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ABSTRACT: Peucedanum japonicum Thunberg, a medicinal plant, remains understudied despite its potential therapeutic benefits.
This study aimed to determine the phytochemical profiles and antioxidant capacities in the extracts of different accessions of P.
japonicum by measuring the total polyphenol and flavonoid content of the P. japonicum extracts coupled with DPPH and ABTS+
assays. In addition, phytochemical screening via LC−MS/MS and high-performance liquid chromatography analysis quantified nine
compounds wherein chlorogenic acid (CA) was found to be the most abundant in all compounds while hyperoside and peucedanol
were the least. Results showed variation in these compounds’ content among accessions (2.01−21.31 mg/g CA) and plant parts
(0.34−19.57 mg/g CA), with leaves generally showing higher antioxidant activity. The abundance of these compounds These
integrated analyses provide insights into the phytochemical composition and antioxidant activity of this understudied plant,
contributing to advances in natural product chemistry and potential therapeutic applications.

1. INTRODUCTION
Secondary metabolites are compounds synthesized by
organisms that are not directly involved in growth or
reproduction, but confer selective advantages, such as defense
against predators or environmental stressors.1 These bioactive
compounds, whether used alone or in combination, have
medicinal properties that often surpass those of synthetic
drugs. In addition, they can enhance the therapeutic effects of
other compounds in drug formulations.2 In plants, secondary
metabolites serve primarily as antioxidants, protecting them
from oxidative damage caused by various stressors.3

Plants generally contain a wide variety of these metabolites
which vary in concentration and type from plant to plant.4

Even different individuals of the same plant species will almost
always have different concentrations and types of metabolites
in them. This is because these metabolites are strongly
controlled by environmental factors.5 Plants growing in
stressful environments often produce higher concentrations
of these metabolites because they need them to avoid oxidative

stress.6 Therefore, phytochemical profiling is very important in
the field of natural product research. However, there are still
plants that have received little attention or interest.
One such plant is Peucedanum japonicum Thunberg. of the

family Apiaceae also known as coastal hog fennel. It is a hardy
perennial that grows well in a variety of environments,
including sandy soils, rocky crevices, and coastal dunes.7 It
has a tall stature with an erect stem that branches out, reaching
heights of 60 to 100 cm, and its strong roots provide stability
and nutrition even in harsh conditions. The compound leaves
are arranged alternately along the stem, with each leaf having
three leaflets (ternate) that may be further divided into three
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leaflets (biternate). These leaves have a unique sheen due to
their hairless, shiny surface. Several parts of Korea, including
Gyeonggi, Gangwon, Chungnam, Jeonnam, Gyeongbuk,
Gyeongnam, and Jeju, are home to this plant,8 which can
also be found in the Philippines, China, Taiwan, and Japan.9

In Korea, P. japonicum young leaves and stems are consumed
as vegetables,10 but are also valued for their therapeutic effects
in some Asian countries.8,11 Specifically, in Korea, the roots are
used to treat headaches and coughs, while in Japan, the leaves

are used as an herbal remedy to treat coughs.12 The plant has
also been shown to have antiobesity,13 antidiabetic,14 and
antiosteoporosis15 properties. These medicinal properties can
be attributed to the numerous phytochemicals found in this
species. Such bioactive compounds from plants have received
increasing attention in recent years.16 Prior studies that
detected and quantified the phytochemical constituents of
this plant are scant. Phytochemical constituents like neo-
chlorogenic acid (1), chlorogenic acid (CA) (2), crypto-

Table 1. Accession Names, Harvest Date, and Tissues of P. japonicum Used for Metabolite Analysis

no accession name

harvest date of leaves

Jun 27 (A) Jul 20 (B) Aug 17 (C) Sep 07 (D) Oct 05 (E) Nov 07 (F) Nov 23 (R)

S1 SNU-59 S1-A S1-B S1-C S1-D S1-E S1-F S1-R
S2 SNU-5 S2-A S2-B S2-C S2-D S2-E S2-F S2-R
S3 SNU-18 -a S3-F S3-R
S4 SNU-6 S4-F S4-R
S5 SNU-25 S2-F S2-R
S6 SNU-31 S6-F S6-R

aNot used for the metabolite analysis.

Figure 1. Images of the cultivation field (A) and root morphologies of the six selected accessions (B). The leaves and roots of 60 of the P.
japonicum accessions pictured in (A) were selected based on their good yield during the last 5 years of these 60 accessions, six elite accessions were
used for the metabolite analysis.
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chlorogenic acid (3), peucedanol 7-O-glucoside (4), rutin (6),
and peucedanol (8) previously isolated from the leaves of this
plant.10 The present work also wanted to check if the same
compounds previously isolated from the leaves are also in the
roots of the plant.
In this study, the leaf extracts of two P. japonicum accessions

(S1 and S2) and the leaf and root extracts of six accessions
(S1−S6) were used to compare the total polyphenol (TPC)
and total flavonoid (TFC) contents, coupled with 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azinobis(3-ethyl-
benzothiazoline-6-sulfonate) (ABTS+) assays to determine
their antioxidant activities. In order to gain insight into the
nature of the compounds present in the extracts, phytochem-
ical screenings were performed using liquid chromatography-
tandem mass spectrometry (LC−MS/MS), and the com-

pounds detected were quantified by high-performance liquid
chromatography (HPLC). To the best of our knowledge, this
is the first study that investigated the differences in the
phytochemical content among the different parts of this plant,
as well as the effects of harvest time. Previous studies only
focused on either stems and leaves or the roots alone. The
results of this study can be used in the development of
functional foods, and novel medicinal ingredients, and as a
reference for future phytochemical studies.

2. MATERIALS AND METHODS
2.1. Plant Materials. P. japonicum germplasms were

obtained from various locations, including Goheung, Geumo
Island, Wando, Jeju Island, and Ulleung Island, Korea.
Pedigree selection for the development of inbred lines was

Figure 2. Chemical structures of neochlorogenic acid (1), CA (2), cryptochlorogenic acid (3), peucedanol 7-O-glucoside (4), 3-O-
coumaroylquinic acid (5), rutin (6), hyperoside (7), peucedanol (8), and diosmin (9).
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carried out at the Seoul National University farm in Suwon,
Gyeonggi-do, Korea.17 From a pool of genetically diverse
conserved resources, 60 accessions were carefully selected
based on their superior yield and cultivated according to a
standard cultivation protocol. Each accession was systemati-
cally planted in blocks of 25 individual plants spaced 14 cm
apart.
2.2. Harvest of the Leaves and Roots of P. japonicum.

From the 60 groups, six accessions (S1−S6) known for their
robust yields were selected for detailed leaf and root sampling.
Leaves of S1 and S2 of accessions were collected from June 27
to October 5 at 3 to 4 week intervals and from all six accessions
on November 7, and roots were collected from all six
accessions on November 23, as documented in Table 1 and
Figure 1. After harvest, the leaves and roots were processed by
drying and powdering.
2.3. Instruments and Reagents. The HPLC analysis was

performed using an Agilent 1260 Infinity II Quat Pump (Santa
Clara, CA, USA) equipped with an Agilent variable wavelength
(VW) detector and a YMC Pack-Pro C18 column (250 mm ×
4.6 mm, 5 μm). The HPLC grade solvents trifluoroacetic acid
(TFA) and acetonitrile (ACN) were purchased from J. T.
Baker (Radnor, PA, USA). The standards, neochlorogenic acid
(1), CA (2), cryptochlorogenic acid (3), peucedanol 7-O-
glucoside (4), 3-O-coumaroylquinic acid (5), rutin (6),
hyperoside (7), peucedanol (8), and diosmin (9) were
generously provided by the Natural Product Institute of
Science and Technology (www.nist.re.kr), Anseong, Korea
(Figure 2).
2.4. Extraction. Ten grams of each powdered sample was

combined with 200 mL of 95% ethanol (EtOH) and subjected
to three reflux extractions. After each extraction, the extracts
were filtered through Whatman qualitative filter paper, grade 1
(Bernolsheim, France), and concentrated using an Eyela N-
1210BVF rotary evaporator (Tokyo, Japan). Concentrated
extracts were stored until further use.
2.5. TPC Analysis. The TPCs of the P. japonicum extracts

were measured following the same procedures as described in
our previous publication.18 Briefly, 60 μL of each extract was
dispensed into a 96-well microplate. Then, 40 μL of Folin−
Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA) and
100 μL of 7.5% sodium carbonate (Na2CO3) solution were
added to the same wells. The plate was vortexed using a
Micromixer MX4 microplate reader (FINEPCR, Gunpo,
Republic of Korea). It was then incubated for 30 min at
room temperature in the dark to allow the reaction to occur.
The absorbance of the solutions was then measured at 760 nm
using a microplate reader (Epoch; BioTek, Winooski, VT,
USA). The TPC expressed as mg tannic acid equivalent
(TAE)/g P. japonicum extract, was determined using a
standard curve constructed from different concentrations of
tannic acid.
2.6. TFC Analysis. As with the TPC assay, the TFC of the

P. japonicum extracts was measured using a method described
in the same study.18 One hundred μL of each extract was
dispensed into a 96-well microplate and added to 100 μL of 2%
aluminum chloride hexahydrate (AlCl3·6H2O) solution. The
plate was briefly vortexed using a Micromixer MX4 microplate
reader (FINEPCR, Gunpo, Korea) and then incubated for 10
min at room temperature. After incubation, the absorbance of
the samples was read at 430 nm using an Epoch microplate
reader (BioTek). The TFC was determined using a standard
curve derived from different concentrations of quercetin and

expressed as mg quercetin equivalent (QE)/g P. japonicum
extract.
2.7. DPPH Radical Scavenging Assay. The methodology

used in this study was adapted from our previously published
work.18 The experimental procedure began with the
preparation of a 0.2 mM DPPH working solution, obtained
by diluting the initial DPPH stock solution with 95% EtOH.
Next, 10 μL of the plant extracts were combined with 200 μL
of the DPPH working solution in the wells of a 96-well plate,
with three replicates to ensure precision. After thorough mixing
on a microplate shaker, the solutions were incubated in the
dark for 30 min. Then, their absorbance was measured at a
wavelength of 514 nm (OD514) using ascorbic acid as a
standard for comparison. The rate of DPPH radical scavenging
was then calculated using the equation

=

×

DPPH radical scavenging activity (%)

(blank OD Sample OD )/ blank OD

100
514 514 514

2.8. ABTS+ Radical Scavenging Assay. The method-
ology used in this assay was also adapted from our previous
work.18 First, the ABTS stock solution was prepared and was
subsequently diluted with water to make the ABTS working
solution. Next, 10 μL of each plant extract was combined with
200 μL of ABTS working solution in the wells of a 96-well
plate with three replicates. After thorough mixing and
incubation for 30 min in the dark, absorbance was recorded
at 734 nm (OD734) using ascorbic acid as a comparative
standard. The ABTS radical scavenging rate was calculated
using the equation

= ×

+ABTS radical scavenging activity (%)
(blank OD Sample OD )

blank OD
100734 734

734

2.9. LC−MS/MS Conditions. The LC−MS/MS was
performed on an LC system comprising a Thermo Vanquish
UHPLC instrument equipped with a Waters Cortex T3
column (150 mm × 2.1 mm, particle size 1.6 μm). The
temperature was maintained at 45 °C. The mobile phase
consisted of 0.1% HCOOH in water (eluent A) and 0.1%
HCOOH in ACN (eluent B). A gradient was applied and the
flow rate was set at 0.25 mL/min. A Triple TOF 5600+ system
(AB SCIEX, USA) with a heated electrospray ion source (H-
ESI) was used for mass spectrometric analysis. Using a
quadrupole system with a resolution setting of 70,000, the
mass spectrometer produced survey full-scan MS spectra (m/z
100−1500) while operating in both positive and negative ion
modes. For the positive ion mode, the spray voltage was set to
3.5 kV. MS2 fragmentation was performed on the 15 most
energetic precursor ions, and spectra were acquired at 17,500
resolutions. Additional MS parameters included a capillary
temperature of 320 °C, sheath gas at 50 AU, sweep gas at 1
AU, and auxiliary gas flow rate at 10 AU.
2.10. HPLC Sample and Standard Solutions Prepara-

tion. The P. japonicum extracts were dissolved in HPLC-grade
methanol to obtain a concentration of 30 mg/mL. Similarly,
the nine standard compounds (neochlorogenic acid, CA,
cryptochlorogenic acid, peucedanol 7-O-glucoside, 3-O-cou-
maroylquinic acid, rutin, hyperoside, peucedanol, and diosmin)
were also dissolved in the same solvent to obtain a
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concentration of 1 mg/mL. All solutions were then sonicated
for 15−20 min and filtered through a polyvinylidene fluoride
(PVDF) membrane filter with a pore size of 0.45 μm. The
standard solutions were then diluted to obtain five
concentrations (0.5−0.03125 mg/mL) suitable for calculations
in the quantitative analysis.
2.11. HPLC Conditions. The P. japonicum extracts were

subjected to quantitative HPLC analysis performed using an
Agilent 1260 Infinity II Quat Pump (Santa Clara, CA, USA)
equipped with an Agilent VW detector (Santa Clara, CA,

USA) and a YMC Pack-Pro C18 column (250 mm × 4.6 mm,
5 μm). The mobile phase used was a gradient elution
consisting of 0.1% TFA in water (A) and ACN (B). The
gradient elution conditions included these steps: 90% A from 0
to 10 min, decreasing to 40% A at 40 min and to 0% A at 45
min, and then returning to 90% A at 60 min and holding until
70 min. The injection volume was 10 μL and the flow rate was
1.0 mL/min. The detector wavelength was set at 330 nm.
2.12. Calibration Curve Construction. The calibration

curves were constructed for each standard solution using the

Figure 3. Leaf yields for six P. japonicum accessions harvested at different dates. Fully expanded leaves were harvested from six accessions which
were collected from 25 individual plants in a 1 × 1 m block for each accession.

Figure 4. Total phenolic content (TPC; top) and TFC content (TFC; bottom) of the leaf and root extracts of six accessions (S1−S6); (A) and leaf
extracts of accessions S1 and S2 at six harvest dates (B). The leaves and roots for the extracts in (A) were harvested on November 7 and 23. The
results are expressed as the mean ± SD (n = 3).
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five concentrations obtained through dilution. The linearity of
the calibration curves was then evaluated using the coefficient
of determination (R2), and the content of the target compound
was calculated using the equation derived from the calibration
curve. For the calibration correction function of the standard
compound, the solution concentration (in μg/mL) was plotted
on the x-axis, while the peak area was plotted on the y-axis.
The mean (n = 3) ± standard deviation (SD) was used as the
value to be substituted. To calculate the lowest detectable
amount or concentration of the analyte (LOD) and minimum
quantifiable amount of analyte with acceptable repeatability
and accuracy (LOQ), the following formulas were used: LOD
= 3.3 (σ/S) and LOQ = 10 (σ/S). These formulas were based
on the SD values of the intercept (σ) and the slope (S).
2.13. Statistical Analysis. Results were obtained from

three independent experiments (triplicates) and are presented
as mean ± SD for all analyses except LC−MS/MS. The data
were tested for normality and lognormality before being
treated. Statistical significance was assessed using a one-way
analysis of variance followed by Tukey’s post hoc test based on
an acceptable type-1 error rate of p < 0.05. All statistical
analyses and graphs except the calibration curves, were
performed using GraphPad Prism 8.0.2 statistical software
(GraphPad Software, Boston, MA 02110, USA). The
calibration curves were generated were generated using the
Agilent OpenLab software.

3. RESULTS AND DISCUSSION
3.1. Leaf Growth and Yield of Six Accessions. In this

study, 25 individual plants per accession were grown in a 1 × 1
m block, spaced 14 cm apart. Leaves from 60 accessions were
regularly harvested at three-week intervals for a total of six
harvests. Of the 60 accessions, six were specifically selected for
detailed metabolite analysis. During the growing season from
June to October, leaf regrowth was observed within 3 to 4
weeks after harvest in all lines. The volume of leaf growth was
consistent in five of the accessions, S1−S5, but was
significantly lower in S6. The total yield of the six harvests
was approximately 120 g for S1−S5, while that for S6 was less
than 100 g as shown in Figure 3. This difference in growth and
yield highlights the variability in metabolic performance and
growth dynamics among the selected accessions.
3.2. TPC and TFC Assays. Polyphenols and flavonoids,

which are abundant in plant foods and herbal medicines, are
known for their potent bioactive properties.19 These
compounds exhibit antioxidant, anti-inflammatory, anticancer,
antimicrobial, and cardioprotective effects, scavenge free
radicals; modulate inflammatory pathways, inhibit tumor
growth; and combat microbial infections.20,21 Their multiple
health benefits make them promising candidates for disease
prevention and treatment. Therefore, the determination of
TPC and TFC is critical for the characterization of natural
products and extracts, providing insight into their phytochem-
ical composition and potential health benefits. By quantifying
the concentrations of polyphenolic and flavonoid compounds,
TPC and TFC assays provide an estimate of the sample’s

Figure 5. Results of DPPH (top) and ABTS (bottom) assays of the leaf and root extracts of six accessions (S1−S6); (A) and leaf extracts of
accessions S1 and S2 at six harvest dates (B). The leaves and roots for the extracts in (A) were harvested on November 7 and 23. The results are
expressed as the mean IC50 concentrations ± SD (n = 3), and the lowercase letters indicate significance groupings: means associated with the same
letter are not significantly different (p < 0.005).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05561
ACS Omega 2024, 9, 41616−41628

41621

https://pubs.acs.org/doi/10.1021/acsomega.4c05561?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05561?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05561?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05561?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


antioxidant capacity, which is critical in combating oxidative
stress and preventing cellular damage.22

In this study, the TPC and TFC of leaves and roots of six
different P. japonicum accessions harvested at the same time of
year and the leaves of two harvested over six months were
measured using colorimetric methods (Figure 4). The results
showed that the TPC and TFC of accessions S1 and S2
fluctuated over the six-month period, and no clear trend could
be deduced from the data itself. However, the average TPC of
S1 (7.67 mg TAE/g extract) was higher than that of S2 (7.57
mg TAE/g extract) over the six months of the growth period
with S1-F having the highest TPC of 8.91 mg TAE/g extract
while S2-A having 9.54 mg TAE/g extract. A similar
observation was made with respect to TFC, where S2 had an
average TFC of 2.70 mg QE/g extract, while that of S1 was
only 1.90 mg QE/g extract. Among S1 samples, S1-C had the
highest TFC with 2.82 mg QE/g extract while S2-E had the
highest at 3.31 mg QE/g extract in S2 samples. Thus, accession
S2 generally had more polyphenols and flavonoids compared
to its counterpart. There was no clear relationship or trend
observed among the samples.
On the other hand, the roots of the six different accessions

generally had lower TPC and TFC compared to their leaf
counterparts. The highest TPC was recorded from S2 leaves
(9.54 mg TAE/g extract), while the lowest was from S6 roots
(2.06 mg TAE/g extract). Regarding TFC, S2 leaves still
showed the highest content with 2.96 mg QE/g extract, while
the lowest was recorded from S4-R with 0.28 mg QE/g extract.
The results are consistent with those of our previous study.18

This is because the leaves or aerial parts of the plant are more
involved in photosynthesis which is associated with reactive
oxygen species formation and thus generate more secondary
metabolites that act as antioxidants compared to the roots.

In a previous study, the TPC and TFC of P. japonicum root
extracts were investigated using both distilled water and EtOH
as solvents.23 The results showed that EtOH extract had the
highest TPC of 5.64 mg GAE/g and TFC of 664.17 μg QE/g
compared to water extract with values of 4.75 mg GAE/g and
541.61 μg QE/g, respectively. Despite the use of EtOH for
extraction in the present study, lower TPC and TFC results
were still observed. This discrepancy may be due to differences
in extraction methods, which include differences in extraction
time and temperature, all of which can affect the efficiency of
compound extraction.24,25 In addition, differences in analytical
techniques and quantification standards may also contribute to
inconsistent results.26 These discrepancies highlight the need
to consider various factors in experimental design and
interpretation to ensure accurate and reliable comparisons
between studies.
3.3. DPPH and ABTS+ Radical Scavenging Assays. As

mentioned above, polyphenols and flavonoids, the primary
constituents quantified by TPC and TFC assays, are well-
known for their potent antioxidant properties. Therefore, the
evaluation of radical scavenging activity using DPPH and
ABTS+ assays serves as a functional assessment of the
antioxidant capacity of the sample.27 Figure 5 shows the
differences in IC50 values of all samples used in this study.
The DPPH radical scavenging assay showed significant

differences in the IC50 values of each sample. Accession S1,
harvested at the third month (S1-C), showed superior
antioxidant activity (4.09 mg/mL) than S1 samples harvested
at different months. For accession S2, the samples harvested on
the fifth month (S2-E in Table 1) outperformed the other S2
samples with an IC50 value of 3.82 mg/mL. However, in
general, S1 samples have lower IC50 values compared to their
S2 counterparts. For the leaves and roots of the six P.

Figure 6. UV chromatogram of S2-A at 330 nm (A) and the base peak chromatogram of S2-A that was analyzed in negative ion mode (B).
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japonicum accessions harvested at the same time of the year,
the leaves showed superior antioxidant activity compared to
their root counterparts. The IC50 values of all the root samples
are above 10 mg/mL while those of all the leaf samples were
below. There was not much difference in the IC50 values of all
the root samples, while in the leaf samples, S4 outperformed its
counterparts. Two of the root samples showed no DPPH
activity.
In the ABTS+ assay, the same trend was observed when

comparing the S1 and S2 accessions: S1 produced better
average IC50 values than S2. For the S1 accession samples,
those harvested in the fourth month (S1-D) showed a superior
ABTS+ radical scavenging ability (4.52 mg/mL), whereas, for
the S2 accession samples, the best IC50 value was observed in
S2-E (5.84 mg/mL). For the six P. japonicum accessions
harvested at the same time of the year, the leaf samples again
showed better antioxidant activity than the root samples.
Specifically, the lowest IC50 value recorded from the leaf
samples was 6.29 mg/mL from the leaves of accession S6,
while the lowest IC50 value from the root samples was
observed from accession S3 (11.36 mg/mL). As seen in the
DPPH assay, S1 and S2 roots did not show any antioxidant
activity.
A previous study using P. japonicum showed that the root

extracts of this plant had strong antioxidant activity when
evaluated by DPPH and ABTS+ assays.23 Specifically, the
DPPH radical scavenging assay of the extracts was 95.5% at
1000 μg/mL, while the ABTS+ radical scavenging assay was
87.2% at 2000 μg/mL. These results are not consistent with
the results of the present study as the root samples here
showed relatively low antioxidant activities. The contrasting
results warrant careful consideration.23 Several factors may
contribute to these differences, including variations in
extraction methods, sample preparation, plant maturity,
environmental factors, and genetic variability among plant
populations.28 It is also important to consider potential
differences in the chemical composition of the extracts,
which could affect their antioxidant properties.
High levels of TPC and TFC are often associated with

strong radical scavenging activity as they indicate the presence
of bioactive compounds capable of counteracting oxidative
damage and promoting cellular health.29 However, although S2
had higher TPCs and TFCs, S1 still generally produced lower
IC50 values in both antioxidant assays. This could be due to
compounds found in the samples that are not polyphenolic and
therefore were not detected by the TPC and TFC assays. This
underscores the importance of characterizing the relationship
between phytochemical composition and antioxidant activity
by measuring both TPC and TFC and DPPH and ABTS+
radical scavenging activity, as it provides a comprehensive
understanding of the potential health-promoting effects of the
sample and its suitability for various applications in preventive
and therapeutic interventions.30

3.4. LC−MS/MS and HPLC Results. To characterize the
compounds responsible for the antioxidant activities observed,
phytochemical profiling was performed by LC−MS/MS
(Figure 6). A representative sample was analyzed in both
positive and negative ionization modes, and the negative mode
was able to detect 12 compounds compared to only five in the
positive ionization mode (Table 2). This is because
compounds that are inherently more polar or acidic ionize
better in the negative mode.31

Nine compounds of interest were then quantified using an
HPLC analysis, namely neochlorogenic acid (1), CA (2),
cryptochlorogenic acid (3), peucedanol 7-O-glucoside (4), 3-
O-coumaroylquinic acid (5), rutin (6), hyperoside (7),
peucedanol (8), and diosmin (9) with good linearity and
retention times (Table 3). The methods used in the analysis

yielded good compound separation (Figure 7) and retention
times. These compounds are known to have bioactive
properties that contribute to improved heart health, blood
circulation, and protection against chronic diseases.32 They
also have significant potential for pharmaceutical and nutri-
tional applications due to their diverse therapeutic effects. The
detection of these compounds can explain the antioxidant
activities observed from the previous assays.
3.5. Concentration of the Nine Compounds in the

Roots and Leaves of the Six Accessions. Analysis of the
HPLC data revealed several notable trends and relationships
among the samples (Figure 8). The content of several
compounds showed significant differences between leaves
and roots. Six compounds (neochlorogenic acid, CA,
cryptochlorogenic acid, 3-O-coumaroylquinic acid, rutin, and
diosmin) were particularly abundant in the leaves, while
peucedanol 7-O-glucoside, although measured in both leaves
and roots, was more abundant in the roots.9.
On the other hand, hyperoside (7) and peucedanol (8) were

detected at varying concentrations in the roots but were absent
from the leaves of six accessions. Trace amounts of hyperoside
(7) were detected in the roots of accessions S1, S2, and S6, but
S3 was rich in the compound. Regarding peucedanol (8),

Table 2. Proposed Compounds Based on LC−MS/MS
Analysis in Negative (MW [M − H]−) Mode

retention time (min) MW [M − H]− tentative identification

5.57 154.0 protocatechuic acid
7.43 354.1 neochlorogenic acid
9.67 338.1 5-coumaroylquinic acid
10.96 354.1 chlorogenic acid
11.38 354.1 cryptochlorogenic acid
13.23 354.1 1-caffeoylquinic acid
13.93 338.1 3-O-coumaroylquinic acid
19.70 610.2 rutin
20.03 464.1 hyperoside
21.93 610.2 hesperidin
22.10 608.2 diosmin

Table 3. Calibration Curve Equations and Statistics for
Compounds 1−9

compounda tR (min) regression equation R2

1 7.6 y = 22578.951x + 43.529 0.9998
2 13.8 y = 23601.509x + 123.089 0.9991
3 15.4 y = 21705.563x + 29.058 0.9999
4 17.8 y = 9364.747x + 43.074 0.9993
5 18.7 y = 20345.459x + 65.135 0.9998
6 22.0 y = 9220.838x + 33.914 0.9995
7 22.5 y = 12876.292x + 47.843 0.9996
8 23.5 y = 23315.967x + 219.979 0.9948
9 24.4 y = 14228.972x + 19.781 0.9999

aNeochlorogenic acid (1), CA (2), cryptochlorogenic acid (3),
peucedanol 7-O-glucoside (4), 3-O-coumaroylquinic acid (5), rutin
(6), hyperoside (7), peucedanol (8), and diosmin (9).
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significantly large amounts were detected in the roots of S1,
but only low amounts were detected in S2 and S3, and trace
amounts were detected in S4, S5, and S6.
A large variation in the contents of compounds was detected

among the six accessions, which could be due to environmental
influences33 or differences in gene regulation for the
biosynthetic pathway of each compound. This variation
highlights the importance of considering tissue- and
genotype-specific variation in phytochemical composition for
gaining a comprehensive understanding of plant metabolism.
In relation to the antioxidant assays conducted, the HPLC

quantification of compounds revealed that CA (2) and rutin
(6) were present in significant amounts in samples with
notable antioxidant activities.
Among the leaf extracts, S4-F showed the highest

antioxidant activity with the lowest DPPH IC50 value of 6.58
mg/mL. This sample had a notably high content of CA (2)
(17.30 mg/g) and a significant amount of rutin (6) (2.60 mg/
g). Another highly active leaf extract, S6-F, exhibited the lowest
ABTS IC50 value of 6.29 mg/mL and also contained high levels
of CA (2) (18.48 mg/g) and rutin (6) (2.31 mg/g). These
results suggest that CA (2) and rutin (6) are major
contributors to the antioxidant activity of leaf extracts. In
contrast, S2-F exhibited the lowest antioxidant activity among
leaf samples with a DPPH IC50 value of 9.12 mg/mL,
correlating with its relatively lower CA (2) content (11.60 mg/
g).
Conversely, root extracts generally showed lower antioxidant

activities compared to the leaf extracts. The highest antioxidant
activity among the root extracts was observed in S3-R, with a
DPPH IC50 value of 13.25 mg/mL and an ABTS IC50 value of
11.36 mg/mL. This sample had a moderate CA (2) content
(1.43 mg/g) and significant amounts of other compounds such
as peucedanol 7-O-glucoside (4) (6.38 mg/g) and hyperoside
(7) (0.55 mg/g). On the other hand, S1-R displayed no
measurable antioxidant activity, indicating a lack of significant
amounts of potent phenolic compounds, with a total
compound content of only 3.32 mg/g. This disparity suggests
that the higher concentrations of CA (2) and rutin (6) in the
leaf extracts contribute to their stronger antioxidant properties.
These results are also consistent with the TPC and TFC assays
where the leaves generally had more phytochemicals. As
mentioned above, the roots contain a lesser amount of these
bioactive compounds because leaves have more substantial
photosynthetic activity compared to the roots.34 Comparison
between the leaves and roots of this plant has never been
documented as of this writing.
3.6. Concentration of the Nine Compounds in the

Leaves of Two Accessions Harvested Monthly for Six

Months. Variations in the contents were observed in leaf
samples collected every month during the growth period.
Accessions S1 and S2 showed similar patterns over time, with
S1 generally containing higher amounts of compounds. When
comparing accessions S1 and S2, S1 had consistently higher
CA levels than S2 in all the leaf samples harvested from June to
November. For example, S1-A’s CA (2) content was 7.67 mg/
g, while S2-A had only 5.70 mg/g (Figure 9). Similarly, S1
generally contained higher levels of cryptochlorogenic acid (3)
than S2. In sample S1−C, the cryptochlorogenic acid (3)
content was 4.35 mg/g, while in S2-C, it was 4.06 mg/g.
Notably, hyperoside (7) and peucedanol (8) were not
detected in any of the leaf samples at any time. Peucedanol
7-O-glucoside (4) showed no substantial changes in all six leaf
samples over the sampling period. The other six compounds
such as neochlorogenic acid (1), CA (2), cryptochlorogenic
acid (3), 3-O-coumaroylquinic acid (5), rutin (6) and diosmin
(9) were abundant in the leaves. Among them, diosmin (9)
shows relatively little change over the season in accession S2,
but it decreases dramatically in August in accession S1.
However, the other five compounds such as neochlorogenic
acid (1), CA (2), cryptochlorogenic acid (3), 3-O-coumar-
oylquinic acid (5), and rutin (6) dramatically increased
between July and August. These variations could be attributed
to seasonal changes, variations in nutrient availability, or other
environmental factors. Specifically, the combined content of
the compounds in S1 leaves harvested in August is 46.29 mg/g,
much higher than that in other S1 samples. This abrupt
increase may be indicative of specific environmental conditions
or a change in the developmental stage of the plants during this
particular period.
A similar study analyzed the antiobesity effects of P.

japonicum.35 To investigate which compounds were respon-
sible for the bioactivity shown by the extracts, they used an
HPLC analysis. The authors detected 18 compounds, three of
which were also detected in the present study (neochlorogenic
acid, CA, and rutin). Another study analyzed the differences in
the amount of CA (2), rutin (6), hesperidin, and diosmin (9)
in different parts of P. japonicum plants grown in different types
of soil, and all compounds were detected under all
experimental conditions.36 However, they noted that diosmin
(9) was found in the leaves,36 as reported in previous
literature.37 This coincided with the results of the present
study, where only the leaf samples contained diosmin (9),
while in the root samples, it was either in trace amounts or not
detected at all.
Similar to the previous section, the HPLC quantification of

compounds also revealed that neochlorogenic acid (1), CA
(2), and rutin (6) were present in significant amounts in

Figure 7. HPLC chromatogram of the nine standard solutions showing the peaks of neochlorogenic acid (1), CA (2), cryptochlorogenic acid (3),
peucedanol 7-O-glucoside (4), 3-O-coumaroylquinic acid (5), rutin (6), hyperoside (7), peucedanol (8), and diosmin (9).
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samples with strong antioxidant activities. Specifically, sample
S1-C contained 6.84 mg/g of neochlorogenic acid (1), 21.27
mg/g of CA (2), and 9.56 mg/g of rutin (6). Similarly, sample
S1-D had 6.95 mg/g of neochlorogenic acid (1), 21.31 mg/g
of CA (2), and 4.37 mg/g of rutin (6). Sample S2-E contained
5.42 mg/g of neochlorogenic acid (1), 20.14 mg/g of CA (2),
and 3.34 mg/g of rutin (6). Conversely, the lowest antioxidant
activities were recorded from S1-B and S2-B. Interestingly,

these samples both have the lowest concentration of
neochlorogenic acid (1), CA (2), and rutin (6).
The results indicate a strong correlation between the

presence of specific phenolic compounds and the antioxidant
activity of S1 and S2 extracts. Neochlorogenic acid (1), CA
(2), and rutin (6) were consistently found in higher
concentrations in extracts that exhibited stronger antioxidant
activities, as evidenced by their lower IC50 values in both
DPPH and ABTS assays.

Figure 8. HPLC chromatograms of S1-C (A), S2-C (B), S5-F (C), and S3-R (D).
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Neochlorogenic acid (1) and CA (2) are known for their
potent antioxidant properties, which are attributed to their

ability to donate hydrogen atoms and stabilize free radicals.38

Rutin (6), a flavonoid, enhances antioxidant activity through
its free radical scavenging ability and chelation of metal ions.39

If we observe closely, the only difference that set S1-C and S1-
D is the higher rutin (6) concentration found in S1-C which
might suggest that rutin (6) is the compound responsible for
the antioxidant activity. This could also suggest that rutin (6)
works synergistically with the other two compounds in
demonstrating its antioxidant activity.
These differences in the concentration of the compounds

might have something to do with the month of harvest. A
previous study found that the phytochemicals were all
significantly affected by the harvesting period.40,41 When
compared to shoots taken during the rainy season, those
harvested during the dry season often had a much higher
amount of bioactive chemicals and, as a result, better
antioxidant activity.41 These findings coincide with the results
of the present study. The samples S1-C, S1-D, and S2-E were
all harvested during the dry months of South Korea except S1-
C which was harvested in the middle of August, which marks
the transition of the summer to autumn. Another study also
found that harvest time affects the bioactive compound
concentration in the plant and cited the importance of
determining the proper harvest time to maximize the bioactive
compounds present in the plants.40

The integration of LC−MS/MS and HPLC analyses, TPC
and TFC measurements, and radical scavenging assays
enhances the depth of phytochemical characterization and
antioxidant evaluation.42 The LC−MS/MS and HPLC
analyses provide critical insight into the identities and
concentration of the bioactive compounds responsible for
the observed antioxidant activity.43,44 These techniques allow
researchers to elucidate the complex phytochemical profiles of
natural products and identify not only known antioxidants but
also novel bioactive compounds with potential health benefits.
In addition, LC−MS/MS and HPLC facilitate the comparison
of phytochemical compositions among different samples,
accessions, or extraction methods, thus aiding in the selection
of sources with superior bioactivity for further development.45

4. CONCLUSION
By linking the results obtained from TPC and TFC assays,
radical scavenging assays, LC−MS/MS, and HPLC analyses,
this study provides a comprehensive understanding of the
relationship between phytochemical composition and anti-
oxidant activity in P. japonicum. This integrated approach
allows researchers to elucidate the mechanisms underlying the
observed bioactivities and optimize extraction and formulation
strategies to enhance the bioavailability and efficacy of natural
products. These findings contribute to the advancement of
research in natural product chemistry, nutraceutical develop-
ment, and evidence-based medicine, with potential implica-
tions for disease prevention and health promotion. Overall, the
findings have broad applications in food science, medicine, and
pharmaceuticals, advancing the development of natural
product-based treatments and disease management strategies.
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