
Chemistry & Biodiversity

RESEARCH ARTICLE

First Report on the Phytochemical and Pharmacological
Properties of Hedysarum yilmazunalii
Etem Osma1 Tuğçe Varol2 Samed Şimşek3 Sevgi Altın4 Mustafa Abdullah Yılmaz5 Ali Aydın6

Müjgan Elveren7 Ali Kandemir1

1Department of Biology, Faculty of Sciences and Arts, Erzincan Binali Yıldırım University, Erzincan, Türkiye 2Institute of Natural and Applied Sciences,
Erzincan Binali Yıldırım University, Erzincan, Türkiye 3Medical Services and Techniques Department, Çayırlı Vocational School, Erzincan Binali Yıldırım
University, Erzincan, Türkiye 4Department of Chemistry, Faculty of Sciences and Arts, Erzincan Binali Yıldırım University, Erzincan, Türkiye
5Pharmaceutical Chemistry, Department Faculty of Pharmacy, Dicle University, Diyarbakır, Türkiye 6Basic Medical Science, Department Faculty of Medicine,
Yozgat Bozok University, Yozgat, Türkiye 7Medical Services and Techniques, Vocational School of Health Services, Erzincan Binali Yıldırım University,
Erzincan, Türkiye

Correspondence: Etem Osma (eosma@erzincan.edu.tr)

Received: 8 May 2026 Revised: 27 July 2026 Accepted: 20 August 2026

Keywords: anticancer potential | antioxidant activity | cytotoxicity | enzyme inhibition | Hedysarum yilmazunalii | phenolic profile

ABSTRACT
This study presents the phytochemical and biological evaluation of the species Hedysarum yilmazunalii Kandemir, F. Yıldız
& H.İ. Turkoğlu. Methanolic extracts from leaves, stems, and roots were characterized by LC-MS/MS, and their antioxidant,
enzyme inhibitory, and antiproliferative activities were investigated. The analyses showed organ-specific differences in phenolic
composition, with quinic acid as the major compound in leaves together with higher levels of flavonoid glycosides, including
astragalin and isoquercitrin. Aerial extracts showed strong enzyme inhibitory activity. Leaf and stem extracts exhibited
cholinesterase inhibition, with IC50 values of 5.82 and 6.42 μg/mL for AChE and 5.41 and 5.50 μg/mL for BChE, respectively.
The leaf extract showed α-glucosidase inhibitory activity (4.10 μg/mL), comparable to acarbose, and antioxidant activity (DPPH:
6.46 μg/mL), together with the highest phenolic (145.43 mg GAE/g extract) and flavonoid contents (87.20 mg QE/g extract).
Antiproliferative assays demonstrated growth inhibition of lung and breast cancer cell lines, with the lowest GI50 values of
1.00 μg/mL for H1650 and 2.34 μg/mL for MDA-MB-231 cells. LDH cytotoxicity remained low (2.25%–12.59%), indicating limited
membrane damage in both cancer and normal cells. These findings identify H. yilmazunalii as a source of compounds with
antioxidant, neuroprotective, antidiabetic, and anticancer potential.
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Introduction

atural products are among the most important sources of
ioactive compounds in drug discovery, particularly for the
evelopment of multitarget therapeutic agents with potentially

mproved safety profiles. Plant-derived secondary metabolites,
ncluding polyphenols, flavonoids, terpenoids, alkaloids, and
olysaccharides, are recognized for their diverse pharmacological
his is an open access article under the terms of the Creative Commons Attribution-NonC
rovided the original work is properly cited, the use is non-commercial and no modificati
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properties, including antioxidant, anti-inflammatory, enzyme
inhibitory, neuroprotective, and antiproliferative effects [1–5].
This interest is associated with the growing global burden of
chronic noncommunicable diseases, including type 2 diabetes
mellitus, neurodegenerative disorders, cardiovascular diseases,
and cancer, as well as limitations associated with many synthetic
drugs, including side effects, reduced therapeutic effective-
ness during long-term use, and drug resistance [1, 2]. In this
ommercial-NoDerivs License, which permits use and distribution in any medium,
ons or adaptations are made.
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f structurally diverse metabolites with potential pharmaceutical
elevance.

xidative stress is an important factor in the pathogenesis of
any chronic diseases and results from an imbalance between

eactive oxygen species (ROS) production and antioxidant
efense systems. Elevated ROS levels can damage lipids, proteins,
nd nucleic acids and contribute to the progression of disorders
uch as Alzheimer’s disease, diabetes, atherosclerosis, and cancer
6, 7]. Phenolic compounds and flavonoids are among the major
lant metabolites associated with antioxidant activity via radical
cavenging, metal-chelating, and redox-modulating mechanisms
4]. In addition to their antioxidant properties, these com-
ounds may inhibit therapeutically relevant enzymes, including
cetylcholinesterase (AChE), butyrylcholinesterase (BChE), and
-glucosidase. Inhibition of AChE and BChE is a widely used
trategy in the symptomatic management of Alzheimer’s disease,
hile α-glucosidase inhibition is relevant to the control of
ostprandial hyperglycemia in type 2 diabetes [8, 9]. Polyphenolic
ompounds have also been reported to show antiproliferative
ffects against different cancer cell lines via mechanisms includ-
ng apoptosis induction, cell cycle regulation, and modulation of
ignaling pathways [10, 11].

abaceae is one of the largest families of flowering plants
nd includes numerous medicinally important species charac-
erized by diverse phytochemical composition [12–14]. Within
his family, the genus Hedysarum L. comprises 154–200 species
istributed mainly in temperate and semiarid regions of Eurasia
nd North Africa [15, 16]. In Türkiye, the genus is represented
y 21 native species, several of which are endemic [17, 18].
hytochemical studies on Hedysarum species have identified

lavonoids, isoflavones, triterpenoids, coumarins, lignans, alka-
oids, sterols, fatty acids, and polysaccharides, many of which
re associated with antioxidant, anti-inflammatory, antidiabetic,
nticancer, and immunomodulatory activities [19–21]. Recent
tudies on different Hedysarum species, including Hedysarum
andidissimum, Hedysarum nitidum, Hedysarum varium, and
edysarum pallidum, have also reported antioxidant, enzyme

nhibitory, and antiproliferative activities, largely associated with
heir phenolic and flavonoid constituents [17, 18, 22]. These
tudies also indicate interspecific and organ-dependent variation
n phytochemical composition and biological activity, high-
ighting the importance of species-specific and organ-focused
nvestigations.

he HY is a recently described endemic species from Erzincan
rovince in northeastern Türkiye and was identified in 2023
ased on morphological and molecular analyses. To the best of
ur knowledge, the phytochemical composition and biological
ctivities of HY have not previously been investigated; accord-
ngly, this study provides the first comprehensive evaluation
f its phytochemical profile and in vitro biological activities.
ethanolic extracts obtained from leaves, stems, and roots were

nalyzed by LC-MS/MS for quantitative phenolic profiling, and
heir antioxidant properties, AChE, BChE, and α-glucosidase
nhibitory activities, as well as antiproliferative and cytotoxic
ffects against selected lung and breast cancer cell lines, were
nvestigated.
of 18
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2 Results and Discussion

2.1 Phytochemical Investigation of the Extracts
by LC-MS/MS

Phytochemical profiling of the HY extracts was performed using
a previously developed and validated LC-MS/MS method, and
a total of 53 phenolic compounds were quantitatively deter-
mined (Table 1 and Figure S1). The present study demonstrated
significant phytochemical variation among different anatomical
parts of HY. The molecular level characterization of the species
phenolic profile, together with its correlation to functional
bioassays, indicates that this metabolic heterogeneity is closely
associated with antioxidant capacity, enzyme inhibition kinetics,
and antiproliferative activity.

LC-MS/MS-based phytochemical analysis demonstrated organ-
specific variation in the phenolic composition of HY and provided
the first comprehensive chemical characterization of this species,
for which no phytochemical or biological activity studies have
been reported in the literature. Flavonoids, isoflavones, phenolic
acids, and other polyphenolic compounds constitute the major
bioactive metabolites reported in the genus Hedysarum; however,
the quantitative distribution observed in HY indicates a species-
specific metabolic profile [23]. One of the most significant
findings from the data obtained is the high content of quinic
acid in all plant organs. This compound was present at a high
concentration in the stem extract (191.254 mg/g extract), followed
by the leaf (45.037 mg/g extract) and root (19.576 mg/g extract)
extracts. The high quinic acid concentration observed in the
stem suggests that the shikimate metabolic pathway is highly
active in this organ. Cinnamic acid has been associated with
antioxidant, anti-inflammatory, antiviral, and enzyme inhibitory
effects, and its high content, particularly in the aerial parts,
suggests a potential contribution to the biological activities of
these plant organs [17].

In addition to cynarin, the phytochemical profile of the plant is
largely characterized by flavonoid glycosides, particularly in the
leaves. Among the analyzed flavonoids, astragalin was identified
as the compound with the highest concentration; it was deter-
mined at 113.433 mg/g extract in the leaves, 27.813 mg/g extract
in the stems, and 1.183 mg/g extract in the roots. Isoquercitrin
showed a similar distribution pattern and was determined at
58.775 mg/g extract in leaves, 18.267 mg/g extract in stems,
and 2.173 mg/g extract in roots. The high concentrations of
kaempferol- and quercetin-derived flavonoid glycosides in pho-
tosynthetically active organs suggest that these compounds may
contribute significantly to photoprotection and the reduction of
oxidative stress. Astragalin and isoquercitrin have been reported
to exhibit antioxidant, anti-inflammatory, antihypertensive, and
antidiabetic effects. This suggests that the leaf extracts of HY may
be the fraction with the highest biological activity potential of the
species [17].

The stem extract exhibited a concentrated polyphenolic compo-
sition. In addition to quinic acid, catechin (18.271 mg/g extract)
and isoquercitrin (18.267 mg/g extract) were determined at high
concentrations in the stems. This indicates that both compounds
belonging to the flavan-3-ol group and flavonol glycosides are
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resent at high concentrations in the same organ. Catechins have
een reported to exhibit potent free radical scavenging, cardio-
rotective, and antimicrobial activities, suggesting that the stem
ay represent a biologically important reservoir of polyphenols.

n addition, protocatechuic acid (1.645 mg/g extract) and salicylic
cid (1.189 mg/g extract) also showed their highest levels in the
tems. This finding suggests that phenylpropanoid metabolism is
ctive in the stem and that this organ may contribute significantly
o the plant’s defense mechanisms.

lthough leaves have lower quinic acid values compared to
tems, they were determined to have the highest total flavonoid
ontent. In addition to astragalin and isoquercitrin, hesperidin
1.389 mg/g extract), nicotiflorin (1.021 mg/g extract), and
uercetin (0.399 mg/g extract) were determined at high concen-
rations in the leaves. Among glycosylated flavonoid derivatives,
he total flavonoid content was higher in the leaves than in the
oot and stem extracts. A similar distribution pattern has been
eported in Hedysarum semenowii, where the aerial organs were
ound to exhibit higher antioxidant activity [19]. The metabolic
rofile observed in HY is consistent with this trend across the
enus, but shows a quantitative difference, particularly in terms
f the high astragalin concentration determined in the leaves.

he root extract, while more limited in total phenolic content,
s characterized by the presence of certain flavonoid aglycones
nd some phenolic acids at higher concentrations. According
o the analysis results, acacetin was determined at the highest
oncentration in the roots (1.671 mg/g extract), with lower
oncentrations in the stems (0.075 mg/g extract) and leaves
0.038 mg/g extract). In addition, genistein was determined in the
oots at 0.162 mg/g extract, while daidzein (0.026 mg/g extract)
nd sinapic acid (0.209 mg/g extract) were also determined in
his organ. Isoflavones and methoxylated flavones have been
ssociated with estrogenic, anticancer, and enzyme inhibitory
roperties and have been widely reported in Hedysarum species
19]. The concentration of these compounds in the roots sug-
ests that these metabolites may contribute to root-associated
nteractions, including plant–soil relationships and allelopathic
ctivity.

he combined distribution of phenolic acids and flavonoids
ndicates metabolic differentiation among plant organs. Within
he phenolic acid fraction, quinic acid was present at the highest
oncentration, particularly in stems, and leaves contained higher
oncentrations of flavonoid glycosides, including astragalin and
soquercitrin, than other phenolic compounds. In contrast, roots
xhibit a metabolic profile with a more balanced distribution
f phenolic acids and flavonoid aglycones. These findings indi-
ate functional differences among plant organs in relation to
etabolic and ecological roles. Leaves are characterized by

lavonoid-mediated antioxidant and UV-protective mechanisms,
hile stems are characterized by high concentrations of defensive

nd structural phenolic compounds. Roots were characterized by
more limited composition of bioactive aglycones and signaling-

elated compounds.

omparisons with previously studied species also indicate that
Y has a distinct phytochemical profile. Although quinic acid

nd certain flavonoids have been reported as the main com-
onents in H. candidissimum, H. semenowii is characterized by
of 18
flavones in the aerial parts and isoflavones in the roots. HY
generally follows the trend of flavonoid distribution in aerial
organs observed within the genus, but shows a quantitative
difference from previously studied species, particularly in terms
of the high astragalin concentration determined in leaves and the
high catechin concentration determined in stems [17, 19].

Based on the integrated evaluation of the PCA biplot (Figure 1)
and heatmap (Figure 2), a clear organ-specific distribution pat-
tern of phenolic compounds in HY samples was observed. The
heatmap (Figure 2) indicated that several phenolic acids, includ-
ing quinic acid, gallic acid, protocatechuic acid, catechin, caffeic
acid, and salicylic acid, were present at higher concentrations
in the stem, suggesting that this organ functions as a major
reservoir for intermediate phenolic metabolites. In contrast,
the root was characterized by relatively higher concentrations
of compounds such as protocatechuic aldehyde, p-coumaric
acid, rutin, naringenin, and sinapic acid, indicating a metabolic
profile associated with flavonoid-related and phenylpropanoid
derivatives. Leaf samples exhibited higher concentrations of
compounds including gentisic acid, isoquercitrin, hesperidin,
astragalin, nicotiflorin, quercetin, and kaempferol, indicating
their association with flavonol biosynthesis and photoprotective
functions. PCA analysis (Figure 1) strongly supported these
findings, with the first two components (PC1: 65.08%, PC2:
34.92%) accounting for most of the total variance and separat-
ing the three plant organs. Root samples were positioned at
positive PC1 values and were associated with vectors such as
naringenin, rutin, protocatechuic aldehyde, and enzyme inhi-
bition parameters (AChE_IC50 and BChE_IC50), indicating a
relationship with bioactivity related metabolites. Stem samples
were located in the positive PC2 and negative PC1 regions and
were correlated with phenolic acids, including quinic acid, gallic
acid, protocatechuic acid, catechin, chlorogenic acid, and salicylic
acid. Leaf samples were distributed at negative PC1 and PC2
values and were associated with flavonoid derivatives such as
quercetin, kaempferol, isoquercitrin, astragalin, nicotiflorin, and
hesperidin. The separation of the organs and the directional
distribution of metabolite vectors indicate metabolic differen-
tiation among plant parts. Overall, both multivariate analyses
indicate that phenolic biosynthesis and distribution in HY are
organ-dependent, with stems showing higher concentrations of
phenolic acids, roots associated with bioactivity related phenolics
and flavonoids, and leaves characterized by flavonol glycosides,
indicating different physiological and biochemical roles.

2.2 Enzyme Inhibition Activity of Extracts

In this study, the inhibitory effects of methanol extracts obtained
from different parts of HY, such as roots, stems, and leaves, on
cholinesterase and alpha-glucosidase enzymes were investigated
(Figures S2, S3, and S4). According to the IC50 values presented
in Table 2, HY extracts showed statistically significant differences
in all enzymes (p < 0.05). The strongest inhibitory effect against
AChE was observed for the reference inhibitor tacrine (3.43 ±
0.40 μg/mL), followed by the stem extract (5.82± 0.34 μg/mL), leaf
extract (6.42 ± 0.36 μg/mL), and root extract (9.00 ± 0.13 μg/mL)
(Table 2, Figure S2). The difference between stem and leaf extracts
was limited, with both extracts showing significantly higher
AChE inhibitory activity compared to the root extract.
Chemistry & Biodiversity, 2026
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FIGURE 1 PCA biplot of LC-MS/MS phytochemicals in the leaf, stem, and root of HY.

TABLE 2 Inhibitory effects of HY extracts on cholinesterase (AChE, BChE) and α-glucosidase enzymes.

IC50 (μg/mL)

Inhibitor AChE R2 BChE R2 α-glucosidase R2

Leaf 6.42 ± 0.36c 0.9217 5.50 ± 0.15c 0.9988 4.10 ± 0.25b 0.8641
Stem 5.82 ± 0.34b 0.8926 5.41 ± 0.51b 0.9946 4.50 ± 0.45c 0.9834
Root 9.00 ± 0.13d 0.9094 10.19 ± 0.95d 0.9859 11.74 ± 0.84d 0.9632
Tacrine 3.43±0.40a 0.9981 3.18±0.20a 0.9768 — —
Acarbose — — — — 3.55 ± 0.04a 0.9992

* Values are expressed as mean ± SD (n = 3). Statistical significance was evaluated by one-way ANOVA. Different superscript (a–d) letters within the same column
denote statistically significant differences among groups at p < 0.05. R2 values represent the coefficients of determination obtained from dose–response curve
analysis.

A
e
(
w
e
s
o

I
0
r
i

C

 16121880, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbdv.71659 by Sam

ed M
E

K
 - E

rzincan U
niversitesi , W

iley O
nline L

ibrary on [04/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable 
similar trend was observed on the BChE enzyme. Tacrine
xhibited the strongest inhibitory effect with the lowest IC50 value
3.18 ± 0.20 μg/mL), while the highest activity among the extracts
as determined in the stem extract (5.41 ± 0.51 μg/mL). The leaf

xtract (5.50± 0.15 μg/mL) showed activity very close to that of the
tem extract. The root extract exhibited a lower inhibitory effect
n BChE (10.19 ± 0.95 μg/mL) (Table 2, Figure S3).

n the α-glucosidase inhibition assay, the leaf extract (4.10 ±
.25 μg/mL) showed inhibitory activity comparable to that of the
eference inhibitor acarbose (3.55 ± 0.04 μg/mL), with only a lim-
ted difference between them. The stem extract showed similar
hemistry & Biodiversity, 2026

C

activity (4.50 ± 0.45 μg/mL), but was significantly lower than that
of the leaf extract. The root extract showed the lowest inhibitory
activity with the highest IC50 value on the α-glucosidase enzyme
(11.74 ± 0.84 μg/mL) (Table 2, Figure S4).

Cholinesterase enzymes are associated with the pathogenesis
of Alzheimer’s disease. Therefore, AChE and BChE inhibitors
are among the target enzymes used in symptomatic treatment
[24]. The side effects associated with synthetic drugs have
increased interest in plant-derived natural compounds with
AChE inhibitory (AChEI) potential, particularly in recent years.
These plants contain a wide variety of phytochemicals with
5 of 18

reative C
om

m
ons L

icense



FIGURE 2 Heatmap of LC-MS/MS phenolic compounds in HY organs.
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ntioxidant, anti-inflammatory, and other pharmacological prop-
rties, in addition to proven AChEI activity, such as phenolics,
lavonoids, terpenoids, and alkaloids [25]. This study was con-
ucted to contribute to the identification of new plant sources of
ChE inhibitors in this context.

he results obtained in our study show that the leaf and stem
xtracts of HY exhibit strong inhibitory effects on AChE, BChE,
nd α-glucosidase. These biological activities are consistently
upported by the phytochemical profile determined by LC-

S/MS analysis. LC-MS/MS analyses showed that quinic acid
as the phenolic compound present at the highest concentration
of 18
in all organs of HY. Quinic acid was present at the highest
concentration in the stem extract, followed by the leaf and
root extracts. Quinic acid has been associated with antioxidant,
anti-inflammatory, antiviral, and enzyme inhibitory activities in
Hedysarum species, and its high concentration, especially in
aerial organs, in this study indicates a significant contribution to
the biological potential of these organs [17, 26].

The strong inhibitory activity of leaf extracts, characterized
by high concentrations of flavonoid glycosides, on AChE
(6.42 ± 0.36 μg/mL), BChE (5.50 ± 0.15 μg/mL), and α-glucosidase
(4.10 ± 0.25 μg/mL) enzymes may be attributed to the high
Chemistry & Biodiversity, 2026
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oncentrations of flavonoid glycosides such as astragalin, iso-
uercitrin, hesperidin, and nicotiflorin. The antioxidant, anti-

nflammatory, antihypertensive, and antidiabetic effects of these
ompounds have been reported in detail in the literature. These
indings suggest that HY leaf extracts are one of the most bioactive
ractions of the species [17, 27–29].

he significant inhibitory effect of stem extracts on the enzymes
ChE (5.82 ± 0.34 μg/mL) and BChE (5.41 ± 0.51 μg/mL)
an be attributed to the high quinic acid content determined
y LC-MS/MS analysis (191.254 mg/g extract). The presence of
inchonic acid alongside biologically active flavonoid compounds
uch as catechin and isoquercitrin provides an important phyto-
hemical basis for the potent inhibitory effect of stem extracts
n cholinesterase enzymes. The synergistic presence of these
ompounds may contribute to the comparable inhibitory activity
f stem extracts on cholinesterase enzymes compared to leaf
xtracts [30–32]. In contrast, the relatively lower inhibitory effect
f stem extracts on the α-glucosidase enzyme (4.50 ± 0.45 μg/mL)
ay be related to the more limited flavonoid glycoside diversity

nd total flavonoid load compared to leaf extracts. The similarities
nd differences observed between leaf and stem extracts reveal
hat organ-specific distribution of phenolic acids and flavonoids
ontributes to enzyme inhibitory activity. These findings strongly
upport the potential of the aerial organs of HY, particularly with
espect to neuroprotective and antidiabetic biological activities.

imilar trends have been documented in investigations of
holinesterase and α-glucosidase inhibitory activities across dif-
erent Hedysarum species. In particular, the methanolic leaf
xtract of H. candidissimum has demonstrated significant AChE
nhibitory activity [17]. In a study on H. varium, the highest
nhibitory activity was reported in the ethyl acetate extract [22].
n contrast, a study on H. nitidum showed that the water extract
xhibited the highest cholinesterase inhibitory activity [18]. These
indings indicate that the highest inhibitory activity observed
n Hedysarum species may vary depending on the extraction
olvent used, the geographical and ecological conditions in which
he plants grow, and the resulting variations in phytochemical
omposition. However, when the current literature is consid-
red as a whole, Hedysarum species show inhibitory activity
gainst cholinesterase enzymes. These findings indicate that the
enus may represent a potential biological resource, particularly
ith respect to neurodegenerative diseases and diabetes-related
etabolic pathways. In this context, the strong AChE and BChE

nhibition exhibited by the leaf and stem extracts of HY suggests
hat this species could be a promising resource for the develop-

ent of neuroprotective agents. In this study, the leaf extract of
Y exhibited the highest inhibitory effect on the α-glucosidase

nzyme, suggesting a potential antidiabetic activity comparable
o acarbose. In the literature, the IC50 value for α-glucosidase in
he methanolic leaf extract of H. candidissimum has been reported
s 28.57 ± 0.82 μg/mL, for H. nitidum as 39.53 ± 0.27 μg/mL, and
or H. varium as 2.88 ± 0.05 mg/mL [17, 18, 22]. In particular,
he methanolic extract of H. varium has been reported to exhibit

stronger inhibitory effect compared to the standard inhibitor
carbose (6.67 ± 0.20 mg/mL). The lower IC50 values obtained
n this study indicate that HY may have comparable or even
igher inhibitory activity than other Hedysarum species. The high
iological activity observed in leaf extracts is likely associated
ith their high phenolic and flavonoid content.
hemistry & Biodiversity, 2026
To further evaluate the relationship between enzyme inhibitory
activity and phytochemical composition in HY, PCA was per-
formed using the IC50 values obtained for AChE, BChE, and
α-glucosidase inhibition together with the quantitative phyto-
chemical profile of the leaf, stem, and root extracts (Figure 3). The
first two components represented 100.0% of the total variance,
with PC1 and PC2 accounting for 65.08% and 34.92% of the
variation, respectively, indicating a clear separation of the three
organs according to both metabolite composition and enzyme
inhibitory response. The root extract was positioned in the
positive region of PC1, close to the α-glucosidase IC50 and BChE
IC50 variables, and was associated with genistein, naringenin,
protocatechualdehyde, and vanillin. This distribution indicates
that the root extract was more closely related to these IC50
variables and therefore exhibited lower inhibitory potency against
α-glucosidase and BChE than the leaf extract, as lower IC50 values
correspond to stronger enzyme inhibition. The stem extract was
located in the negative region of PC1 and the positive region
of PC2 and was mainly associated with quinic acid, gallic acid,
protocatechuic acid, catechin, salicylic acid, chlorogenic acid,
caffeic acid, and fumaric acid, indicating a profile characterized
by higher levels of phenolic acids compared with the other
organs. In contrast, the leaf extract was positioned in the negative
region of both PC1 and PC2 and was associated with AChE
IC50 together with several flavonoids, including rutin, quercetin,
kaempferol, isoquercitrin, astragalin, nicotiflorin, hesperidin,
tannic acid, and gentisic acid. The position of the leaf extract
relative to the AChE IC50 variable, together with its separa-
tion from the root-associated IC50 variables, indicates that the
leaf had a phytochemical composition associated with stronger
cholinesterase inhibitory activity. The PCA findings support the
organ-dependent nature of enzyme inhibition in HY and indicate
that the leaf and stem extracts showed phytochemical–bioactivity
relationships different from those of the root extract, with the leaf
associated mainly with flavonoids and the stem with phenolic
acids.

2.3 Antioxidant Activity of Extracts

The DPPH∙ free radical scavenging activity, total phenolic content
(TPC), total flavonoid content (TFC), and reducing power of
HY extracts obtained from leaf, stem, and root were determined
and compared with synthetic antioxidant standards, and the
results are presented in Table 3. Among the three plant parts, the
leaf extract demonstrated the highest DPPH radical scavenging
capacity, with an IC50 value of 6.46 ± 0.83 μg/mL, followed
by the stem extract (9.16 ± 0.30 μg/mL) and the root extract
(112.96 ± 2.19 μg/mL). The leaf extract exhibited stronger radical
scavenging activity than all reference standards tested, including
Trolox (8.50 ± 0.77 μg/mL), BHA (8.04 ± 0.69 μg/mL), BHT
(10.70 ± 0.73 μg/mL), and ascorbic acid (9.91 ± 0.87 μg/mL),
while the stem extract showed comparable activity to Trolox and
BHA, and the root extract showed significantly lower DPPH∙

scavenging activity relative to all standards. Statistical analysis
indicated significant differences among the samples (p < 0.05),
with the leaf extract in one group and the root extract exhibiting
the lowest activity. The superior radical scavenging capacity of the
aerial parts is consistent with their higher phenolic and flavonoid
content, as phenolic hydroxyl groups are widely recognized
as important hydrogen donors in free radical neutralization
7 of 18
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FIGURE 3 PCA biplot of enzyme inhibition and LC-MS/MS metabolites (HY organs).

TABLE 3 Total phenolic, flavonoid contents, and antioxidant activity of HY.

Sample
DPPH∙ scavenging IC50

(μg/mL)
Total phenolic (mg

GAE/g extract)
Total flavonoids

(mg QE/g extract)
Reducing power

(mg TE/g extract)

Leaf 6.46 ± 0.83a 145.43 ± 1.00a 87.20 ± 0.89a 188.18 ± 0.22d

Stem 9.16 ± 0.30c 130.15 ± 1.77b 67.20 ± 1.34b 176.80 ± 0.53de

Root 112.96 ±2.19e 46.07 ± 1.84c 14.82 ± 0.67c 106.78 ± 0.18f

Trolox 8.50 ± 0.77bc — — —
BHA 8.04 ± 0.69b — — 338.57 ± 0.31b

BHT 10.70 ± 0.73d — — 257.80 ± 1.24c

Ascorbic acid 9.91 ± 0.87cd — — 394.17 ± 0.98a

* a-f Different letters in the same column indicate statistical difference (p < 0.05).
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eactions [33, 34]; in this context, HY shows higher activity
ompared to other Hedysarum species. Recent studies on H.
itidum have shown that aerial-part extracts have high phenolic
nd flavonoid content along with strong antioxidant activity in
PPH, FRAP, and CUPRAC assays [18]. In contrast, the DPPH

C50 values reported for Hedysarum carnosum in Tunisia were
eported between 16–37 μg/mL, indicating that the species has

oderate to strong antioxidant capacity; however, the IC50 value
n HY leaves is lower than all fractions reported for H. carnosum,
of 18
and even the stem extract value (9.16 μg/mL) indicates stronger
activity than most H. carnosum fractions [35].

The total phenolic content of HY extracts followed a similar
trend, with the leaf showing the highest value (145.43 ± 1.00 mg
GAE/g extract), followed by the stem (130.15 ± 1.77 mg GAE/g
extract) and root (46.07 ± 1.84 mg GAE/g extract). Statistical
analysis confirmed significant differences among all samples
(p < 0.05), with leaves, stems, and roots classified into different
Chemistry & Biodiversity, 2026
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roups. These values are considerably higher than those reported
or other Hedysarum species from Turkey; reported TPC values
etween 20.90–83.25 mg GAE/g extract for H. varium extracts
22], while the butanol extract of the endemic species Hedysarum
ucheri was reported to have 122.4 mg GAE/g dry weight [36].
he reported TPC value (46.85 mg GAE/g) for H. candidissimum

s also much lower than that determined in the present study,
ndicating higher phenolic content, and the TPC values of leaf
nd stem extracts are higher than this value, highlighting the
igh phenolic content of this newly described endemic species.
he lower phenolic content in the root may be related to organ-
pecific biosynthesis and translocation patterns of secondary
etabolites characteristic of the genus Hedysarum. In H. coronar-

um (Italy) samples analyzed in a honey matrix, the total phenolic
ontent was reported between 47.9 and 248.3 mg/kg; although
oney samples cannot be directly compared with plant extracts,

hese data provide additional context for phenolic variability
ithin the genus [37].

n parallel, the total flavonoid content was highest in the leaf
87.20 ± 0.89 mg QE/g extract), followed by the stem (67.20

1.34 mg QE/g extract) and root (14.82 ± 0.67 mg QE/g
xtract). These values were also higher than those reported for
ome Hedysarum species, including H. candidissimum (35.42 mg
E/g extract) and H. varium (2.41–39.71 mg RE/g extract) [17,

2]. Flavonoids constitute a major class of polyphenols in the
enus Hedysarum; 79 flavonoid compounds, including flavones,
soflavones, flavanones, chalcones, flavanols, and pterocarpans,
ave been identified from various species of this genus [19, 23].
he TFC of the HY leaf extract (87.20 mg QE/g) is higher than

hat reported for the n-butanol extract of H. aucheri (66.3 mg
E/g DW), highlighting the notable phytochemical potential of
Y [36]. Organ specific differences in phytochemical composition
ave also been reported in H. semenowii, with variations in

he distribution of flavonoid subclasses between aerial parts
nd roots, where isoflavonoid type compounds are particularly
ssociated with the roots [19].

he FRAP assay indicated the antioxidant capacity of the investi-
ated extracts, with significant differences observed among plant
arts (p < 0.05). The reducing power of HY extracts, expressed
s mg Trolox equivalents per gram extract, was highest in the
eaf extract (188.18 ± 0.22 mg TE/g), followed by the stem extract
176.80 ± 0.53 mg TE/g) and the root extract (106.78 ± 0.18 mg
E/g). Only FRAP activity has been reported for Hedysarum
appadocicum (429.21 μM FeSO4/g). This value is higher than
he reducing capacity reported for HY leaves (188.18 mg TE/g);
owever, direct comparison is not possible because the units used

n the two studies (mg TE/g and μM FeSO4/g) are not directly
omparable. The available data indicate that H. cappadocicum
lso has high reducing capacity [38]. The reported FRAP (62.21 mg
E/g) value for H. candidissimum is also considerably lower

han that of HY leaves (188.18 mg TE/g), confirming the stronger
educing power of HY [17]. All plant extracts showed lower
educing capacity than the synthetic standards ascorbic acid
394.17 ± 0.98 mg TE/g), BHA (338.57 ± 0.31 mg TE/g), and BHT
257.80 ± 1.24 mg TE/g); however, the leaf and stem extracts
till demonstrated a considerable electron donating ability. The
educing power assay measures the capacity of antioxidants to
onate electrons and reduce Fe3+ to Fe2+, which is associated
ith the number of phenolic hydroxyl groups capable of electron
hemistry & Biodiversity, 2026
donation [39, 40]. In addition, the FRAP reported for H. carnosum
is lower than the reducing capacity observed in HY extracts,
further supporting the strong antioxidant profile of this species
[35]. Similarly, “high antioxidant activity” has been reported in
H. coronarium honey from Algeria; however, quantitative data
are not available, which limits comparison [41], although these
findings are consistent with the general antioxidant potential
observed within the genus.

To further evaluate the relationship between antioxidant activity
and phenolic composition of different HY organs, a PCA was
performed by combining antioxidant assay results with LC-
MS/MS-derived phenolic profiles (Figure 4). PC1 (66.53%) and
PC2 (33.47%) together represented 100% of the total variance, indi-
cating discrimination among the samples. The leaf extract was
positioned on the positive side of PC1 and the negative side of PC2
and was strongly associated with antioxidant-related variables
such as TFC and reducing power, as well as flavonoid compounds
including quercetin, tannic acid, kaempferol, isoquercitrin, astra-
galin, nicotiflorin, hesperidin, and gentisic acid. This pattern
indicates that flavonoid content contributes to the antioxidant
capacity of the leaf. The stem extract was located in the positive
regions of both PC1 and PC2 and showed strong correlations with
phenolic acids such as quinic acid, gallic acid, protocatechuic
acid, catechin, salicylic acid, chlorogenic acid, as well as caffeic
acid and fumaric acid, indicating a profile characterized by
phenolic acids and different from other organs. In contrast, the
root extract was positioned on the negative side of PC1 and slightly
negative along PC2 and was associated with higher DPPH IC50
values, along with compounds such as protocatechuic aldehyde,
genistein, naringenin, hesperetin, and rutin. The association with
DPPH IC50 suggests a comparatively lower antioxidant potential
of the root extract. The PCA demonstrates that the antioxidant
capacity of HY is organ-dependent and strongly influenced by
differences in phenolic composition, with leaves characterized
by flavonoid-related antioxidant activity, stems by phenolic acid
content, and roots by compounds associated with lower radical
scavenging activity.

The results of the present study demonstrate a consistent rela-
tionship between the phenolic and flavonoid content of HY organ
extracts and their antioxidant performance across all assays, and
numerical comparisons across species indicate that HY shows
higher phenolic and flavonoid content and stronger antioxidant
activity, particularly in leaves, than many other species within the
genus. The leaf extract, with the highest TPC and TFC, exhibited
the strongest DPPH∙ scavenging activity and reducing power,
while the root extract, with the lowest secondary metabolite
content, showed the lowest antioxidant capacity, suggesting that
phenolic compounds, and flavonoids in particular, are the princi-
pal contributors to the antioxidant activity of HY. These findings
highlight HY as a promising natural source of antioxidants,
particularly in its aerial parts, and support the need for further
detailed investigations of its phytochemical profile and potential
applications in food, pharmaceutical, and nutraceutical fields.

2.4 Antiproliferative Activity of Extracts

The antiproliferative activity of HY leaf, stem, and root extracts
was investigated in human cancer cell lines, including three lung
9 of 18
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FIGURE 4 PCA biplot of HY organ extracts (Antioxidant + LC-MS/MS)

TABLE 4 GI50 and IC50 values (μg/mL) of the extracts in lung cancer and normal cell lines.

Extracts (μg/mL)

A549 Calu1 H1650 Beas2B

TSIGI50 IC50 GI50 IC50 GI50 IC50 GI50 IC50

Leaf 16.8 231.69 4.62 231.62 1.00 255.29 2.9 263.23 1.09
Stem 5.83 272.42 2.14 257.81 1.04 188.42 5.55 216.13 0.9
Root 15.61 283.87 1.52 290.73 2.34 208.26 13.9 235.29 0.9
5FU 1.89 91.77 2.11 95.41 1.63 88.67 2.35 87.24 0.95
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ancer lines (A549, Calu-1, and H1650) and two breast cancer
ines (MCF-7 and MDA-MB-231), together with the normal cell
ines Beas-2B (bronchial epithelial) and MCF-10A (mammary
pithelial) as non-tumorigenic controls. 5-Fluorouracil (5-FU)
as used as the positive control. The GI50 and IC50 values, along
ith the Tumor Selectivity Index (TSI) for each extract, are
resented in Tables 4 and 5.

mong the lung cancer cell lines tested, H1650 exhibited the
ighest sensitivity to all three extracts. The leaf, stem, and
oot extracts showed GI50 values of 1.00, 1.04, and 2.34 μg/mL,
espectively, which are comparable to or lower than that of 5-FU
1.63 μg/mL). The Calu-1 cell line also showed high sensitivity,
articularly to the root (1.52 μg/mL) and stem (2.14 μg/mL)
xtracts, while A549 cells were more resistant, with GI50 values
f 5.83 μg/mL (stem) and 16.80 μg/mL (leaf). Because the IC50
0 of 18
values for both cancer and normal lung cells exceeded the highest
tested concentration (125 μg/mL), the calculated TSI values were
derived from extrapolated IC50 estimates and therefore should be
interpreted cautiously. Consequently, the antiproliferative activ-
ity of HY extracts is discussed primarily based on experimentally
determined GI50 values rather than TSI. This pattern of differ-
ential sensitivity is consistent with the molecular heterogeneity
of nonsmall cell lung cancer (NSCLC). In particular, the high
sensitivity of H1650 cells may be associated with their EGFR
exon 19 deletion and PTEN inactivation, molecular features
known to influence drug responsiveness and commonly used in
targeted therapy research [42, 43]. Comparable antiproliferative
activity has been reported for plant-derived extracts in A549
cells; Corylus avellana leaf extracts showed IC50 values of 20–
22 μg/mL, indicating that HY extracts also exhibit biologically
relevant antiproliferative activity [44].
Chemistry & Biodiversity, 2026
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TABLE 5 GI50 and IC50 values (μg/mL) of the extracts in breast cancer and normal cell lines.

Extracts (μg/mL)

MCF7 MDA-MB-231 MCF10A

TSIGI50 IC50 GI50 IC50 GI50 IC50

Leaf 3.04 64.37 3.82 130.28 1.02 141.58 1.45
Stem 3.91 67.45 1.98 30.99 1.02 102.46 2.08
Root 1.69 138.98 1.13 99.64 1.02 133.92 1.12
5FU 1.96 92.35 2.04 85.82 1.93 90.49 1.02
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n the breast cancer panel, all extracts demonstrated antiprolifera-
ive activity against both MCF-7 and MDA-MB-231 cell lines, with
I50 values lower than those observed in the normal MCF-10A

ine. For MCF-7, GI50 values were 3.04 μg/mL (leaf), 3.91 μg/mL
stem), and 1.69 μg/mL (root), with the root extract showing
igher activity than 5-FU (1.96 μg/mL). Against the MDA-MB-
31 triple-negative breast cancer cell line, characterized by the
bsence of ER, PR, and HER2 expression, the root extract again
howed the lowest GI50 value (1.13 μg/mL), lower than that of 5-
U (2.04 μg/mL) [45, 46]. Although the stem extract showed the
ighest calculated TSI (2.08), this value should be interpreted cau-

iously because it was calculated using an extrapolated IC50 value
or the normal MCF10A cell line. Therefore, this result should be
egarded as a preliminary indication of selectivity that requires
onfirmation using higher concentration ranges. The IC50 values
ere between 31 and 141 μg/mL, and the stem extract showed

n IC50 value of 30.99 μg/mL against MDA-MB-231. This activity
s consistent with previously reported cytotoxic effects of plant
xtracts against breast cancer cell lines and supports the relevance
f HY as a potential source of bioactive compounds [44, 47].

he antiproliferative effects in HY are supported by previous stud-
es on other Hedysarum species. The genus contains a wide range
f bioactive compounds, including flavonoids, triterpenoids, and
olysaccharides, many of which have demonstrated cytotoxic and
roapoptotic effects in different cancer models [23]. In particular,
olysaccharides isolated from Hedysarum polybotrys have been
hown to inhibit the proliferation of hepatocellular carcinoma
HepG2) and gastric cancer (MGC-803) cells, and this effect
ncreased with concentration [48, 49], while total flavonoids from
he same species suppress leukemia K562 cell proliferation by

odulating cell-cycle progression [50]. More recent evidence
ndicates that Hedysarum polysaccharides can also induce apop-
osis and inhibit tumor growth in lung adenocarcinoma A549
ells by modulating the Bax/Bcl-2 signaling pathway [21, 51].
urther support is provided by studies on Turkish endemic
edysarum species. The dichloromethane extract of H. aucheri
as been reported to exhibit strong cytotoxic activity against
ultiple cancer cell lines, including A549 and MCF-7, with IC50

alues between 0.64 and 24 μg/mL, while showing low toxicity
oward normal cells [36]. Similarly, H. candidissimum extracts
howed cytotoxic effects against colon and breast cancer cell lines,
lthough at higher IC50 values [17]. The GI50 values for HY in both
ung (1.00–16.80 μg/mL) and breast (1.13–3.91 μg/mL) cancer mod-
ls are within or lower than these reported ranges, indicating that
his species shows comparable or higher antiproliferative activity.

o investigate the relationship between antiproliferative activ-
ty and phytochemical composition of HY extracts, PCA was
hemistry & Biodiversity, 2026
performed by integrating cytotoxicity data obtained from lung
(A549, Calu-1, and H1650) and breast (MCF-7 and MDA-MB-
231) cancer cell lines with LC-MS/MS-derived metabolite profiles
(Figure 5). PC1 (62.95%) and PC2 (37.05%), which together
represent 100% of the total variance, discriminated leaf, stem,
and root extracts based on their phytochemical composition
and biological activity. The leaf extract was positioned in the
negative regions of both PC1 and PC2 and was characterized
by flavonoid compounds, particularly quercetin, kaempferol,
isoquercitrin, astragalin, nicotiflorin, hesperidin, and tannic acid.
These compounds are widely reported to exhibit antiproliferative
and proapoptotic activities, and their association with MDA-MB-
231 and Calu-1 in the PCA suggests that they may contribute to the
observed cytotoxic effects, particularly against aggressive cancer
cell lines. In contrast, the stem extract showed an intermediate
distribution in the negative region of PC1 and the positive region
of PC2 and was mainly associated with phenolic acids such as gal-
lic acid, protocatechuic acid, catechin, salicylic acid, chlorogenic
acid, quinic acid, and caffeic acid. Although these compounds
have been associated with antioxidant and moderate antiprolif-
erative properties, their association with TSI_Breast and partial
association with MCF-7 suggests a more selective and compara-
tively moderate contribution to cytotoxic activity. The root extract
was positioned on the positive side of PC1 and was associated
with compounds such as naringenin, genistein, acacetin, pro-
tocatechualdehyde, sinapic acid, daidzein, p-coumaric acid, and
rutin. These metabolites, particularly flavonoid aglycones and
isoflavonoids, have been reported to show anticancer activity
involving apoptosis induction and cell cycle modulation, and
their association with H1650 and Beas-2B suggests a stronger
relevance to lung-related cellular responses. Additionally, A549
and TSI_Lung were located in a different region from most
phytochemicals, suggesting that the antiproliferative response
in A549 cells may be influenced by different compounds or
synergistic interactions not strongly represented by individual
variables in the PCA analysis. These findings demonstrate that
differences in antiproliferative activity among HY extracts are
closely associated with the organ-specific distribution of phenolic
and flavonoid compounds identified by LC-MS/MS analysis.

Overall, HY extracts exhibit strong antiproliferative activity across
multiple cancer cell lines, with potency comparable to or higher
than that of 5-FU in certain models. The strongest effects were
identified in H1650 and MDA-MB-231 cell lines, where the root
extract showed the lowest GI50 values, indicating the highest
potency. The stem extract showed the highest calculated TSI;
however, because this parameter partly relied on extrapolated
IC50 values, it should be considered an exploratory observation
rather than definitive evidence of tumor selectivity. The observed
11 of 18
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FIGURE 5 PCA biplot of LC-MS/MS phytochemicals and antiproliferative activity.
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ctivity, together with moderate selectivity indices, suggests the
resence of biologically active secondary metabolites. The activity
rofiles are consistent with those reported for other Hedysarum
pecies; however, the HY root extract showed higher potency
gainst breast cancer cell lines than other Turkish Hedysarum
pecies examined in previous studies. These findings identify HY
s a pharmacologically relevant endemic species and provide a
trong scientific basis for further studies focused on bioactivity-
ased fractionation, identification of active compounds, and
lucidation of mechanisms associated with anticancer activ-
ty.

.5 Cytotoxicity Analysis

he cytotoxic effects of the extracts were further investigated
sing the LDH release assay, which determines lactate dehydro-
enase activity present in the extracellular medium as a result of
ell membrane damage. As LDH is a cytosolic enzyme present
n the extracellular medium following membrane disruption, its
xtracellular levels indicate membrane damage and necrotic or
ate-stage apoptotic cell death. Therefore, this assay provides com-
lementary information to proliferation-based assays by directly
eflecting cellular damage rather than metabolic activity. The
ytotoxicity data are presented in Table 6.
2 of 18
In lung cancer cell models (A549, Calu-1, and H1650), cytotoxicity
values were between 2.25% and 6.85%, indicating a low cytotoxic
profile. The lowest LDH release was determined in H1650 cells
treated with the leaf extract (2.35%), indicating minimal mem-
brane damage, while the highest value was determined in the
same cell line treated with the root extract (6.85%). These findings
indicate that although certain extracts show antiproliferative
effects, they are not associated with high levels of membrane
damage, which may be related to cytostatic or apoptosis-mediated
mechanisms and not necrotic cell death. In contrast, the reference
drug 5-FU demonstrated higher cytotoxicity, particularly in A549
cells (12.88%), reflecting its well-documented mechanism of
action involving DNA synthesis inhibition and induction of cell
death. Importantly, in normal lung epithelial cells (Beas-2B),
all extracts exhibited low cytotoxicity (3.34%–4.54%), lower than
that of 5-FU (8.68%), indicating lower off-target toxicity and a
comparatively limited effect on nontumorigenic cells.

In breast cancer cell lines (MCF-7 and MDA-MB-231), the extracts
showed comparatively higher cytotoxic responses, with values as
high as 12.59%. The stem extract showed the highest cytotoxicity
in MCF-7 cells (12.59%) and a similarly high effect in MDA-MB-
231 cells (12.25%), suggesting that bioactive constituents in the
stem may be associated with stronger membrane damage or cell
death related effects in breast cancer models. This variation in
sensitivity may be associated with the molecular characteristics of
Chemistry & Biodiversity, 2026
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TABLE 6 % Cytotoxicity values of extracts in lung and breast cancer and normal cell lines.

% cytotoxicity A549 Calu1 H1650 Beas2B MCF7 MDA-MB-231 MCF10A

Leaf 5.32 5.99 2.35 3.34 8 4.18 5.89
Stem 3.59 2.25 6.58 4.54 12.59 12.25 3.16
Root 3 3.44 6.85 4.43 6.21 8.04 3.43
5FU 12.88 6.23 6.2 8.68 9.35 8.54 7.39
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hese cell lines, such as hormone receptor status and invasiveness,
articularly in triple-negative MDA-MB-231 cells. Leaf and root
xtracts exhibited lower cytotoxicity, indicating a more moderate
ffect on membrane integrity. Cytotoxicity in normal mammary
pithelial cells (MCF10A) was low (3.16%–5.89%), suggesting that
he extracts act more strongly on cancer cells while showing
imited toxicity toward healthy cells.

hen the LDH-based cytotoxicity findings are interpreted
ogether with the antiproliferative results from the MTT assay, a
onsistent activity pattern is observed. The extracts demonstrate
oderate inhibition of cancer cell proliferation while inducing

nly limited membrane damage, suggesting the involvement of
ytostatic effects, cell-cycle modulation, or apoptosis. This is
articularly important in the context of anticancer drug discovery,
here selective cytotoxicity toward cancer cells with minimal

oxicity to normal tissues is an important consideration. Although
he cytotoxic potency of the extracts is lower than that of
-FU, their effects on cancer cell growth, together with low
ytotoxicity in noncancerous cells, suggest a degree of selectivity.
hese findings indicate that HY extracts may be considered for

urther investigation as natural anticancer agents, particularly
ith respect to their safety profile and potential selective effects
n tumor cells.

Conclusions

his study provides the first comprehensive phytochemical and
iological characterization of HY, a recently described endemic
pecies from Türkiye, and demonstrates that this species rep-
esents a promising source of bioactive secondary metabolites.
C-MS/MS profiling demonstrated an organ-specific distribution
f phenolic compounds, with flavonoid glycosides mainly present
n the leaves, phenolic acids at higher levels in the stems, and
ertain aglycones and isoflavonoids in the roots, suggesting a
etabolic differentiation associated with the bioactivity patterns.

he leaf extract exhibited the highest antioxidant capacity, in
ine with its total phenolic and flavonoid content, while both
eaf and stem extracts showed inhibitory activity against AChE,
ChE, and α-glucosidase, suggesting potential neuroprotective
nd antidiabetic effects; moreover, the α-glucosidase inhibition
f the leaf extract was comparable to that of acarbose. In
ntiproliferative assays, all extracts showed growth inhibition in
ung and breast cancer cell lines, with stronger effects in H1650
nd MDA-MB-231 cells, while low LDH cytotoxicity in normal
ells. Low LDH cytotoxicity in normal cell lines together with
avorable GI50 values suggests that HY extracts warrant further
nvestigation for their antiproliferative potential. Overall, the
indings indicate that HY is a biologically active species within
hemistry & Biodiversity, 2026
the genus Hedysarum, showing multitarget effects associated
with its phenolic composition; however, further studies including
bioactivity-guided isolation of active compounds, mechanistic
investigations, and in vivo studies are needed to determine its
biological effects and pharmacological relevance.

4 Experimental Section

4.1 Plant Material

The plant material of HY was collected from its natural habitat
in Eriç village, Kemah (Erzincan, Türkiye) in 2024. The collected
specimens were separated into root, stem, and leaf organs, and
each organ was analyzed individually for phytochemical and
biological properties. The species was taxonomically identified
by Prof. Dr. Ali Kandemir (Department of Biology, Faculty
of Arts and Sciences, Erzincan Binali Yıldırım University). A
voucher specimen has been deposited in the EBYU Herbarium
(Herbarium No: EBYU-0000049).

4.2 Extraction Procedure

The plant materials (root, stem, and leaf) were dried and ground
into a fine powder. Each sample (10 g) was extracted with 100 mL
of methanol by maceration at room temperature overnight.
Methanol was selected as the extraction solvent because of
its polarity and its ability to extract phenolic and flavonoid
compounds [52]. The extraction was performed three times, after
which the extracts were combined.

4.3 LC-MS/MS Conditions

Quantitative profiling of 53 phytochemicals in the methanolic
extracts obtained from HY leaves, stems, and roots was performed
using LC-MS/MS, based on a previously validated analytical pro-
cedure [53, 54], with a Shimadzu Nexera ultrahigh performance
liquid chromatography (UHPLC) system coupled to a tandem
mass spectrometer. The analyses were performed on a UHPLC
system equipped with an autosampler (SIL-30AC), column oven
(CTO-10ASvp), binary pump system (LC-30AD), and degassing
unit (DGU-20A3R). An Agilent Poroshell 120 EC-C18 column
(150 mm × 2.1 mm, 2.7 μm) was used for chromatographic
separation at 40◦C. A binary mobile phase system was used,
consisting of solvent A (water with 5 mM ammonium formate and
0.1% formic acid) and solvent B (methanol with 5 mM ammonium
formate and 0.1% formic acid). The mobile phase gradient was
programmed from 20% to 100% B over 25 min, followed by 100%
13 of 18
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for 10 min and 20% B over the next 10 min. The flow rate was
.5 mL/min, and the injection volume was 5 μL.

sing a Shimadzu LCMS-8040 tandem mass spectrometer
quipped with an electrospray ionization (ESI) source, mass spec-
rometric analysis was performed in both positive and negative
on modes [55]. With LabSolutions software (Shimadzu), data
cquisition and evaluation were performed. For the selective
dentification and quantification of phytochemicals, the multiple
eaction monitoring (MRM) mode was used based on optimized
on transitions. Collision energies (CE) were optimized for frag-

entation and transmission of target product ions. As follows,
he MS operating conditions were: drying gas (N2) flow rate of 15
/min, nebulizing gas (N2) flow rate of 3 L/min, desolvation line

DL) temperature of 250◦C, heat block temperature of 400◦C, and
nterface temperature of 350◦C.

.4 Anticholinesterase Activity

he inhibitory activity of HY extracts against AChE and
ChE was determined spectrophotometrically using a previ-
usly described method with minor modifications [56–58]. With
eionized water, plant extracts, and tacrine (positive control)
ere diluted to obtain different concentrations. The experimental

eaction mixture included 100 μL of Tris-HCl buffer (1 M, pH
.0), 50 μL of 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), and
0 μL of enzyme solution. By adding the substrates acetylth-
ocholine iodide for AChE and butyrylthiocholine iodide for
ChE, the reaction was initiated. Enzymatic hydrolysis of the
ubstrates generated thiocholine, which reacted with DTNB to
roduce the yellow 5-thio-2-nitrobenzoate anion. The absorbance
as measured spectrophotometrically at 412 nm. Results were

xpressed as IC50 values, defined as the concentration required to
nhibit 50% of enzyme activity. In triplicate, all experiments were
erformed, and as mean ± standard deviation (SD), results are
eported.

.5 α-Glucosidase Inhibition Activity

he α-glucosidase inhibitory activity was determined using a
reviously described procedure with minor modifications [59].
carbose was used as the positive control. The plant extracts
nd acarbose were diluted with deionized water to appropriate
oncentrations. Phosphate buffer (1 M, pH 7.4), enzyme solution,
nd sample were mixed and incubated at 35◦C for 10 min.
fter incubation, p-nitrophenyl-α-D-glucopyranoside (p-NPG)
as added, and the mixture was again incubated at 35◦C. The

bsorbance was measured spectrophotometrically at 405 nm. IC50
alues were calculated from percent activity and concentration
ata. In triplicate, all experiments were performed, and as mean
standard deviation (SD), results are reported.

.6 DPPH Free Radical Scavenging Activity

ccording to a previously described procedure, the DPPH∙ radical
cavenging capacity of the extracts was determined [60–62]. Stock
olutions of the extracts (1 mg/mL) and a 0.26 mM DPPH∙.
olution were prepared, and the extracts were diluted in methanol
4 of 18
to concentrations of 20–1000 μg/mL. Each diluted extract (3 mL)
was mixed with 1 mL of DPPH∙. solution, vortexed, and incubated
in the dark at room temperature for 30 min. Absorbance was
measured at 517 nm, and the percentage of scavenging activity was
calculated. With standard antioxidants such as Trolox, butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and
ascorbic acid, the results were compared. In triplicate, all analyses
were performed, and the results are expressed as mean± standard
deviation.

4.7 Ferric Reducing Antioxidant Power (FRAP)

The reducing power activity of HY root, stem, and leaf extracts
was determined according to a previously described procedure
[63–65]. Stock solutions of the extracts and standards were
prepared at 1 mg/mL. For the assay, 100 μL of each extract
was diluted to 1.25 mL with 0.2 M phosphate buffer (pH 6.6),
followed by the addition of 1.25 mL of 1% potassium ferricyanide
[K3Fe(CN)6]. The mixture was incubated at 50◦C for 20 min. After
incubation, 1.25 mL of 10% trichloroacetic acid (TCA) and 0.25 mL
of 0.1% FeCl3 were added, and the absorbance was measured at
700 nm. The results were expressed as mg Trolox equivalents per
gram of extract (mg TE/g extract) using a Trolox calibration curve.
The antioxidant activity of the samples was compared with that
of ascorbic acid, BHA, and BHT. In triplicate, all analyses were
performed, and the results are expressed as mean ± standard
deviation.

4.8 Determination of Total Phenolic Content

The total phenolic content of the extracts was determined using
the Folin–Ciocalteu method [66–68]. 100 μL of each extract
solution was diluted with 4.5 mL of distilled water, followed by
the addition of 100 μL of Folin–Ciocalteu reagent and 300 μL
of 2% Na2CO3 solution. The mixture was incubated at room
temperature for 2 h, and absorbance was measured at 760 nm.
The results were expressed as mg of gallic acid equivalent per
gram of extract (mg GAE/g extract). All analyses were performed
in triplicate.

4.9 Determination of Total Flavonoid Content

Total flavonoid content was determined according to a previously
reported procedure [69–71]. 100 μL of each extract and standard
was diluted to 4.8 mL with methanol. Then, 100 μL of 1 M
ammonium acetate (NH4CH3COO) and 100 μL of 10% aluminum
chloride (AlCl3) were added. The mixture was vortexed and incu-
bated at room temperature for 45 min. Absorbance was measured
at 415 nm, and the total flavonoid content was expressed as mg
quercetin equivalents per gram of extract (mg QE/g extract).
Analyses were systematically performed in triplicate.

4.10 Cell Lines and Cell Culture

In this study, human lung cancer cell lines A549 (ATCC CCL-185),
Calu1 (ATCC HTB-54), and H1650 (ATCC CRL-5883), as well as
breast cancer cell lines MCF7 (ATCC HTB-22) and MDA-MB-231
Chemistry & Biodiversity, 2026
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ATCC HTB-26), together with the normal lung cell line Beas-
B (RRID: CVCL-0168) and the normal breast cell line MCF10A
ATCC CRL-10317), were used. All cell culture procedures were
erformed in a laminar flow cabinet. Cells were cultured at 37◦C

n a humidified atmosphere containing 5% CO2 in DMEM or
PMI-1640 medium supplemented with 10% fetal bovine serum

FBS) and 2% penicillin–streptomycin. Cells (1 × 104 per well)
ere added to 96-well plates. After a 16 h incubation to allow cell

ttachment, samples were added, followed by an additional 24 h
ncubation before analysis [72].

.11 Measurement of Cell Proliferation

fter 24 h incubation with cancer cell lines, the effects of the plant
xtracts on cell proliferation were determined by the MTT assay
73, 74]. Results were expressed as percentage inhibition, using
he optical density of solvent-treated (DMSO) cells as the 100%
eference. Using the formula % inhibition = [1 - (Atest / Acontrol)]

100, percentage inhibition was calculated. From absorbance
ata obtained following treatment with increasing concentrations
f the extracts (1.96–125.0 μg/mL), IC50 values were calculated.
sing logarithmic regression analysis in Microsoft Excel, dose

esponse curves were generated. Based on cell growth, GI50
alues were calculated according to the following equations:
(Ti −Tz)/(C − Tz)] × 100 for Ti ≥ Tz (cytostatic effect) or
(Ti − Tz)/Tz] × 100 for Ti < Tz (cytotoxic effect), where Tz
epresents the absorbance at time zero, C denotes control growth,
nd Ti indicates growth in the presence of the test samples.
I50 corresponds to the concentration resulting in 50% growth

nhibition. As the ratio of the IC50 concentration in normal
ells to the mean IC50 concentration in cancer cells, TSI values
ere calculated. When 50% inhibition was not experimentally

eached within the tested concentration range (1.96–125 μg/mL),
C50 values were estimated by nonlinear regression extrapolation.
ccordingly, TSI values calculated from these IC50 estimates were

onsidered exploratory and interpreted with caution.

.12 Cytotoxicity Test

he cytotoxic and cytostatic effects of the extracts were deter-
ined using the lactate dehydrogenase (LDH) release assay [75,

6]. LDH is a stable cytoplasmic enzyme present in the culture
upernatant following plasma membrane damage; therefore,
ncreased LDH levels indicate increased cell death. In accordance
ith the manufacturer’s instructions, the LDH cytotoxicity assay
as performed. Spectrophotometrically, formazan formation

esulting from LDH enzymatic activity was quantified, and using
he following equation, percentage cytotoxicity was calculated:

%Cytotoxicity = [(Asample − Alow control)∕(Ahigh control − Alow control)]

× 100

.13 Statistical Analyses

tatistical analyses were performed using SPSS software (version
0.0; IBM Corp., Armonk, NY, USA). All experiments were
erformed in triplicate, and the data are presented as mean
hemistry & Biodiversity, 2026
± standard deviation (SD). Differences among extracts from
different plant organs were compared using one-way ANOVA,
followed by Duncan’s multiple range test for post hoc com-
parisons, and p < 0.05 was considered statistically significant.
Relationships between phytochemical parameters and biological
activities were determined using Pearson correlation analysis.
Multivariate analyses, including principal component analysis
(PCA) and heatmap analysis, were used to investigate the distri-
bution of phytochemicals and their associations with biological
activities.
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