps.ucsd.edu, accession on: 31 March 2020) running the feature-
based molecular networking online workflow [19].

The data was analyzed with a parent mass tolerance of 0.05 Da and an MS/MS
fragment ion tolerance of 0.05 Da to create consensus spectra. A network was then made
with a cosine score above 0.65 and more than 6 matched peaks between two consensus mass
spectra to be connected with an edge. The spectra in the network were queried against
GNPS’ spectral libraries (NIST13, MassBank, and Respect) following the same manner as
the input parameters. The output molecular network was visualized and analyzed using
Cytoscape (3.4.0) [65].

Manual putative structures identification was assisted by Sirius + CSI:FingerID 4.0.1
for the molecular formula prediction [21] and structural hits search with m/z tolerance set
to 20 ppm connected to online Pubchem and DEREP-NP database, which was manually
integrated [66].

3.5. Biological Assays
3.5.1. In Vitro Anti-Diabetic Assays (Enzymes Inhibitory Assays)

The α-amylase bioassay method was adopted from [67] and modified as described
by [63]. Similarly, the estimation of the β-glucosidase inhibitory activity was carried out
following Sancheti’s procedures [68]. And finally, Conforti’s protocol [69] was used for the
evaluation of pancreatic lipase inhibitory activity.

http://gnps.ucsd.edu
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3.5.2. In Vivo Antidiabetic Study
Experimental Animals

Thirty-six male albino Wistar rats (150–200 g) were randomly housed in cages in an
air-conditioned animal room with 12 h dark and light cycles. Each cell (size 26 × 41 cm)
lodged with four rats. The rats were kept for 24 h for acclimatization before the experiment.
The rats were fed with a standard laboratory diet and with tap water ad libitum. All animal
procedures were performed after approval by October University for Modern Sciences and
Arts (MSA) Ethics Committee (BP1/EC1/2019PD).

Induction of Diabetes Mellitus

After 12 h of fasting, diabetes was induced by a single dose of intraperitoneal injection
of freshly prepared STZ (50 mg/kg b.wt) in 0.1 M citrate buffer (pH 4.5). After 48 h, blood
samples were collected, and the glucose levels were measured to confirm induction of
diabetes; rats with serum glucose levels above 300 mg dL−1 were considered diabetic.

Experimental Design

After induction, rats were randomly divided into six groups (six rats/group). The
diabetic control group received 1 mL of 1% tween 20, whereas glibenclamide group was
treated with 6.5 mg/kg glibenclamide. Two treatment groups for each of Th and Hs extracts
where doses of 100 mg kg−1 and 200 mg kg−1 orally administered for 21 days.

Preparation of Serum and Tissue Samples

At the end of the experimental period, all animals were deprived of food overnight
and then sacrificed by cervical decapitation after being anaesthetized by ether inhalation.

By centrifugation of blood at 1000 rpm for 10 min and storing at −20 ◦C, serum
was separated to assess the levels of glucose, insulin, cholesterol, HDL, triglycerides, and
nitric oxide.

The liver and pancreas were excised immediately, rinsed with isotonic saline, and
minced. Homogenates were prepared with 10% (w/v) phosphate-buffered saline (PBS,
0.1 mol/L, pH = 7.4). The supernatants of these homogenates, centrifuged at 10,000 rpm
for 5 min at −4 ◦C, were directly used for the determination of pancreatic MDA and
liver GLUT2.

Biochemical Analyses

Serum glucose, cholesterol, HDL, and triglycerides were determined spectrophoto-
metrically using Beckman and Coulter AU480 chemical analyzer, however, nitric oxide was
defined colorimetrically. Meanwhile, serum insulin, pancreatic MDA, and liver GLUT2
were assayed by ELISA using TECAN Spectra Classic plate reader (Crailsheim, Germany).

3.6. Statistical Analyses

All the in vitro assays were carried out in triplicate. The results were displayed as
mean ± SD. The IC50 (concentration necessary for 50% inhibition of enzyme activity) was
calculated by constructing a linear regression curve showing extracts concentrations (from
75 to 600 µg mL−1) for α-amylase, (from 60 to 600 µg mL−1) for β-glucosidase and (from
12 to 100 µg mL−1) for pancreatic lipase on the x-axis and percentage inhibition on the
y-axis [70]. An unpaired student t-test was used for statistical comparison between the two
groups. p < 0.05 is considered statistically significant. All analyses were done using the
SPSS v22.0 (IBM, Chicago, IL, USA) and Graphpad Prism (6.01) (San Diego, CA, USA).

4. Conclusions

Molecular networking via the GNPS platform allowed the expansion of the metabolic
profiles of the two Egyptian seagrasses; H. stipulacea and T. hemprichii with 144 metabo-
lites. These metabolites were found to belong to different metabolic classes, five of them
were tentatively identified for the first time from nature. Albeit, the genuineness of the
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tentatively assigned new metabolites needs to be further assessed through their isolation
and full characterization through other spectroscopic techniques, i.e., NMR. Additionally,
the created MNs inferred the clear prevalence of phenolics, flavonoids, and diterpenes as
chemotaxonomic markers with the predominance of flavone acyl glycosides (acetyl and
malonyl derivatives) and steviol glycosides in H. stipulaceae. In contrast, sulphated flavone
glycosides and cinnamic esters of tartaric acid were found to be exclusive in T. hemprichii.
Considering the deep interrogation of their chemical profiles and in comparison to that of
Enhalus and other seagrasses, the three taxa were quite distinguished and confirmed their
placement in three separate taxonomic positions. In addition, as antidiabetic candidates,
both seagrasses showed potential activities. Treatment of diabetic rats with the low and
high doses of Hs and Th extracts resulted in a significant reduction in serum glucose levels
and a rise in insulin levels by 4-folds like glibenclamide treatment. Moreover, Hs extract
demonstrated 9- and 13-fold increase in serum NO for 100 and 200 mg/kg/day doses, re-
spectively, compared to diabetic controls. Their mechanism of action was likely envisioned
through the improvement of glucose uptake by the tissues through the restoration of liver
GLUT-2. Moreover, both extracts ameliorated oxidative stress status generated by the
free radicals and dyslipidemia under the diabetic condition. H. stipulaceae extract showed
a significantly higher potency in the treatment of diabetes and the associated oxidative
stress and hyperlipidemia. These findings offer a promising consideration regarding H.
stipulaceae into further natural antidiabetic-oriented studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/md19050279/s1, Figure S1. HPLC profile of the Halophila stipulaceae (Hs) extract detected
at wavelengths 210, 250, 285, 375 nm; Figure S2. HPLC profile of Thalassia hempiricii (Th) extract
detected at wavelengths 210, 250, 285, 375 nm; Figure S3. The base peak chromatograms (BPC) of
Halophila stipulaceae (Hs) extract (blue) and Thalassia hempiricii (Th) extract (yellow) in the negative
ionization mode; Figure S4. The base peak chromatograms (BPC) of Halophila stipulaceae (Hs) ex-
tract (blue) and Thalassia hempiricii (Th) extract (yellow) in the positive ionization mode; Figure S5.
Positive molecular network created using MS/MS data (positive mode) from Halophila stipulaceae
(Hs) and Thalassia hempiricii (Th); Figure S6. Proposed fragmentation scheme and MS2 spectrum of
methoxy benzoic acid-O-sulphate, 16; Figure S7. Proposed fragmentation scheme and MS2 spectrum
of dimethoxy benzoic acid-O-sulphate, 30; Figure S8. Proposed fragmentation scheme and MS2 spec-
trum of O-caffeoyl O-hydroxyldimethoxybenzoyl tartaric acid, 26; Figure S9. Proposed fragmentation
scheme and MS2 spectrum of methoxypentahydroxyflavanone-O-hexoside, 28; Figure S10. Proposed
fragmentation scheme and MS2 spectra of acetylated rebaudioside, 96 versus its non-acetylated as-
cendant, rebaudioside, 72; Figure S11. EIC of syphonoside, 53 in both extracts; Figure S12. Proposed
fragmentation scheme and MS2 spectrum of syphonoside, 53 in both extracts; Table S1: Distribution
of the isolated aglycones among Halophila stipulaceae (Hs) and Thalassia hempiricii (Th); Table S2:
Compounds assignment of Halophila stipulaceae (Hs) and Thalassia hempiricii (Th) extracts as revealed
by UPLC-HRMS/MS analysis; Table S3: Results of Enzymes inhibition assays of Hs and Th extracts;
Table S4: Summary of the biomarkers in different study groups of diabetic rats

Author Contributions: N.M.H., conceptualization, formal analysis: lead, Writing—review and
editing: Lead. H.H.S., conceptualization, experimental: HPLC—LC-HRMS/MS, writing—review
and editing. M.M.M., conceptualization, formal analysis, chemotaxonomy, writing—review and
editing: Lead. M.F.A.R., conceptualization, experimental: biology assays. M.H.E.B., conceptual-
ization, experimental: Collection and Extraction. A.Z. Formal analysis, Review and Editing. R.U.
Conceptualization—review and editing: Lead. S.M.E., conceptualization—review and editing: Lead.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding and The APC was waived by R.U.

Data Availability Statement: For both investigated organisms, the positive MN is available at:
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=755e87f25be44b35830001c8e7e6421d accessed
date: 30 September 2020, and the negative MN at: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?ta
sk=590c967b10834ffd8b1bda94f37e67e3, accessed date: 30 September 2020.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/md19050279/s1
https://www.mdpi.com/article/10.3390/md19050279/s1
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=755e87f25be44b35830001c8e7e6421d
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=755e87f25be44b35830001c8e7e6421d
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=590c967b10834ffd8b1bda94f37e67e3
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=590c967b10834ffd8b1bda94f37e67e3


Mar. Drugs 2021, 19, 279 16 of 18

Ethics Approval: Animal care and handling were legitimately performed in conformance with
approved conventions of the MSA University and Egyptian Community guidelines for animal care
(BP1/EC1/2019PD).

References
1. El Shaffai, A. Field Guide to Seagrasses of the Red Sea; Total Foundation, Courbevoie, France, International Union for the Conservation

of Nature: Gland, Switzerland, 2011.
2. Den Hartog, C.; Kuo, J. Taxonomy and biogeography of seagrasses. In Seagrasses: Biology, Ecologyand Conservation; Springer:

Berlin, Germany, 2007; pp. 1–23.
3. Les, D.H.; Tippery, N.P. In time and with water... the systematics of alismatid monocotyledons. Early Events Monocot Evol. 2013,

83, 118–164.
4. Christenhusz, M.J.; Byng, J.W. The number of known plants species in the world and its annual increase. Phytotaxa 2016, 261,

201–217. [CrossRef]
5. Mabberley, D. Mabberley’s Plant-Book, 3rd ed.; Cambridge University Press: Cambridge, UK, 2008.
6. Boulos, L. Flora of Egypt Checklist; Revised Annotated Edition; Al-Hadara Publishing: Cairo, Egypt, 2009; pp. 198–201.
7. Boulos, L. Flora of Egypt; Al-Hadara Publishing: Cairo, Egypt, 2005; Volume 4.
8. El-Hady, H.; Hamed, E.; Shehata, A.N. Molecular identification, antimicrobial and antioxidant activities of the tropical seagrass

Halophila stipulacea grown in El-Bardawil lake, Egypt. Aust. J. Basic Appl. Sci. 2012, 6, 474–481.
9. Gavagnin, M.; Carbone, M.; Amodeo, P.; Mollo, E.; Vitale, R.M.; Roussis, V.; Cimino, G. Structure and absolute stereochemistry

of syphonoside, a unique macrocyclic glycoterpenoid from marine organisms. J. Org. Chem. 2007, 72, 5625–5630. [CrossRef]
[PubMed]

10. Meng, Y.; Krzysiak, A.J.; Durako, M.J.; Kunzelman, J.I.; Wright, J.L. Flavones and flavone glycosides from Halophila johnsonii.
Phytochemistry 2008, 69, 2603–2608. [CrossRef] [PubMed]

11. Hawas, U.W. A new 8-hydroxy flavone O-xyloside sulfate and antibacterial activity from the Egyptian seagrass Thalassia hemprichii.
Chem. Nat. Compd. 2014, 50, 629–632. [CrossRef]

12. Jafriati, J.; Hatta, M.; Yuniar, N.; Junita, A.R.; Dwiyanti, R.; Sabir, M.; Primaguna, M.R. Thalassia hemprichii Seagrass Extract
as antimicrobial and antioxidant potential on human: A mini review of the benefits of seagrass. J. Biol. Sci. 2019, 19, 363–371.
[CrossRef]

13. Kannan, R.R.R.; Arumugam, R.; Anantharaman, P. Antibacterial potential of three seagrasses against human pathogens. Asian
Pac. J. Trop. Med. 2010, 3, 890–893. [CrossRef]

14. Kannan Rengasamy, R.R.; Rajasekaran, A.; Micheline, G.-D.; Perumal, A. Antioxidant activity of seagrasses of the Mandapam
coast, India. Pharm. Biol. 2012, 50, 182–187. [CrossRef]

15. El-Ghffar, E.A.A.; Hegazi, N.M.; Saad, H.H.; Soliman, M.M.; El-Raey, M.A.; Shehata, S.M.; Barakat, A.; Yasri, A.; Sobeh, M.
HPLC-ESI-MS/MS analysis of beet (Beta vulgaris) leaves and its beneficial properties in type 1 diabetic rats. Biomed. Pharmacother.
2019, 120, 109541. [CrossRef] [PubMed]

16. Ezzat, S.M.; Bishbishy, M.H.E.; Habtemariam, S.; Salehi, B.; Sharifi-Rad, M.; Martins, N.; Sharifi-Rad, J. Looking at marine-
derived bioactive molecules as upcoming anti-diabetic agents: A special emphasis on PTP1B inhibitors. Molecules 2018, 23, 3334.
[CrossRef]

17. Alarcon-Aguilara, F.J.; Roman-Ramos, R.; Perez-Gutierrez, S.; Aguilar-Contreras, A.; Contreras-Weber, C.C.; Flores-Saenz, J.L.
Study of the anti-hyperglycemic effect of plants used as antidiabetics. J. Ethnopharmacol. 1998, 61, 101–110. [CrossRef]

18. Kannan, R.R.R.; Arumugam, R.; Iyapparaj, P.; Thangaradjou, T.; Anantharaman, P. In vitro antibacterial, cytotoxicity and
haemolytic activities and phytochemical analysis of seagrasses from the Gulf of Mannar, South India. Food Chem. 2013, 136,
1484–1489. [CrossRef] [PubMed]

19. Wang, M.; Carver, J.J.; Phelan, V.V.; Sanchez, L.M.; Garg, N.; Peng, Y.; Nguyen, D.D.; Watrous, J.; Kapono, C.A.; Luzzatto-Knaan,
T.; et al. Sharing and community curation of mass spectrometry data with Global Natural Products Social Molecular Networking.
Nat. Biotechnol. 2016, 34, 828–837. [CrossRef] [PubMed]

20. Böcker, S.; Dührkop, K. Fragmentation trees reloaded. J. Cheminform. 2016, 8, 5. [CrossRef] [PubMed]
21. Dührkop, K.; Shen, H.; Meusel, M.; Rousu, J.; Böcker, S. Searching molecular structure databases with tandem mass spectra using

CSI: FingerID. Proc. Natl. Acad. Sci. USA 2015, 112, 12580–12585. [CrossRef] [PubMed]
22. Zapata, O.; McMillan, C. Phenolic acids in seagrasses. Aquat. Bot. 1979, 7, 307–317. [CrossRef]
23. Qi, S.; Huang, L.; He, F.; Zhang, S.; Dong, J. Phytochemical and chemotaxonomic investigation of seagrass Thalassia hemprichii

(Ehrenb.) Aschers (Hydrocharitaceae). Biochem. Syst. Ecol. 2012, 43, 128–131. [CrossRef]
24. Ishii, T.; Okino, T.; Suzuki, M.; Machiguchi, Y. Tichocarpols A and B, Two novel phenylpropanoids with feeding-deterrent activity

from the red alga Tichocarpus crinitus. J. Nat. Prod. 2004, 67, 1764–1766. [CrossRef]
25. Regalado, E.L.; Menendez, R.; Valdés, O.; Morales, R.A.; Laguna, A.; Thomas, O.P.; Hernandez, Y.; Nogueiras, C.; Kijjoa, A.

Phytochemical analysis and antioxidant capacity of BM-21, a bioactive extract rich in polyphenolic metabolites from the sea grass
Thalassia testudinum. Nat. Prod. Commun. 2012, 7, 1934578X1200700117. [CrossRef]

http://doi.org/10.11646/phytotaxa.261.3.1
http://doi.org/10.1021/jo0704917
http://www.ncbi.nlm.nih.gov/pubmed/17580901
http://doi.org/10.1016/j.phytochem.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18771781
http://doi.org/10.1007/s10600-014-1040-7
http://doi.org/10.3923/jbs.2019.363.371
http://doi.org/10.1016/S1995-7645(10)60214-3
http://doi.org/10.3109/13880209.2011.591807
http://doi.org/10.1016/j.biopha.2019.109541
http://www.ncbi.nlm.nih.gov/pubmed/31629949
http://doi.org/10.3390/molecules23123334
http://doi.org/10.1016/S0378-8741(98)00020-8
http://doi.org/10.1016/j.foodchem.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23194552
http://doi.org/10.1038/nbt.3597
http://www.ncbi.nlm.nih.gov/pubmed/27504778
http://doi.org/10.1186/s13321-016-0116-8
http://www.ncbi.nlm.nih.gov/pubmed/26839597
http://doi.org/10.1073/pnas.1509788112
http://www.ncbi.nlm.nih.gov/pubmed/26392543
http://doi.org/10.1016/0304-3770(79)90032-9
http://doi.org/10.1016/j.bse.2012.03.006
http://doi.org/10.1021/np0498509
http://doi.org/10.1177/1934578X1200700117


Mar. Drugs 2021, 19, 279 17 of 18

26. Bel Mabrouk, S.; Reis, M.; Sousa, M.L.; Ribeiro, T.; Almeida, J.R.; Pereira, S.; Antunes, J.; Rosa, F.; Vasconcelos, V.; Achour, L. The
marine seagrass Halophila stipulacea as a source of bioactive metabolites against obesity and biofouling. Mar. Drugs 2020, 18, 88.
[CrossRef] [PubMed]

27. Zidorn, C. Secondary metabolites of seagrasses (Alismatales and Potamogetonales; Alismatidae): Chemical diversity, bioactivity,
and ecological function. Phytochemistry 2016, 124, 5–28. [CrossRef] [PubMed]

28. Nuissier, G.; Rezzonico, B.; Grignon-Dubois, M. Chicoric acid from Syringodium filiforme. Food Chem. 2010, 120, 783–788.
[CrossRef]

29. Grignon-Dubois, M.; Rezzonico, B. The economic potential of beach-cast seagrass—Cymodocea nodosa: A promising renewable
source of chicoric acid. Bot. Mar. 2013, 56, 303–311. [CrossRef]

30. Farid, M.; Marzouk, M.; Hussein, S.; Elkhateeb, A.; Abdel-Hameed, E. Comparative study of Posidonia oceanica L.: LC/ESI/MS
analysis, cytotoxic activity and chemosystematic significance. J. Mater. Environ. Sci. 2018, 9, 1676–1682.

31. Subhashini, P.; Dilipan, E.; Thangaradjou, T.; Papenbrock, J. Bioactive natural products from marine angiosperms: Abundance
and functions. Nat. Prod. Bioprospect. 2013, 3, 129–136. [CrossRef]

32. Rowley, D.C.; Hansen, M.S.; Rhodes, D.; Sotriffer, C.A.; Ni, H.; McCammon, J.A.; Bushman, F.D.; Fenical, W. Thalassiolins A–C:
New marine-derived inhibitors of HIV cDNA integrase. Bioorg. Med. Chem. 2002, 10, 3619–3625. [CrossRef]

33. Hawas, U.W.; Abou El-Kassem, L.T. Thalassiolin D: A new flavone O-glucoside Sulphate from the seagrass Thalassia hemprichii.
Nat. Prod. Res. 2017, 31, 2369–2374. [CrossRef] [PubMed]

34. Bitam, F.; Ciavatta, M.L.; Carbone, M.; Manzo, E.; Mollo, E.; Gavagnin, M. Chemical analysis of flavonoid constituents of the
seagrass Halophila stipulacea: First finding of malonylated derivatives in marine phanerogams. Biochem. Syst. Ecol. 2010, 38,
686–690. [CrossRef]

35. Abbas Momtazi-Borojeni, A.; Esmaeili, S.-A.; Abdollahi, E.; Sahebkar, A. A review on the pharmacology and toxicology of steviol
glycosides extracted from Stevia rebaudiana. Curr. Pharm. Des. 2017, 23, 1616–1622. [CrossRef]

36. Pól, J.; Hohnová, B.; Hyötyläinen, T. Characterisation of Stevia rebaudiana by comprehensive two-dimensional liquid chromatog-
raphy time-of-flight mass spectrometry. J. Chromatogr. A 2007, 1150, 85–92. [CrossRef] [PubMed]

37. Molina-Calle, M.; de Medina, V.S.; de la Torre, M.D.; Priego-Capote, F.; de Castro, M.L. Development and application of a
quantitative method based on LC–QqQ MS/MS for determination of steviol glycosides in Stevia leaves. Talanta 2016, 154, 263–269.
[CrossRef]

38. Nakai, T. Ordines, Familiae, Tribi, Genera, Sectiones, Species, Varietates, Formae et Combinationes Novae a Prof. Nakai-Takenosin adhuc
ut novis edita: Appendix: Quaestiones Characterium Naturalium Plantarum vel Extractus ex Praelectionibus pro Aluminis Botanicis
Universitatis Imperialis Tokyoensis per Annos 1926–1941, 1943; Alexander Doweld.

39. Kimura, Y. Système et phylogénie des monocotylédones. Notul. Syst. 1956, 15, 137–159.
40. Les, D.H.; Cleland, M.A.; Waycott, M. Phylogenetic studies in Alismatidae, II: Evolution of marine angiosperms (seagrasses) and

hydrophily. Syst. Bot. 1997, 22, 443–463. [CrossRef]
41. den Hartog, C.d. Structure, function, and classification in seagrass communities. In Seagrass Ecosystems a Scientific Perspective;

McRoy, C.P., Helfferich, C., Eds.; Marcel Dekker, Inc.: New York, NY, USA, 1973; pp. 89–121.
42. Qi, S.-H.; Zhang, S.; Qian, P.-Y.; Wang, B.-G. Antifeedant, antibacterial, and antilarval compounds from the South China Sea

seagrass Enhalus acoroides. Bot. Mar. 2008, 51, 441–447. [CrossRef]
43. Erhard, D.; Pohnert, G.; Gross, E.M. Chemical defense in Elodea nuttallii reduces feeding and growth of aquatic herbivorous

Lepidoptera. J. Chem. Ecol. 2007, 33, 1646–1661. [CrossRef] [PubMed]
44. Lu, Y.-h.; Tian, C.-r.; Gao, C.-y.; Wang, X.-y.; Yang, X.; Chen, Y.-x.; Liu, Z.-z. Phenolic profile, antioxidant and enzyme inhibitory

activities of Ottelia acuminata, an endemic plant from southwestern China. Ind. Crops Prod. 2019, 138, 111423. [CrossRef]
45. Spínola, V.; Castilho, P.C. Evaluation of Asteraceae herbal extracts in the management of diabetes and obesity. Contribution of

caffeoylquinic acids on the inhibition of digestive enzymes activity and formation of advanced glycation end-products (in vitro).
Phytochemistry 2017, 143, 29–35. [CrossRef]

46. Vani, M.; Vasavi, T.; Uma, M.D.P. Evaluation of in vitro antidiabetic activity of methanolic extract of seagrass Halophila beccarii.
Evaluation 2018, 11, 150–153.

47. Widiyanto, A.; Anwar, E.; Nurhayati, T. In vitro assay of alpha-glucosidase inhibitor activities of three seagrasses from Banten
Bay, Indonesia. Pharmacogn. J. 2018, 10, 907–910. [CrossRef]

48. Kawser Hossain, M.; Abdal Dayem, A.; Han, J.; Yin, Y.; Kim, K.; Kumar Saha, S.; Yang, G.-M.; Choi, H.Y.; Cho, S.-G. Molecular
mechanisms of the anti-obesity and anti-diabetic properties of flavonoids. Int. J. Mol. Sci. 2016, 17, 569. [CrossRef]

49. Adisakwattana, S. Cinnamic acid and its derivatives: Mechanisms for prevention and management of diabetes and its complica-
tions. Nutrients 2017, 9, 163. [CrossRef] [PubMed]

50. Myint, K.Z.; Chen, J.-m.; Zhou, Z.-y.; Xia, Y.-m.; Lin, J.; Zhang, J. Structural dependence of antidiabetic effect of steviol glycosides
and their metabolites on streptozotocin-induced diabetic mice. J. Sci. Food Agric. 2020, 100, 3841–3849. [CrossRef] [PubMed]

51. Villanueva-Penacarrillo, M.L.; Puente, J.; Redondo, A.; Clemente, F.; Valverde, I. Effect of GLP-1 treatment on GLUT2 and GLUT4
expression in type 1 and type 2 rat diabetic models. Endocrine 2001, 15, 241–248. [CrossRef]

52. Anker, C.C.B.; Rafiq, S.; Jeppesen, P.B. Effect of steviol glycosides on human health with emphasis on type 2 diabetic biomarkers:
A systematic review and meta-analysis of randomized controlled trials. Nutrients 2019, 11, 1965. [CrossRef]

http://doi.org/10.3390/md18020088
http://www.ncbi.nlm.nih.gov/pubmed/32013082
http://doi.org/10.1016/j.phytochem.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26880288
http://doi.org/10.1016/j.foodchem.2009.11.010
http://doi.org/10.1515/bot-2013-0029
http://doi.org/10.1007/s13659-013-0043-6
http://doi.org/10.1016/S0968-0896(02)00241-9
http://doi.org/10.1080/14786419.2017.1308367
http://www.ncbi.nlm.nih.gov/pubmed/28355883
http://doi.org/10.1016/j.bse.2010.04.007
http://doi.org/10.2174/1381612822666161021142835
http://doi.org/10.1016/j.chroma.2006.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16996528
http://doi.org/10.1016/j.talanta.2016.03.051
http://doi.org/10.2307/2419820
http://doi.org/10.1515/BOT.2008.054
http://doi.org/10.1007/s10886-007-9307-0
http://www.ncbi.nlm.nih.gov/pubmed/17577598
http://doi.org/10.1016/j.indcrop.2019.05.072
http://doi.org/10.1016/j.phytochem.2017.07.006
http://doi.org/10.5530/pj.2018.5.152
http://doi.org/10.3390/ijms17040569
http://doi.org/10.3390/nu9020163
http://www.ncbi.nlm.nih.gov/pubmed/28230764
http://doi.org/10.1002/jsfa.10421
http://www.ncbi.nlm.nih.gov/pubmed/32297310
http://doi.org/10.1385/ENDO:15:2:241
http://doi.org/10.3390/nu11091965


Mar. Drugs 2021, 19, 279 18 of 18

53. Rathinam, A.; Pari, L. Myrtenal ameliorates hyperglycemia by enhancing GLUT2 through Akt in the skeletal muscle and liver of
diabetic rats. Chem.-Biol. Interact. 2016, 256, 161–166. [CrossRef] [PubMed]

54. Yonamine, C.Y.; Pinheiro-Machado, E.; Michalani, M.L.; Freitas, H.S.; Okamoto, M.M.; Correa-Giannella, M.L.; Machado, U.F.
Resveratrol improves glycemic control in insulin-treated diabetic rats: Participation of the hepatic territory. Nutr. Metab. 2016,
13, 44. [CrossRef] [PubMed]

55. Marghani, B.; Ateya, A.; Saleh, R.; Eltaysh, R. Assessing of antidiabetic and ameliorative effect of lupin seed aqueous extract on
hyperglycemia, hyperlipidemia and effect on pdx1, Nkx6.1, Insulin-1, GLUT-2 and glucokinase genes expression in streptozotocin-
induced diabetic rats. J. Food Nutr. Res. 2019, 7, 333–341. [CrossRef]

56. Chidambaram, K.; John, C.; Das, S.; Venkatesan, K.; Siddalingam, R. Modulation of glucose transporter proteins by polyphenolic
extract of Ichnocarpus frutescens (L.) W. T. Aiton in experimental type 2 diabetic rats. Indian J. Exp. Biol. 2020, 58, 172–180.

57. Tatsch, E.; Bochi, G.V.; Piva, S.J.; De Carvalho, J.A.; Kober, H.; Torbitz, V.D.; Duarte, T.; Signor, C.; Coelho, A.C.; Duarte, M.M.;
et al. Association between DNA strand breakage and oxidative, inflammatory and endothelial biomarkers in type 2 diabetes.
Mutat. Res. 2012, 732, 16–20. [CrossRef]

58. Kim, F.; Pham, M.; Maloney, E.; Rizzo, N.O.; Morton, G.J.; Wisse, B.E.; Kirk, E.A.; Chait, A.; Schwartz, M.W. Vascular inflammation,
insulin resistance, and reduced nitric oxide production precede the onset of peripheral insulin resistance. Arterioscler. Thromb.
Vasc. Biol. 2008, 28, 1982–1988. [CrossRef] [PubMed]

59. Righi, N.; Boumerfeg, S.; Fernandes, P.A.; Deghima, A.; Baali, F.; Coelho, E.; Cardoso, S.M.; Coimbra, M.A.; Baghiani, A. Thymus
algeriensis Bioss & Reut: Relationship of phenolic compounds composition with in vitro/in vivo antioxidant and antibacterial
activity. Food Res. Int. 2020, 136, 109500.

60. Eid, S.; Sas, K.M.; Abcouwer, S.F.; Feldman, E.L.; Gardner, T.W.; Pennathur, S.; Fort, P.E. New insights into the mechanisms of
diabetic complications: Role of lipids and lipid metabolism. Diabetologia 2019, 62, 1539–1549. [CrossRef]

61. Mabry, T.J.; Markham, K.; Thomas, M. The ultraviolet spectra of flavones and flavonols. In The Systematic Identification of Flavonoids;
Springer: Berlin, Germany, 1970; pp. 41–164.

62. Hegazi, N.M.; Radwan, R.A.; Ali, S.M.; Saad, H.H. Molecular networking aided metabolomic profiling of beet leaves using three
extraction solvents and in relation to its anti-obesity effects. J. Adv. Res. 2020, 24, 545–555. [CrossRef] [PubMed]

63. Garg, N.; Kapono, C.A.; Lim, Y.W.; Koyama, N.; Vermeij, M.J.A.; Conrad, D.; Rohwer, F.; Dorrestein, P.C. Mass spectral similarity
for untargeted metabolomics data analysis of complex mixtures. Int. J. Mass Spectrom. 2015, 377, 719–727. [CrossRef] [PubMed]

64. Olmo-García, L.; Wendt, K.; Kessler, N.; Bajoub, A.; Fernández-Gutiérrez, A.; Baessmann, C.; Carrasco-Pancorbo, A. Exploring
the capability of LC-MS and GC-MS multi-class methods to discriminate virgin olive oils from different geographical indications
and to identify potential origin markers. Eur. J. Lipid Sci. Technol. 2019, 121, 1800336. [CrossRef]

65. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

66. Zani, C.L.; Carroll, A.R. Database for rapid dereplication of known natural products using data from MS and fast NMR
experiments. J. Nat. Prod. 2017, 80, 1758–1766. [CrossRef] [PubMed]

67. Miller, G.L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 1959, 31, 426–428. [CrossRef]
68. Sancheti, S.; Seo, S. Chaenomeles sinensis: A potent α-and β-glucosidase inhibitor. Am. J. Pharmacol. Toxicol. 2009, 4, 8–11.

[CrossRef]
69. Conforti, F.; Perri, V.; Menichini, F.; Marrelli, M.; Uzunov, D.; Statti, G.A.; Menichini, F. Wild Mediterranean dietary plants as

inhibitors of pancreatic lipase. Phytother. Res. 2012, 26, 600–604. [CrossRef]
70. Chiocchio, I.; Mandrone, M.; Sanna, C.; Maxia, A.; Tacchini, M.; Poli, F. Screening of a hundred plant extracts as tyrosinase and

elastase inhibitors, two enzymatic targets of cosmetic interest. Ind. Crops Prod. 2018, 122, 498–505. [CrossRef]

http://doi.org/10.1016/j.cbi.2016.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27417257
http://doi.org/10.1186/s12986-016-0103-0
http://www.ncbi.nlm.nih.gov/pubmed/27366200
http://doi.org/10.12691/jfnr-7-5-1
http://doi.org/10.1016/j.mrfmmm.2012.01.004
http://doi.org/10.1161/ATVBAHA.108.169722
http://www.ncbi.nlm.nih.gov/pubmed/18772497
http://doi.org/10.1007/s00125-019-4959-1
http://doi.org/10.1016/j.jare.2020.06.001
http://www.ncbi.nlm.nih.gov/pubmed/32637174
http://doi.org/10.1016/j.ijms.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25844058
http://doi.org/10.1002/ejlt.201800336
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1021/acs.jnatprod.6b01093
http://www.ncbi.nlm.nih.gov/pubmed/28616931
http://doi.org/10.1021/ac60147a030
http://doi.org/10.3844/ajptsp.2009.8.11
http://doi.org/10.1002/ptr.3603
http://doi.org/10.1016/j.indcrop.2018.06.029

	Introduction 
	Results and Discussion 
	Phytochemical Analysis 
	Acid Hydrolysis 
	High-Performance Liquid Chromatography (HPLC) and Ultra-High Performance Liquid Chromatography-High-Resolution Mass Spectrometry (UPLC-HRMS/MS) Analyses 
	UPLC-HRMS/MS Metabolite Annotation Aided with Molecular Networking 

	Chemosystematic Significance 
	In Vitro and In Vivo Antidiabetic Assays 

	Materials and Methods 
	Plant Material 
	Chemicals and Reagents 
	Preparation of the Crude Extracts 
	Phytochemical Analysis 
	Acid Hydrolysis 
	Sample Preparation, HPLC Profiling and MS Analyses 

	Biological Assays 
	In Vitro Anti-Diabetic Assays (Enzymes Inhibitory Assays) 
	In Vivo Antidiabetic Study 

	Statistical Analyses 

	Conclusions 
	References

