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Abstract — Zelkova serrata (Thunb.) Makino is a deciduous tree commonly distributed in East Asia. Several
investigations have documented the biological activity of extracts of this species, igniting increased interest in its
therapeutic potential. However, the phytochemical constituents accountable for these activities remain largely
unexplored. In this study, we focused on the antioxidant potential of the leaves and twigs, utilizing bioactivity-
guided fractionation combined with LC-QTOF-MS online DPPH screening to systematically identify the active
compounds. This approach led to the isolation of eight compounds, three of which (compounds 1, 3, and 7) have
not previously been documented in the genus Zelkova. Among the isolates, 4 emerged as the most potent
antioxidant, exhibiting significant radical scavenging activity in both DPPH (ICsp = 13.67 = 1.21 pM) and ABTS
(ICsp = 2.69 £ 0.48 uM) assays, exceeding ascorbic acid (ICso = 61.51 + 10.22 uM) and trolox (IC5, = 8.22 +
2.16 uM), respectively. Our findings not only enrich the phytochemical profile of Z. serrata but also highlight the
effectiveness of LC-MS-DPPH as an effective approach for rapid antioxidant discovery.
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Introduction

Oxidative stress represents a significant contributor to
numerous pathological conditions, including malignancies,
neurodegenerative disorders, and age-associated diseases.
The excessive generation of reactive oxygen species (ROS),
encompassing free radicals, hydroxyl radicals, hydrogen
peroxide, singlet oxygen, and superoxide anions, disrupts
cellular homeostasis by damaging critical biomolecules such
as proteins, lipids, and nucleic acids." These oxidative
modifications are implicated in the pathogenesis of
Alzheimer’s disease, Parkinson’s disease, diabetes mellitus,
and various inflammatory conditions. While endogenous
antioxidant defense systems exist to maintain ROS
equilibrium, exogenous supplementation becomes imperative
when oxidative burden exceeds physiological capacity.

Although synthetic antioxidants are commercially employed
in food preservation and pharmaceutical applications,
concerns regarding their potential hepatotoxicity and carci-
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nogenic properties have prompted increased interest in
natural alternatives.** Plant-derived polyphenolic compounds,
including flavonoids and phenolic acids, have emerged as
promising candidates due to their multifaceted mechanisms
of action as hydrogen donors, metal chelators, and free
radical scavengers.’ Beyond their antioxidant capacity,
these phytochemicals demonstrate anti-inflammatory,
antiproliferative, antidiabetic, and neuroprotective activities,
underscoring their therapeutic potential.>*’ Consequently,
systematic investigation of plants represents a rational
approach for discovering novel natural antioxidants with
enhanced safety profiles.

Within this context, Zelkova serrata (Thunb.) Makino,
a deciduous broadleaf species belonging to the family
Ulmaceae, presents particular interest as a natural resource.
This species exhibits widespread distribution across East
Asia, including China, Korea, Japan, and Taiwan. The species
holds considerable economic and cultural significance,
with its timber valued for construction applications,
particularly in traditional temple and shrine architecture,
as well as high-quality furniture manufacturing. Its
adaptability to moderately saline soils has also identified
Z. serrata as a candidate for coastal afforestation initiatives.®
Besides, various parts of Z. serrata have been traditionally
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utilized for both culinary and medicinal purposes. The
tender foliage is consumed as a culinary vegetable following
preparation, while both bark and leaf tissues serve as
medicinal materials in folk remedies.*’ Notably, extracts
derived from the entire plant have found extensive
application in anticancer therapy. Extracts from leaves have
demonstrated antipyretic and detoxification activities, while
twig preparations show antiproliferative and larvicidal
effects.*'® The bark, traditionally employed for its
antipyretic, diuretic, and detoxifying properties, has been
reported to possess antioxidant capacity; however, the
specific chemical entities responsible for these activities
remain inadequately characterized."

Given the established antioxidant propetties of Z. serrata
tissues and the current emphasis on natural antioxidant
discovery, the present investigation aims to identify and
characterize the bioactive compounds from Z. serrata
leaves and twigs and evaluate their antioxidant potential.

Experimental

General experimental procedures — A Bruker Avance
III 600 MHz (Karlsruhe, Germany) spectrometer was
used to acquire the NMR spectra. Mass spectral analysis
was performed on an Agilent 1260 system coupled with
an Agilent 6530 Q-TOF mass spectrometer (Santa Clara,
USA). Thin-layer chromatography (TLC) was performed
using RP-18 F254s and Merck precoated silica gel F254
plates. Preparative HPLC was carried out using a YL9101
Plus HPLC system with a Phenomenex Luna C18(2) column
(250 x 10 mm, 5 pm). Open column chromatographic
separation was achieved using Merck (RP)-C18 (75 mesh)
for reverse-phase or 230400 mesh silica gel 60 for the
normal phase.

Plant material — The leaves, twigs, and roots of Z.
serrata were obtained from the Medicinal Herb Garden,
College of Pharmacy, Seoul National University, Seoul,
Korea, and identified by Professor Ki Yong Lee, Korea
University. The voucher specimens (KUP-HD133 and
KUP-HD134) were deposited at the Herbarium of Natural
Product Laboratory, College of Pharmacy, Korea University.

Extraction and isolation — The dried leaves and twigs
of Z. serrata (3.0 kg) were chopped and extracted three
times with 80% MeOH via sonication (60 min each). The
combined extracts were filtered and concentrated using a
vacuum rotary evaporator to obtain the MeOH crude
extract, which was suspended in distilled water, and
partitioned with n-hexane, ethyl acetate (EtOAc), and »-
butanol (#-BuOH), respectively. The EtOAc extract (19.2 g)
was subjected to silica gel CC eluted with #-hexane:EtOAc
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(5:1 — 1:1, v/v) and CH,Cl,:MeOH (10:1 — 1:1, v/v) to
obtain 10 fractions (E1-E10). E6 (2.3 g) was separated on
a silica gel column using n-hexane:acetone (2:1 — 1:5, v/v)
to obtain 14 subfractions (E6.1-E6.14). E6.13 was purified
by preparative HPLC (MeCN:H,0, 35:65 — 50:50, v/v)
to yield 5 (2.0 mg, fr = 15.3 min) and 6 (1.2 mg, r =
20.2 min). E8 (4.8 g) was chromatographed over an open
column eluting with CH,Cl,:MeOH:H,O (90:20:1 —
30:10:1, v/v) to yield 19 subfractions (E8.1-E8.19). E8.6
(560.0 mg) was chromatographed over an RP-C18 column
eluting with MeOH:H,0O (3:1 — 1:1) to obtain 7
(27.5mg) and 8 (16.3 mg). E8.9 (1.3 g) was purified by
preparative HPLC (MeCN:H,0, 40:60 — 90:10, v/v) to
yield 1 (550.3 mg, #r = 33.0 min) and 3 (430.0 mg, t =
33.9min). E9 (2.1 g) was subjected to RP-C18 eluted
with MeOH:H,O (50:50 — 60:40) to afford 2 (2.3 mg)
and 4 (15.8 mg).

Catechin-7-O-p-D-xylopyranoside (1) — ESI-MS m/z
421.1142 [M—-H] (caled for CyH, 0y, 421.1135); 'H-
NMR (600 MHz, CD;0D): ¢ 6.84 (1H, d, J = 2.0 Hz, H-
2", 6.77 (1H, d, J = 8.1 Hz, H-5'), 6.73 (1H, dd, J = 8.1,
2.0 Hz, H-6"), 6.18 (1H, d, J = 2.3 Hz, H-6), 6.12 (1H, d,
J =23 Hz, H-8), 4.77 (1H, d, J = 7.2 Hz, H-1"), 4.61
(1H, d, J= 7.4 Hz, H-2), 4.01 (1H, td, /= 7.4, 5.4 Hz, H-
3), 3.31-3.91 (5H, overlap, H-2", H-3", H-4", H-5"), 2.87
(1H, dd, J = 16.3, 5.4 Hz, H-4a), 2.55 (1H, dd, J = 16.3,
8.0 Hz, H-4b); *C-NMR (150 MHz, CD;0D): § 157.1
(C-7), 156.2 (C-5), 155.4 (C-9), 144.9 (C-3', C-4"), 130.7
(C-1", 118.6 (C-6), 114.7 (C-5"), 113.8 (C-2), 102.3 (C-
10), 101.5 (C-1"), 96.0 (C-6), 95.6 (C-8), 81.5 (C-2), 76.4
(C-3M), 73.3 (C-2"), 69.7 (C-4"), 67.2 (C-3), 65.5 (C-5"),
27.1 (C-4).

Aromadendrin-6-C-p-D-glucopyranoside (2) — ESI-MS
m/z 449.1092 [M—H] (caled for CyH,,0y;, 449.1084);
'H-NMR (600 MHz, CD;0D): § 7.35 (2H, d, J = 8.6 Hz,
H-2', H-6"), 6.84 (2H, d, J = 8.6 Hz, H-3', H-5'), 5.96 (1H,
s, H-8), 5.00 (1H, d, J = 11.5 Hz, H-2), 4.81 (1H, d, J =
9.9 Hz, H-1"), 4.56 (1H, d, J = 11.5 Hz, H-3), 4.13 (1H,
m, H-2"), 3.87 (1H, m, H-6"a), 3.72 (1H, m, H-6"b), 3.46
(1H, m, H-4"), 3.45 (1H, m, H-3"), 3.40 (1H, m, H-5");
BC-NMR (150 MHz, CD;0D): 6 198.9 (C-4), 167.6 (C-7),
164.1 (C-5), 163.9 (C-9), 159.2 (C-4"), 130.3 (C-2', C-6"),
129.1 (C-1), 116.2 (C-3', C-5"), 106.3 (C-6), 101.7 (C-
10), 96.4 (C-8), 85.0 (C-2), 82.5 (C-5"), 80.2 (C-3"), 75.1
(C-1M), 73.6 (C-3), 72.6 (C-2"), 71.8 (C-4"), 62.9 (C-6").

Catechin-7-O-p-D-apiofuranoside (3) — ESI-MS m/z
421.1139 [M—-H] (caled for CyHy Oy, 421.1135); 'H-
NMR (600 MHz, CD;0D): ¢ 6.84 (1H, d, J = 2.0 Hz, H-
2", 6.77 (1H, d, J = 8.1 Hz, H-5"), 6.72 (1H, dd, J = 8.1,
2.0 Hz, H-6"), 6.14 (1H, d, J = 2.3 Hz, H-6), 6.09 (1H, d,



Vol. 32, No. 1, 2026

J =23 Hz, H-8), 5.49 (1H, d, J = 3.0 Hz, H-1"), 4.61
(1H, d, J = 7.4 Hz, H-2), 4.14 (1H, d, J = 3.0 Hz, H-2"),
4.09 (1H, d, J=9.7 Hz, H-4"a), 4.00 (1H, td, J= 7.4, 5.4
Hz, H-3), 3.85 (1H, d, J = 9.7 Hz, H-4"b), 3.64 (1H, d, J
=11.5 Hz, H-5"a), 3.61 (1H, d, J= 11.5 Hz, H-5"b), 2.86
(1H, dd, J = 16.3, 5.4 Hz, H-4a), 2.55 (1H, dd, J = 16.3,
8.0 Hz, H-4b); *C-NMR (150 MHz, CD;0D): 6 156.8
(C-7), 156.2 (C-5), 155.5 (C-9), 144.9 (C-3"), 144.8 (C-
4", 130.7 (C-1"), 118.6 (C-6"), 114.7 (C-5"), 113.8 (C-2"),
107.3 (C-1"), 101.8 (C-10), 95.9 (C-6), 95.4 (C-8), 81.5
(C-2), 78.9 (C-3"), 76.9 (C-2"), 74.0 (C-4"), 67.2 (C-3),
63.5 (C-5"), 27.0 (C-4).

Catechin (4) — ESI-MS m/z 289.0718 [M—H] (calcd
for C;sH306, 289.0712); 'H-NMR (600 MHz, CD;0D):
0 6.84 (1H, d, J = 2.0 Hz, H-2'), 6.76 (1H, d, J = 8.1 Hz,
H-5), 6.72 (1H, dd, J = 8.1, 2.0 Hz, H-6'), 5.92 (1H, d, J
=2.3 Hz, H-6), 5.85 (1H, d, J = 2.3 Hz, H-8), 4.56 (1H,
d, J=17.5 Hz, H-2), 3.97 (1H, td, J = 7.5, 5.4 Hz, H-3),
2.85 (1H, dd, J = 16.1, 5.4 Hz, H-4a), 2.50 (1H, dd, J =
16.1, 8.2 Hz, H-4b); '*C-NMR (150 MHz, CD;0D): ¢
157.8 (C-7), 157.6 (C-9), 156.9 (C-5), 146.3 (C-3"), 146.2
(C-4"), 132.2 (C-1"), 120.0 (C-6'), 116.1 (C-5"), 115.3 (C-
2", 100.8 (C-10), 96.3 (C-6), 95.5 (C-8), 82.9 (C-2), 68.8
(C-3), 28.5 (C-4).

4-Hydroxybenzoic acid (5) — ESI-MS m/z 137.0238
[M—H] (caled for C;HsOs, 137.0239); 'H-NMR (600
MHz, CD;OD): ¢ 7.87 (2H, d, J = 8.2 Hz, H-2, H-6), 6.80
(2H, d, J = 8.2 Hz, H-3, H-5); "C-NMR (150 MHz,
CD;0D): 6 169.7 (C-7), 162.7 (C-4), 132.8 (C-2, C-6),
122.9 (C-1), 115.8 (C-3, C-5).

Vanillic acid (6) — ESI-MS m/z 167.0355 [M—H] " (caled
for CsH,04, 167.0344); 'H-NMR (600 MHz, CD;0D):
57.56 (1H, d, J = 1.9 Hz, H-2), 7.54 (1H, dd, J = 8.2,
1.9 Hz, H-6), 6.82 (1H, d, J = 8.2 Hz, H-5), 3.89 (3H, s,
OCHj3); BC-NMR (150 MHz, CD;0D): 6 170.1 (C-7),
152.6 (C-3), 148.6 (C-4), 125.2 (C-1), 123.2 (C-6), 115.8
(C-2), 113.8 (C-5), 56.4 (OCHj).

Hemiphloin (7) — ESI-MS m/z 433.1148 [M—H] " (calcd
for C,1H,,0,, 433.1135); 'H-NMR (600 MHz, CD;0D):
5731 (2H, d, J = 8.6 Hz, H-2', H-6'), 6.82 (2H, d, J =
8.6 Hz, H-3', H-5"), 5.97 (1H, s, H-8), 5.34 (1H, dd, J =
12.7, 3.0 Hz, H-2), 4.80 (1H, d, J = 9.9 Hz, H-1"), 4.13
(1H, m, H-2"), 3.87 (1H, dd, J = 12.0, 2.5 Hz, H-6"a),
3.72 (1H, dd, J = 12.0, 6.0 Hz, H-6"b), 3.45 (2H, m, H-
3", H-4"), 3.39 (IH, td, J = 6.5, 6.0, 2.5 Hz, H-5"), 3.12
(1H, dd, J=17.1, 12.7 Hz, H-3a), 2.73 (1H, dd, J=17.1,
3.0 Hz, H-3b); *C-NMR (150 MHz, CD;0D): 6 198.1
(C-4), 167.2 (C-7), 164.2 (C-5, C-9), 159.0 (C-4"), 130.9
(C-1"), 129.0 (C-2', C-6"), 116.3 (C-3', C-5'), 105.9 (C-6),
103.2 (C-10), 96.4 (C-8), 82.5 (C-5"), 80.4 (C-3"), 80.2
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(C-2), 75.2 (C-1"), 72.6 (C-2"), 71.8 (C-4"), 62.9 (C-6"),
43.9 (C-3).

Isoquercetin (8) — ESI-MS m/z 463.0892 [M—H] (calcd
for Cz]H[gO[z, 4630877), 1I‘I-I\H\/H{ (600 MHZ, CD3OD)
017.72 (1H, d, J = 2.2 Hz, H-2"), 7.59 (1H, d, J = 8.5 Hz,
H-6"), 6.88 (1H, d, J = 8.5 Hz, H-5"), 6.39 (1H, d, J =
2.5 Hz, H-8), 6.20 (1H, d, J = 2.5 Hz, H-6), 5.26 (1H, d,
J=17.7 Hz, H-1"), 3.73 (1H, m, H-6"a), 3.59 (1H, m, H-
6"b), 3.50 (1H, m, H-2"), 3.45 (1H, m, H-3"), 3.37 (1H,
m, H-4"), 324 (1H, m, H-5"), *C-NMR (150 MHz,
CD;0D): 6 179.6 (C-4), 166.1 (C-7), 163.2 (C-5), 159.2
(C-9), 158.6 (C-2), 150.0 (C-3"), 146.0 (C-4"), 135.8 (C-
3), 123.3 (C-1), 123.2 (C-6"), 117.7 (C-5"), 116.1 (C-2"),
105.8 (C-10), 104.5 (C-1"), 100.0 (C-6), 94.9 (C-8), 78.5
(C-5"), 78.2 (C-3"), 75.9 (C-2"), 71.3 (C-4"), 62.7 (C-6").

LC-QTOF-MS conditions — LC-QTOF-MS was
conducted according to previously described methodologies.'
Chromatographic analysis utilized an Agilent 1260 HPLC
system equipped with a C,g analytical column (Shiseido
CapCell PAK, 150 x 4.6 mm i.d., 5 um). Gradient elution
was performed using 0.1% aqueous formic acid (eluent
A) and acetonitrile (eluent B) as follows: 5% B for 5 min,
followed by a linear increase to 95% B over 25 min, at a
flow rate of 0.6 mL/min. Chromatograms were recorded
at 280 nm. Mass spectrometry was carried out using an
Agilent 6530 quadrupole time-of-flight instrument (Santa
Clara, CA, USA) operated in negative electrospray ionization
mode, acquiring data across m/z 50—1700.

DPPH radical scavenging assay — The antioxidant
capacity was evaluated using the DPPH radical scavenging
assay following the method previously described with
modifications.'>!* For the assay, LC-MS-derived fractions
were reconstituted in ethanol (300 pL total volume). Each
sample (10 pL.) was combined with 190 puL of DPPH reagent
(15 uM in ethanol) and incubated for 30 min under ambient
conditions. Spectrophotometric measurement at 517 nm
quantified the extent of radical neutralization, with decreased
absorbance indicating greater antioxidant potential. The
inhibition rate (%), which represents inhibitory activity,
was determined using the following formula:

Inhibition activity (%) = 100 — [(S — So)(C — Cy)] x 100,

where Sy and C, are the absorbances of the control and
inhibitor in ethanol without DPPH solution, and S and C
are the absorbances of the control and inhibitor after
30 min.

ABTS radical scavenging assay — ABTS™ radical cation
was produced by reacting ABTS with potassium persulfate
following the described protocol with modification.'
Before usage, this stock solution is diluted with distilled
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water to achieve an optical density between 0.7 and 0.8.
Next, aliquot 20 uL of the sample into a well plate,
followed by the addition of 180 pL of the diluted ABTS
working solution. After a 7-minute incubation period in
the dark at room temperature, the absorbance is measured
at 718 nm.

Statistical analysis — All experimental bioassay data
were performed in triplicate. Statistical analyses were
achieved utilizing Student’s #-test in GraphPad Prism
version 6.0 software (San Diego, CA, USA). Statistical
significance is indicated by p-values (*p <0.05, **p <0.01,
and ***p <0.005).
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Results and Discussion

The leaves and twigs (ZSAP) and roots (ZSRT) of
Z. serrata were initially screened to guide tissue selection
for subsequent investigation. Both tissues demonstrated
potent radical scavenging activities in DPPH and ABTS
assays (Fig. 1A and B). HPLC profiling revealed that
while both tissues share similar major constituents, ZSAP
displayed a more diverse profile of minor metabolites.
Although ZSRT was characterized by a high concentration
of specific major compounds, ZSAP was prioritized for
further isolation to better evaluate the effectiveness of the
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Fig. 1. Antioxidant activities and HPLC profiles guide tissue and fraction selection for bioactivity-guided isolation. (A) DPPH and (B)
ABTS radical scavenging activities of leaves and twigs (ZSAP) and roots (ZSRT). (C) DPPH and (D) ABTS activities of »-hexane (Hex
Fr.), ethyl acetate (EtOAc Fr.), n-butanol (BuOH Fr.), and water (Water Fr.) fractions from ZSAP. (E) HPLC chromatographic profiles
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(n=3). *p <0.05, **p < 0.01, ***p < 0.005 vs. control. Ascorbic acid and trolox were used as positive controls.
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LC-MS-DPPH approach in identifying a broader range of
bioactive constituents, including those present in lower
concentrations. Consequently, the ZSAP methanol extract
was partitioned sequentially with #n-hexane, EtOAc, and
n-BuOH. Both EtOAc and BuOH fractions exhibited
pronounced antioxidant activities (Fig. 1C and D).
Comparative LC-MS analysis (Fig. 1E) showed that the
EtOAc fraction contained peaks spanning a wide retention
time range, whereas the BuOH fraction displayed a
narrower distribution concentrated in the polar region. As
both fractions demonstrated comparable bioactivity, but
the EtOAc fraction possessed superior chemical diversity,
it was prioritized for subsequent compound isolation.

An online DPPH assay coupled with LC-QTOF-MS was
performed to rapidly identify antioxidant-active compounds
in the EtOAc fraction. The chromatographic separation
was monitored by MS detection to obtain the chemical
profile (Fig. 2, upper panel). Simultaneously, the column
eluent was collected in 30-second intervals into a 96-well
microplate for post-column DPPH radical scavenging
assessment. The DPPH activity trace revealed multiple
negative deflections, corresponding to compounds with
free radical scavenging capacity (Fig. 2, lower panel).
Analysis of the activity profile indicated that peaks between
12—16 min exhibited significant DPPH scavenging activity
and were responsible for the antioxidant properties of the
EtOAc fraction. These bioactive peaks were therefore
prioritized for isolation and structural characterization.

To facilitate targeted isolation and predict the chemical
nature of bioactive constituents, high-resolution mass
spectrometry coupled with tandem MS/MS fragmentation
analysis was performed on the active peaks identified in
the LC-MS-DPPH screening. HRESIMS data provided
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molecular formulas for the detected compounds, revealing
that the majority were flavonoid derivatives (Fig. 3). MS/MS
fragmentation patterns revealed distinct behaviors based
on glycosylation type (Fig. 3). O-Glycosylated flavonoids
(compounds 1, 3, 8, and 10) displayed characteristic
neutral losses corresponding to sugar moieties—132 Da
for pentoses (apiose, xylose) and 162 Da for hexoses
(glucose)—followed by retro-Diels-Alder fragmentations
of the aglycone. C-Glycosylated compounds (compounds
2, 7, 9, 11) exhibited diagnostic fragmentations at
[M—H-90]" and [M—H-120]", arising from cross-ring
cleavages of the C-linked sugar moiety. These fragmentations
are characteristic of C-glycosides and readily distinguish
them from O-glycosidic isomers.'®!'” Based on MS/MS
fragmentation patterns and comparison with literature
data, tentative identifications were proposed (Table 1).
These MS/MS-guided predictions directed subsequent
preparative isolation efforts toward confirmation of the
predicted structures.

The EtOAc fraction was separated over silica gel and
prep-HPLC to obtain eight known compounds (1-8), which
were determined to be catechin-7-O-B-D-xylopyranoside
(1),'"® aromadendrin-6-C-B-D-glucopyranoside (2),'® catechin-
7-O-B-D-apiofuranoside (3),"” catechin (4),'” 4-hydroxybenzoic
acid (5),”° vanillic acid (6),>' hemiphloin (7),'® and
isoquercetin (8)* by analyzing and comparing their
spectroscopic data with those reported in the literature.
Notably, compounds 1, 3, and 7 are reported herein from
this genus for the first time.

Compound 1 was obtained as a yellow amorphous
powder. The HRESIMS data exhibited molecular ion peaks
at m/z 421.1142 [M—H]", consistent with the molecular
formula C,0H,,01. The 'TH-NMR spectrum of 1 exhibited
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Fig. 2. Online DPPH screening coupled with LC-QTOF-MS analysis of the EtOAc fraction from Z. serrata leaves and twigs. Base peak
chromatogram (upper panel) and DPPH radical scavenging trace (lower panel, negative peaks indicate antioxidant activity) of the EtOAc

fraction.
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Fig. 3. MS/MS fragmentation spectra and diagnostic fragmentation patterns of compounds detected in the EtOAc fraction.
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Table 1. Identification of chemical constituents from the EtOAc fraction of Z. serrata leaves and twigs using LC-QTOF-MS/MS

Observed

Molecular

No. mass (]f)gr?lr) formulair MSM?mf;j)gments (rril;n) 0, UVnm) Identification
(m/z) [M-H] maxs
1" 421.1142 0.5  CyH,; 050 289.0709, 137.0234 1252 220,280 Catechin-7-O-f-D-xylopyranoside
2" 449.1092 0.7 CyH,,0,,  359.0774, 329.0664 12.77 225,295 Aromadendrin-6-C-f3-D-glucopyranoside
3" 421.1139 —02  CyH, 04  289.0710, 137.0238 13.08 225,295 Catechin-7-O-B-D-apiofuranoside
4" 289.0718 45 C;sH30¢  245.0815,137.0240 1339 210,230, 280 Catechin
5% 137.0238  —0.7 C;HsO; 93.0336 13.76 250 4-Hydroxybenzoic acid
6" 167.0355 6.5  CgH,04 152.0118 13.89 225,260, 295 Vanillic acid
7" 433.1148 30 CyHy;O4 367.1025,307.1395 1483 290 Hemiphloin
8" 463.0892 22  CyHpOp;  300.0265 15.51 205,267,360 Isoquercetin
9  465.1045 2.6 CyH, 01, 374.0719, 345.0610 11.77 220, 290 Taxifolin-6-C-B-D-glucopyranoside
10  463.0885 0.6  Cy;Hi 90, 386.0723,179.0346  14.26 205, 260, 380 Hyperoside
11 447.0937 22 CyHpOy;  357.0574,327.0504 1533 202,270,370 Isoorientin

* Identified using isolated compounds.

an ABX coupling system [dy 6.84 (1H, d, J = 2.0 Hz, H-
2", 6.77 (1H, d, J = 8.1 Hz, H-5'), 6.73 (1H, dd, J = 8.1,
2.0 Hz, H-6")], two meta-coupled doublets at oy 6.18 (1H,
d,J=2.3 Hz, H-6) and 6.12 (1H, d, J = 2.3 Hz, H-8), two
hydroxylated methine at dy 4.61 (1H, d, J = 7.4 Hz, H-2)
and 4.01 (1H, td, J = 7.4, 5.4 Hz, H-3), one methylene at
on 2.86 (1H, dd, J = 16.3, 5.4 Hz) and 2.55 (1H, dd, J =
16.3, 8.0 Hz), and one anomeric proton at oy 4.77 (1H, d,
J = 7.2 Hz, H-1"). These spectroscopic data were in
complete agreement with those reported for catechin-7-O-
B-D-xylopyranoside previously isolated from U. macrocarpa.'®
Accordingly, the structure of 1 was unambiguously assigned
as catechin-7-O-B-D-xylopyranoside.

Compound 3 displayed spectroscopic features characteristic
of a catechin moiety similar to those of compound 1, with
the exception of the sugar moiety signals. The 'H NMR
spectrum exhibited resonances at oy 5.49 (1H, d, /= 3.0 Hz),
4.14 (1H, d, J = 3.0 Hz), 4.09 (1H, d, J = 9.7 Hz), 3.85
(1H, d, J=9.7 Hz), 3.64 (1H, d, J = 11.5 Hz), 3.61 (1H,
d, J=11.5 Hz), indicative of an apiofuranoside unit rather
than the xylopyranoside moiety present in 1. Comparison
with literature data confirmed compound 3 as catechin-7-
O-B-D-apiofuranoside."”

Compound 7 was assigned the molecular formula
C,H,019 based on HRESIMS analysis. The 'H-NMR
spectrum revealed an A,B, coupling pattern with signals
at oy 7.31 (2H, d, J = 8.6 Hz, H-2', H-6"), 6.82 2H, d, J =
8.6 Hz, H-3', H-5"), characteristic of a para-disubstituted
B-ring. Additional resonances included an aromatic singlet
at oy 5.97 (1H, s, H-8), an oxygenated methine proton at
oy 5.34 (1H, dd, J = 12.7, 3.0 Hz), a methylene group at

oy 3.12 (1H, dd, J=17.1, 12.7 Hz) and 2.73 (1H, dd, J =
17.1, 3.0 Hz), and an anomeric proton at dy 4.80 (1H, d,
J=9.9 Hz, H-1"). The spectroscopic features of 7 were
consistent with those reported for naringenin-6-C-B-D-
glucopyranoside, leading to its structural assignment as
this known flavonoid glycoside.'®

To validate the online DPPH screening and evaluate the
contribution of individual compounds to the EtOAc fraction's
antioxidant activity, all isolated compounds were assessed
using both DPPH and ABTS radical scavenging assays
(Table 2).

Table 2. DPPH and ABTS radical scavenging activity of the
isolated compounds from Z. serrata

Compounds 1Cs0 (MY
DPPH ABTS
1 126.1 £15.15 50.90 + 4.34
2 >200 98.91 +12.55
3 56.36 £9.62 36.02 £ 4.20
4 13.67+£1.21 2.69 £ 0.48
5 > 200 31.48 £8.93
6 >200 8.79+0.92
7 >200 56.54 + 1.61
8 165.95 + 2.55 9.74 £ 2.68
Ascorbic acid® 61.51 +10.22
Trolox® 822+2.16

? These data are expressed as the mean = SEM of triplicate exper-

iments.

b ¢ Positive controls for DPPH and ABTS scavenging assays,

respectively.
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In the online LC-MS-DPPH screening, the most prominent
negative peaks corresponded to the retention time regions
of compounds 3 and 4, reflecting their superior intrinsic
radical scavenging capacity rather than their relative
abundance in the fraction, as confirmed by individual 1Cs
determination (Table 2). Compound 4 exhibited the most
potent DPPH radical scavenging activity (ICso = 13.67 +
1.21 uM), significantly surpassing the positive control
ascorbic acid (ICso = 61.51 £ 10.22 uM). Compound 3
also displayed notable activity (ICso = 56.36 = 9.62 pM),
comparable to ascorbic acid. Compounds 1 and 8 showed
moderate activity with ICs values of 126.1 + 15.15 uM and
165.95 £2.55 uM, respectively. The remaining compounds
showed no significant DPPH activity (ICs, > 200 uM),
consistent with the weak negative deflections observed in
their corresponding retention time regions during online
screening.

In the ABTS assay, compound 4 again demonstrated
the strongest activity (ICs;= 2.69 £+ 0.48 uM), which was
approximately 3-fold more potent than Trolox (ICsy =
8.22 £ 2.16 pM). Notably, compounds 6 and 8 exhibited
strong ABTS radical scavenging activity (ICso = 8.79 +
0.92 uM and 9.74 + 2.68 pM, respectively), comparable
to Trolox. All tested compounds showed measurable
activity in the ABTS assay, with ICs, values ranging from
2.69 to 98.91 uM.

The radical scavenging activities of compounds 1-3
and 58 were also in good agreement with those
previously reported for their respective compound classes,
including catechin glycosides (1 and 3), C-glycosylated
flavanonols and flavanones (2 and 7),>** hydroxybenzoic
acid derivatives (5 and 6),%° and isoquercetin (8).%

The discrepancies in ICsy values between the two assays
(Table 2) stem from different structural requirements.
DPPH scavenging is more restrictive, often requiring
specific features like catechol groups (Bors criteria),
which explains the weak activity of 5 and 6. Conversely,
the methoxy group in 6 notably enhanced its ABTS
scavenging potency. Furthermore, steric hindrance from
bulky sugar moieties in glycosides 7 and 8 likely
obstructed access to the large DPPH radical, whereas the
less hindered ABTS radical reacted more effectively with
these structures.”®>°

The potent activity of 4 in both assays identifies it as
the principal antioxidant, corroborating the significant
negative peak observed during LC-MS-DPPH screening.
These results validate the LC-MS-DPPH hyphenated
approach for efficient identification of bioactive antioxidants
in Z. serrata leaves and twigs.

In conclusion, through systematic bioactivity-guided

Natural Product Sciences

investigation, this study identified the antioxidant constituents
of Z. serrata leaves and twigs. Comparative tissue screening,
solvent fractionation, and LC-MS-DPPH online analysis
enabled efficient isolation of eight compounds, among
which catechin (4) was identified as the primary antioxidant.
Notably, compounds 1, 3, and 7 are reported from the genus
Zelkova for the first time. These findings demonstrate the
effectiveness of the LC-MS-DPPH hyphenated approach
for natural product discovery and establish Z. serrata as a
promising source of bioactive antioxidants with potential
therapeutic applications.
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