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Abstract: Aralia elata, a renowned medicinal plant with a rich history in traditional medicine, has
gained attention for its potential therapeutic applications. However, the leaves of this plant have been
largely overlooked and discarded due to limited knowledge of their biological activity and chemical
composition. To bridge this gap, a comprehensive study was conducted to explore the therapeutic
potential of the 70% ethanol extract derived from Aralia elata leaves (LAE) for the treatment of cardio-
vascular disease (CVD). Initially, the cytotoxic effects of LAE on human umbilical vein endothelial
cells (HUVECs) were assessed, revealing no toxicity within concentrations up to 5 µg/mL. This
suggests that LAE could serve as a safe raw material for the development of health supplements and
drugs aimed at promoting cardiovascular well-being. Furthermore, the study found that LAE extract
demonstrated anti-inflammatory properties in HUVECs by modulating the PI3K/Akt and MAPK
signaling pathways. These findings are particularly significant as inflammation plays a crucial role in
the progression of CVD. Moreover, LAE extract exhibited the ability to suppress the expression of ad-
hesion molecules VCAM-1 and ICAM-1, which are pivotal in leukocyte migration to inflamed blood
vessels observed in various pathological conditions. In conjunction with the investigation on thera-
peutic potential, the study also established an optimal HPLC–PDA–ESI–MS/MS method to identify
and confirm the chemical constituents present in 24 samples collected from distinct regions in South
Korea. Tentative identification revealed the presence of 14 saponins and nine phenolic compounds,
while further analysis using PCA and PLS-DA allowed for the differentiation of samples based on
their geographical origins. Notably, specific compounds such as chlorogenic acid, isochlorogenic acid
A, and quercitrin emerged as marker compounds responsible for distinguishing samples from differ-
ent regions. Overall, by unraveling its endothelial protective activity and identifying key chemical
constituents, this research not only offers valuable insights for the development of novel treatments
but also underscores the importance of utilizing and preserving natural resources efficiently.

Keywords: biological activities; HPLC–PDA–ESI–MS/MS; Aralia elata (Miq.) Seem; multivariate data
analysis; endothelial cell dysfunction

1. Introduction

Cardiovascular diseases (CVDs) can be caused by high blood pressure, atherosclerosis,
easy blood clotting, and heart enlargement, which constitute the leading health problem
all over the world [1]. The healthy vascular endothelium is beneficial to the prevention
of cardiovascular diseases. Healthy endothelium has vasodilator, anti-atherosclerosis,
and anti-inflammatory properties [2]. Unfortunately, some risk factors for cardiovascular
disease can lead to endothelial cell dysfunction, which is a key event in the pathogenesis of
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atherosclerosis, coronary artery contraction, and myocardial ischemia [3,4]. Interestingly,
endothelial cell dysfunction is a reversible phenomenon, which provides new ideas for
CVD treatment based on its reversal [5].

Recently, there is growing recognition that inflammation plays a crucial role in the
development and progression of atherosclerosis, and numerous inflammatory markers
and cells have been identified as key contributors to the process [6,7]. Among these mark-
ers, C-reactive protein (CRP), monocyte chemoattractant protein-1 (MCP-1), intercellular
adhesion molecule-1 (ICAM-1), and vascular cell adhesion protein 1 (VCAM-1) have all
been implicated in endothelial dysfunction and the development of vascular disease [8,9].
In particular, elevated levels of CRP have been identified as a risk factor for vascular dis-
ease, and chronic exposure to inflammatory stimuli or injury can lead to oxidative stress,
endothelial dysfunction, and intimal hyperplasia through an impact on nitric oxide bioavail-
ability [10,11]. Recent research has also pointed to the importance of several signaling
pathways in the development of cardiovascular disease. The extracellular signal-regulated
kinase (ERK)1/2 and p38 mitogen-activated protein kinase (p38-MAPK) pathways are
known to play a key role in cardiac fibroblast proliferation, and the dysregulation of these
pathways has been linked to arrhythmias, myocardial infarction, hypertension, and heart
failure. Conversely, the PI3K-Akt signaling pathway promotes metabolism, proliferation,
cell survival, growth, and angiogenesis in response to extracellular signals [12–14]. An-
other pathway that has been implicated in the pathogenesis of myocardial ischemia is the
Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway [15].
Interference with or inactivation of this pathway has been shown to improve recovery in
cardiac function [16]. Given the critical role of these pathways in cardiovascular disease,
the evaluation of specific materials’ effects on the regulation of these pathways could be an
effective means of identifying potential compounds or extracts for use in the development
of new treatments for cardiovascular disease.

Aralia elata (Miq.) Seem is a widely consumed edible vegetable in various regions
including Korea, China, Far East Russia, and Japan [17]. The plant has a long history of use
in traditional folk medicine where it has been reported to possess a variety of beneficial
properties [18]. The bark and roots have been used for the treatment of conditions such
as neurasthenia, rheumatoid arthritis, diabetes mellitus, gastrospasm, constipation, and
hepatitis [19–21]. These benefits have been attributed to the plant’s different biological
activities, including cytotoxic, anti-inflammatory, liver-protecting, antioxidative, antiviral,
and anti-diabetic properties [22–24]. Studies on the plant have also identified triterpenoid
saponins as the main active components [24,25]. The saponins in Aralia species, specifically
Aralosides, are similar in effect to panaxosides, the active ingredients found in ginseng [26].
These saponins contribute to Aralia’s ability to increase energy, strengthen the body, and
improve the body’s hypoxia ability in regard to the cardiovascular system and other
parameters [27]. Despite its numerous medicinal uses, the leaves of A. elata (LAE) are often
treated as waste and discarded. This results in a significant waste of resources. Therefore, it
is of utmost importance to identify the chemical composition and evaluate the activity of
the LAE for its potential reutilization.

The aim of this study was to investigate the potential of LAE extracts to regulate the
expression levels of ICAM-1, VCAM-1, and inflammatory processes in LPS-stimulated
human umbilical vein endothelial cells (HUVECs). To identify the bioactive components of
LAE, an integrated analytical strategy using high-resolution and high-selectivity HPLC
methods with diode array detection (HPLC–DAD) and HPLC–MS was established. In
addition, a simple HPLC–DAD and HPLC–evaporative light scattering detection (ELSD)
method was developed for the relatively quantitative analysis of bioactive components
found in LAE from different cities and seasons. This approach enabled the identification of
the chemical constituents and biological activities of LAE and contributed to the growing
body of knowledge on the endothelial protective activity of LAE.
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2. Results and Discussion
2.1. Cytotoxic Effects of LAE Extract in HUVECs

To determine whether the LAE extract has cytotoxic effects, HUVECs were treated
with varying concentrations of the extract (1, 2.5, 5, and 10 µg/mL) for 48 h, and cell
viability was evaluated. The results of the study revealed that the LAE extract had no
toxicity to the HUVECs even at concentrations as high as 5 µg/mL, as the cell viability
remained above 90%, indicating that the extract did not have any negative impact on the
cells (Figure 1). However, at a concentration of 10 µg/mL, the cell viability significantly
decreased compared to the non-treated group, suggesting that the extract might have a
toxic effect on HUVECs at higher concentrations.
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Figure 1. Effects of LAE extract on HUVEC viability. Cell viability was determined using MTT assay,
and optical densities at 565 nm are shown. Data are expressed as the means ± SDs. * p < 0.05 vs.
not-treated group.

Despite this observation, the study highlighted the satisfactory activity of the LAE
extract, even at a low concentration. This finding is significant as it suggests that the extract
has potential therapeutic benefits for different conditions, such as cardiovascular diseases,
without harming non-target cells or tissues. This suggests that LAE can serve as a raw
material for health supplements or even drugs to protect cardiovascular health. Utilizing
discarded LAE as a treatment material for CVD not only helps to reduce waste and protect
the environment, but also provides a cost-effective and sustainable source of medicinal
plant extracts.

2.2. LAE Extract Attenuates Inflammatory Signaling Pathways in HUVECs

To further understand the cardio-protective effect of LAE extract and to assess the
potential signaling pathways corresponding to the characters of this extract, the expression
of adhesion molecules VCAM-1 and ICAM-1, MAPK/ERK pathway-related protein p-
ERK1/2, P13K/AKT pathway-related protein p-AKT and JAK/STAT related protein p-
STAT1 and p-STAT3 were analyzed. The picture of LAE was shown in Figure 2a. Figure 2b
demonstrated that LPS stimulation induces a significant increase in the expression of those
related proteins and LAE extract could play a vital role in cardiovascular disease through
regulation of the adhesion molecules, inflammation signaling pathway of MAPK/ERK,
P13K/AKT, and JAK/STAT.



Molecules 2023, 28, 5907 4 of 20Molecules 2023, 28, x FOR PEER REVIEW 4 of 20 
 

 

 

Figure 2. The picture of (a) LAE and the effects of LAE extract on LPS-induced HUVEC activation
and expression of (b) different inflammatory factors; the relative protein expression of (c) ICAM-1,
(d) VCAM-1, (e) p-Akt, (f) p-ERK1/2, (g) p-STAT1, and (h) p-STAT3. The experiment was repeated
three times and similar results were acquired. Data are expressed as the means ± SDs. ns: not
significant, * p < 0.05 and ** p < 0.01 vs. the LPS-treated group.
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Figure 2c,d demonstrated that the treatment of LAE extract at a concentration of
5 µg/mL could significantly reduce the ICAM-1 and VCAM-1 levels compared with the
control group (p < 0.05). The study suggests that LAE extract can significantly suppress the
expression of VCAM-1 and ICAM-1, important adhesion molecules that play a crucial role
in leukocyte migration into inflamed vessels. The expression of both VCAM-1 and ICAM-1
is elevated in various pathological states, including atherosclerosis, endothelial dysfunction,
and chronic inflammation. The ability of LAE extract to reduce VCAM-1 and ICAM-1 ex-
pression may be an essential mechanism for the extract’s anti-inflammatory effects. Several
studies have reported the activation of the PI3K/Akt pathway and its contribution to the
upregulated production of inflammatory cytokines in activated endothelial cells [28,29].
Consequently, the effects of LAE extract on LPS-induced PI3K/Akt activation in HUVECs
were analyzed. As shown in Figure 2e, LAE extract abrogated the LPS-induced preserved
activation of the PI3K/Akt signaling following the LPS challenge. LAE extract, even at a
concentration of 5 µg/mL, also significantly decreased the levels of p-Akt compared with
LPS-treated controls. Taken together, our data suggest that the cardiac protection by LAE
extract against LPS challenge was mediated, at least in part, by an attenuation of PI3K/Akt
signaling suppression.

Next, the effects of LAE extract on the Erk1/2 MAPK signaling pathway were exam-
ined, which is involved in the regulation of downstream pro-inflammatory expression in
HUVECs. The results in Figure 2f showed that LPS (200 ng/mL) treatment for 17 h induced
a rapid increase in p-Erk1/2 protein levels in HUVECs. Co-treatment with LAE extract at
concentrations of 2.5 and 5 µg/mL could reduce the level of p-Erk1/2 by 94.1% and 140.0%
to that of the LPS-only group, respectively, which suggest that LAE extract could improve
LPS-induced inflammation via inhibiting the MAPKs signaling pathways.

According to the previous study, STAT1/3 are major signaling molecules that regulate
a variety of inflammatory activities [30]. Normal STAT signaling induced in response
to cytokines generates multiple signaling pathways along with the signal cross-talk, for
example, certain STATs mediate multiple kinase signals, including MAPKs and MAPK
kinase (MKK)-dependent serine kinase [31]. Our Western blotting data show that the
pretreatment of 2.5 and 5 µg/mL of LAE extract can decrease the phosphorylation of
both STAT1 and STAT3 (Figure 2g,h), respectively, which suggest that LAE extract could
regulate the JAK/STAT signaling pathway to treat the cardiovascular diseases. These results
reveal that LAE extract could be a promising natural treatment for CVD and reinforce
the importance of exploring natural resources for their beneficial effects on human health.
However, further studies are needed to elucidate the underlying mechanisms of the extract’s
effects on CVD and to validate its clinical efficacy.

2.3. Chemical Profiling of Triterpenoid Saponins in LAE Extract

To profile the major constituents of LAE, the optimal HPLC–PDA–ESI–MS/MS method
was performed to receive the valuable chemical properties of the main constituents. The
chemical structure of each component was identified and confirmed by the following de-
scribed progress: first, the UV spectra of the peaks were acquired in scan mode (200–400 nm)
of HPLC–PDA, which could be very useful for providing the information for discriminating
the chemical structure type. Second, the precursor ions provided the important signal to
acquire the accurate molecular weights and authentic molecular formulas of those active
components. Thirdly, the fragmentation ions afford a more detailed structural information
of the beneficial components.

Figure 3 displays the typical HPLC–ELSD chromatograms of LAE obtained from Gy-
eryong, Muju, SamCheonPo, and Hongcheon. All peaks had a maximum UV absorbance
near 200 nm, which matched with the properties of triterpenoids saponins. In MS spectra,
[M + Na]+, [M + H]+, and/or [M + NH4]+ in positive mode as well as [M − H]− or/and
M + HCOOH − H]− in negative mode, both provided the clearly molecular weight infor-
mation for the active components. The aglycone and connected resides could be identified
by fragmentation ions [32]. Thus, based on the literature and ESI–MS/MS, peak 1 was
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determined as congmuyenoside III; peak 2, congmuyenoside G; peak 4, ecalbasaponin III;
peak 5, quinoasaponin 2; peak 7, congmuyenoside IX; peak 8, congmuyenoside X, peak
9, congmuyenoside V; peak 10, Araloside G; and peak 11, silphioside. The retention time,
precursor ions in positive as well as negative modes, and chemical names are summarized
in Table 1.
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The identification of these specific triterpenoid saponins provides insights into the un-
derlying chemical constituents of LAE extract that may contribute to its anti-inflammatory
effects. Previous studies have suggested that triterpenoid saponins, such as those identified
in this study, have anti-inflammatory, antioxidant, and hepatoprotective activities [33].
For instance, congmuyenoside III has been shown to have anti-inflammatory effects by
suppressing the activation of the NF-κB pathway [34]. Congmuyenoside G exhibited
antitumor activity and induced apoptosis in human cancer cells [35]. Ecalbasaponin III
demonstrated protective effects against liver injury induced by CCl4 [36]. Quinoasaponin
2 showed antioxidant and hepatoprotective effects in a mouse model of liver injury [37].
Congmuyenoside X exerted hepatoprotective effects in a mouse model of liver injury by
inhibiting the activation of the NF-κB signaling pathway [38]. These findings suggest
that the identified triterpenoid saponins may be key contributors to the anti-inflammatory
effects of LAE extract.

However, further studies are needed to investigate the potential synergistic effects
that exist between these triterpenoid saponins and other constituents present in LAE
extract. Additionally, the bioavailability and pharmacokinetics of these constituents need
to be further elucidated to better understand their therapeutic potential. Nonetheless, the
identification of the specific triterpenoid saponins in LAE extract may pave the way for
the development of novel, natural anti-inflammatory agents for the treatment of various
inflammatory disorders.
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Table 1. Identification of triterpenoid saponins in LAE by HPLC–PDA–ESI–MS/MS.

No. RT a (min) Positive Mode (m/z) Negative Mode (m/z) MW b Trivial Name MS2, Ions m/z (Relative
Abundance, %) Reference

1 32.13 1300.80 [M+ NH4]+ 1327.75 [M + HCOOH − H]− 1282.8 Congmuyenoside III 671.2 (25), 455.3 (75) [39]

2 36.57 1305.85 [M + Na]+ 1327.90 [M + HCOOH − H]− 1282.9 Congmuyenoside G 691.2 (30), 455.3 (70) [39]

3 39.42 981.60 [M + Na]+ 1003.65 [M + HCOOH − H]− 958.7 unknown 509.2 (15), 471.3 (85) -

4 40.28 981.70 [M + Na]+ 1003.70 [M + HCOOH − H]− 958.7 Ecalbasaponin III 673.4 (70), 493.3 (30) [40]

5 42.16 981.70 [M + Na]+ 1003.70 [M + HCOOH − H]− 958.7 Quinoasaponin 2 819.5 (65), 455.3 (35) [36]

6 47.73 819.60 [M + NH4]+ 841.70 [M + HCOOH − H]− 796.6 unknown 641.4 (85), 439.4 (15) -

7 48.22 1108.75 [M + NH4]+ 1089.23 [M − H]− 1090.7 Congmuyenoside IX 1143.4 (80), 455.3 (20) [41]

8 50.21 1284.90 [M + NH4]+ 1266.10 [M − H]− 1266.9 Congmuyenoside X 1127.6 (85), 455.3 (15) [41]

9 51.09 1122.70 [M + NH4]+ 1149.85 [M + HCOOH − H]− 1104.9 Aralia Saponin V 981.5 (70), 455.4 (30) [42]

10 53.68 1122.70 [M + NH4]+ 1103.90 [M + HCOOH − H]− 1104.8 Araloside G 997.48 (60), 455.4 (40) [43]

11 54.08 965.60 [M + Na]+ 987.55 [M + HCOOH − H]− 942.6 Silphioside 803.5 (65), 439.4 (35) [43]

12 54.52 960.65 [M + NH4]+ 987.55 [M + HCOOH − H]− 942.6 unknown 641.4 (70, 439.4 (30) -

13 57.72 960.65 [M + NH4]+ 987.55 [M + HCOOH − H]− 942.6 unknown 657.4 (80), 455.4 (20) -

14 59.76 817.60 [M + NH4]+ 793.75 [M − H]− 794.8 unknown 643.4 (75), 455.4 (25) -

Note: a RT: retention time; b MW: molecular weight.

2.4. Changes in the Chemical Constituents in the Leaves of A. elata from Different Seasons
and Cities

It is known that there are large differences in the chemical constitutions of natural
products depending on the harvest seasons and growth environments, and these differ-
ences could cause different or even opposite efficacy [44,45]. Therefore, it is necessary to
determine the appropriate harvest season and cultivated city by comparing the content
differences between chemical components. Previous studies demonstrated that the LAE in
spring has comparatively fewer triterpenoid saponins, while those active saponins showed
more in samples collected from autumn [46].

In the present study, the representative flavonoids and phenolic acid compounds in
the LAE were evaluated, and the results are shown in Figure S1. Firstly, the LAE from
the same location in Gyeryong city were collected and analyzed by HPLC; it was found
that the amount of peaks 1 to 9 in LAE harvested in spring and summer was very low,
and even some peaks were difficult to detect (Figure S1). The reasons for this may be
related to a variety of biological and environmental factors [47]. For example, many plants
may allocate more energy and resources to growth and developmental constructs than to
the accumulation of secondary metabolites such as phenolic acids during the spring and
summer growing seasons in order to grow rapidly [47,48]. In addition, in summer, plants
may produce more of other protective compounds, such as soluble sugars and lipids, that
are more beneficial to plants against excessive temperatures or drought conditions than
phenolic acids [49,50]. And this phenomenon has also been documented in other species,
such as figs, Camellia sinensis, and Arabian Lilac (Vitex trifolia var. Purpurea) [51–53]. On the
contrary, the content of active ingredients in the LAE harvested in autumn is very high,
especially chlorogenic acid (peak 1). This is due to several interrelated factors associated
with the natural life cycle of many plants and their response to environmental stressors.
Chlorogenic acid (CGA) has been identified as a critical factor in combating oxidative stress
in plants. In the autumn, plants experience various stressors such as lower temperatures, a
reduced light intensity, and altered photoperiods, all of which can lead to the production
of reactive oxygen species (ROS) [54,55]. Higher levels of chlorogenic acid help mitigate
the damaging effects of these reactive molecules. Additionally, chlorogenic acid plays a
significant role in photosynthesis. Under conditions of a reduced photosynthetic activity,
such as the shorter daylight hours typically observed in the fall, there tends to be an
increase in CGA synthesis and accumulation, which is believed to be a compensatory
adaptation [56,57]. Moreover, autumn often sees an increase in pathogen attacks, and CGA
is a noteworthy compound that plants employ to defend themselves against microbial
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pathogens and pests. As a result, its production is naturally enhanced during periods of
heightened risk [58]. CGA also plays a crucial role in regulating plant growth and the
onset of senescence. According to the previous report, the levels of this compound tend to
rise during the later stages of leaf development, which aligns with the fall season. In an
adaptive response to environmental changes during autumn, plants may produce more
CGA in preparation for harsh winter conditions [59]. Therefore, the result suggested that
the best harvest season for LAE was autumn, which is similar to the previous analysis
results of saponins in LAE [46].

Secondly, the LAE harvest from Gyeryong, Muju, SamCheonPo, and Hong Cheon were
comprehensively analyzed by HPLC–UV and ELSD. Figure 3 shows the distribution of the
triterpene saponins in the LAE collected in different cities. From Figure 3, it can be seen that
Ecalbasaponin III has the highest content in the samples harvested from SamcheonPo, while
peak 14 in Gyeryong was the highest. This may be related to environmental factors in the
harvesting area, such as sunlight, water availability, nutrient availability, temperature, and
the presence of pests or disease. Triterpene saponins are secondary metabolites typically
produced by plants in response to stressful conditions, so areas with more stressors may
result in higher yields of triterpene saponins [60]. Additionally, the composition of the soil
at the sample site, including nutrient content and pH, can significantly affect the synthesis
of triterpene saponins [61,62]. Certain nutrients are necessary for saponin biosynthesis,
and their availability can vary from region to region [63]. Aralia Saponin V (peak 9) has
antihyperglycemic, hypolipidemic, and antioxidant activities and is the most abundant
in the leaves harvested from HongCheon, followed by Muju [64]. Congmuyenoside X is
considered a bioactive component in LAE and has roughly the same content in the LAE
from the four cities [65]. It is interesting to note that latitude can significantly impact the
saponin content in plants. For instance, in Dioscorea zingiberensis, the content of steroid
saponin varies depending on the latitude of the growing region. This is due to the varying
intensity and duration of sunlight, temperature, and other environmental factors that
are associated with different latitudes [66]. These factors can impact the biosynthesis of
ginsenosides in the plant, which is consistent with the results of our study. These findings
suggest that the content and composition of the chemical constituents of LAE extract may
influence its therapeutic potential, and the choice of harvest location and season may
impact the extract’s bioactivity.

Thirdly, to understand the phenolic acid and flavonoid changes from different regions,
HPLC–PDA analysis was performed (Figure 4). The structures of these phenolic acids
and flavonoids were determined through a comparison with standards according to the
previous literature [45]. The results indicate that the content of chlorogenic acid in Gyery-
oung and Hongcheon is much greater than that in Muju and Samcheonpo. This may be
related to local precipitation, as the synthesis of phenolic acids is closely related to local
precipitation. Precipitation can influence the synthesis of phenolic acids in a number of
ways. Strong precipitation or rainfall can leach nutrients from the soil, thus affecting plant
nutrient availability [67,68]. A reduced nutrient availability has been shown to increase the
synthesis of phenolic composites in plants as it stimulates them to produce more secondary
metabolites, including phenolic acids. Furthermore, excess water can lead to waterlogging
or flooding conditions, which causes a decrease in soil oxygen levels (hypoxia). This con-
dition imposes stress on plants, which can trigger the production of phenolic acids as a
response. Certain phenolic compounds are also known to have a role in enhancing plant
tolerance to flooding, as they help alleviate oxidative damage caused by hypoxia. On the
other hand, a lack of sufficient precipitation can lead to drought stress, which is known
to stimulate the production of phenolic acids. Drought stress leads to oxidative stress in
plants, and phenolic acids have been associated with an increase in antioxidant activity.
Additionally, several studies indicate high phenolic acid content in plants grown in drought
conditions [69–71]. For example, a previous study demonstrated that drought increased the
synthesis of phenolic compounds, including phenolic acids, in olive trees [72]. Ultimately,
precipitation, either in excess or deficiency, imposes different kinds of stress on plants,
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leading to an increase in the synthesis of phenolic acids, a type of secondary metabolite that
helps plants adapt to varying environmental conditions. The HPLC profile of Gyeryong is
similar to that of Hongcheon, while the profile of Muju and Samcheonpo are similar. The
most representative flavonoid, quercitrin, has the highest content in Samcheonpo. Interest-
ingly, quercetin has been considered to be effective in the prevention and treatment of CVD
because of its antioxidant, anti-inflammatory, and anti-apoptotic activities, its protective
effect on NO, anti-aggregation effect, blood pressure-lowering effects, and beneficial effects
on endothelial dysfunction [73,74]. The results of the HPLC analysis above indicated that
the contents of triterpenoid saponins, phenolic acids, and flavonoids fluctuated greatly in
different LAE samples.
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Figure 4. HPLC–UV chromatograms of A. elata leaves harvested from different cities. Peak 1:
chlorogenic acid; peak 5, rutin; peak 6: hyperoside, peak 7: isochlorogenic acid A; peak 8: quercitrin;
peak 9: isochlorogenic C; other peaks were unknown.

Therefore, to better distinguish the leaves of LAE from different cities, multivariate
data analysis, including HCA, PCA, and PLS-D were performed, which can provide
a basis for identifying the source and quality of LAE extract based on their chemical
compositions. The findings of this study offer important insights into the diversity of
chemical constituents present in LAE extract, and it is possible to influence the extract’s
bioactivity and therapeutic potential.

2.5. HCA Heatmap Analysis

The hierarchically clustered heatmap is a combination of clustergrams and heatmap,
both of which are generally hired for multiple data visualization. These two approaches are
uncomplicated to describe and can offer the characteristics of the initial data. Heatmaps can
directly reflect the changes between different collected samples (such as the content of the
chemical composition) according to the changes of color, while clustergrams can display
the similarity and correlation between samples. Therefore, in this study, the hierarchically
clustered heatmap with complete linkage after Pareto scaling in MetaboAnalyst 5.0 platform
was employed to evaluate the similarity and difference of the phenolic and flavonoid
component profiles in the LAE from different regions in the original data.
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The results (Figure 5) showed that all of the LAE samples exhibited a significant spatial
aggregation and could be divided into four groups. The samples from HongCheon city
were gathered in Cluster I with the higher contents of chlorogenic acid and rutin; those
harvested from Gyeryong were distributed in Cluster II and exhibited a lower content
of isochlorogenic acid C and isochlorogenic A; Cluster III mainly included the samples
from Muju city with the lowest contents of chlorogenic acid; the other samples, including
those from Samcheonpo were all clustered in Cluster IV. These results were in accordance
with the geographical position of harvested regions and were highly consistent with the
visual comparison of their chromatograms. However, how to more accurately explain
the difference between the individual samples in the same group was found to be a
complication of HCA. From this point of view, the chemical pattern recognition approaches,
including PCA and PLS-DA, should be taken into account for further evaluation of sample
clustering based on geographical regions.
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Figure 5. Dendrogram and heatmap of A. elata leaves from Gyelong, HongCheon, Muju, and
Samcheonpo.

2.6. Principal Component Analysis

To evaluate the discrimination ability of the active components and classify the sam-
ples from different regions, PCA was performed to find the potential markers. The PCA
model resulted in nine principal components (PCs) that could explain 66.1% of the total
variance (R2X), with a Q2 value of 0.767. Then, Hotelling’s T2 and distance to the model
plots were performed to identify the potential outliers. Hotelling’s T2 plot, which measures
how far each target is from the model center, did not indicate any outlier using 95% and
99% confidence levels for moderate and strong outliers, respectively (Figure S2a). As the
result, the distance to the model plots, which show the deviations between the data and
the PCA model, point to any outliers (Figure S2b). Therefore, the PCA model used in this
study consisted of 21 samples. As shown in the PCA score plot (Figure 6a), the first two
principal components PC1 and PC2 explained 43.9% and 22.3% of the total variance, respec-
tively. Considering the geographical origin, the PCA plot indicated a well-differentiated
cluster for LAE samples from different cities. The corresponding diagram obtained by
HCA displayed a similar grouping pattern of the samples based on the geographical origin.
The loading score scatter plot is displayed in Figure 6b, which demonstrates that peak 1
(chlorogenic acid) and peak 7 (isochlorogenic acid A) have a great potential to discrimi-
nate the LAE from different regions. To evaluate the discrimination ability of the active
components and classify the samples from different regions, PCA was performed to find
the potential markers. PCA model was built considering three replicates per sample, and
it showed the variance between the analyzed samples according to their corresponding
HPLC–PDA chromatograms.
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2.7. Partial-Least-Squares Discriminate Analysis

PCA is a widely used tool for identifying patterns and clusters within complex datasets.
However, PCA is an unsupervised approach and does not automatically provide infor-
mation about class membership or the factors that contribute to sample discrimination.
Consequently, the PLS-DA model was utilized to look for the potential secondary metabo-
lites that contributed to the sample discrimination based on the investigated geographical
origins (Gyeryong, Hongcheon, Muju, and Samcheonpo). The performance and validation
of the PLS-DA model were assessed by the R2Y and Q2 values computed by the cross-
validation in the SIMCA program by excluding the potential overfitting using permutation
tests, and by evaluating the predictive ability of the model through external validation. The
correct classification rate (CCR%) of the samples included in the prediction set (containing
20% of the samples) was considered for external model validation.

An acceptable model explaining 91.6% of the variance was acquired for the catego-
rization of LAE according to the harvested location, with R2Y = 0.946, Q2 = 0.867, and
CV-ANOVA p-value < 0.05. Furthermore, a permutations test (200 permutations) was
performed to exclude the potential overfitting of this model with satisfactory R2 and Q2

for each group (R2, Q2 for Gyeryong class, 0.182, −0.5310; R2, Q2 for Hongcheon class,
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0.149, −0.549; R2, Q2 for Muju class, 0.098, −0.573; and R2, Q2 for Samcheonpo class, 0.15,
−0.535, respectively; Figure 7). As shown in Figure 8a, the PLS-DA score plot drawn using
the first two predictive components pointed out an excellent discrimination of the LAE
considering the four geographical origins investigated. Furthermore, the correct classifica-
tion rate of 100% was achieved, which indicated that 100% of the samples of the prediction
set were correctly classified based on the locations of the samples. Receiver operating
characteristic (ROC) curves were also analyzed for the tested classes of geographical origin
(Gyeryong, Hongcheon, Muju, and Samcheonpo). As a result, the area under the ROC
(AUC) was acquired for all the tested groups, indicating the excellent performance of this
classification model.

Molecules 2023, 28, x FOR PEER REVIEW 12 of 20 
 

 

validation. The correct classification rate (CCR%) of the samples included in the prediction 
set (containing 20% of the samples) was considered for external model validation. 

An acceptable model explaining 91.6% of the variance was acquired for the categori-
zation of LAE according to the harvested location, with R2Y = 0.946, Q2 = 0.867, and CV-
ANOVA p-value < 0.05. Furthermore, a permutations test (200 permutations) was per-
formed to exclude the potential overfitting of this model with satisfactory R2 and Q2 for 
each group (R2, Q2 for Gyeryong class, 0.182, −0.5310; R2, Q2 for Hongcheon class, 0.149, 
−0.549; R2, Q2 for Muju class, 0.098, −0.573; and R2, Q2 for Samcheonpo class, 0.15, −0.535, 
respectively; Figure 7). As shown in Figure 8a, the PLS-DA score plot drawn using the 
first two predictive components pointed out an excellent discrimination of the LAE con-
sidering the four geographical origins investigated. Furthermore, the correct classification 
rate of 100% was achieved, which indicated that 100% of the samples of the prediction set 
were correctly classified based on the locations of the samples. Receiver operating charac-
teristic (ROC) curves were also analyzed for the tested classes of geographical origin (Gye-
ryong, Hongcheon, Muju, and Samcheonpo). As a result, the area under the ROC (AUC) 
was acquired for all the tested groups, indicating the excellent performance of this classi-
fication model. 

The PLS-DA model was established for the geographical authentication of LAE and 
was subsequently examined to identify differential secondary metabolites, so-called 
markers, that are responsible for the discrimination between the investigated categories. 
The VIP approach, which shows the contribution of a variable to the established PLS-DA 
model, was applied for that purpose, and features with VIP scores > 1.5 were selected as 
the potential markers for LAE authentication. As a result, Figure 8b displayed the initially 
detected features in LAE and peak 8 (quercitrin) shows the potential to discriminate the 
samples from different cities. This compound has been reported to have several biological 
effects, including anti-inflammatory and antioxidant activities, and may contribute to the 
medicinal properties of A. elata-based products. 

The identification of potential markers for the geographical authentication of LAE 
has important implications for the quality control and authentication of LAE-based prod-
ucts. The use of natural products is widespread in traditional medicine, but quality control 
is often lacking, and the authenticity and consistency of these products can be difficult to 
ensure. The identification of potential markers for the discrimination of LAE samples 
based on their chemical compositions can help to ensure the authenticity and consistency 
of LAE-based products and improve their quality control. 

 

Figure 7. Permutation tests were performed with 200 permutations of Y variables of the PLS-DA
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The PLS-DA model was established for the geographical authentication of LAE and
was subsequently examined to identify differential secondary metabolites, so-called mark-
ers, that are responsible for the discrimination between the investigated categories. The
VIP approach, which shows the contribution of a variable to the established PLS-DA model,
was applied for that purpose, and features with VIP scores > 1.5 were selected as the
potential markers for LAE authentication. As a result, Figure 8b displayed the initially
detected features in LAE and peak 8 (quercitrin) shows the potential to discriminate the
samples from different cities. This compound has been reported to have several biological
effects, including anti-inflammatory and antioxidant activities, and may contribute to the
medicinal properties of A. elata-based products.

The identification of potential markers for the geographical authentication of LAE has
important implications for the quality control and authentication of LAE-based products.
The use of natural products is widespread in traditional medicine, but quality control is
often lacking, and the authenticity and consistency of these products can be difficult to
ensure. The identification of potential markers for the discrimination of LAE samples
based on their chemical compositions can help to ensure the authenticity and consistency
of LAE-based products and improve their quality control.
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3. Materials and Methods
3.1. Plant Materials

A total of 21 samples of A. elata leaves were collected from various regions in South
Korea, including Gyeryong, Hongcheon, Muju, and Samcheonpo. Specifically, samples 1 to
6 were harvested from Samcheonpo on 10 August 2021. Samples S7 to S9 were harvested
from Muju on 9 August 2021. Samples S10 to S13 were harvested from Hongcheon on
9 August 2021. And samples S14 to S21 were harvested from Gyeryong on 9 August 2021.
To prepare the extracts, we used 100 g of plant material from each origin. The collection
was carried out by Professor Jong Seong Kang of the College of Pharmacy at Chungnam
National University. Professor Jong Seong Kang identified the samples, and their collec-
tion information, including the date, location, quantity, longitude, and latitude, is listed
in Table S1. Vouchers for each sample were deposited in the pharmaceutical analysis
laboratory at the College of Pharmacy with the code number LAE1-21.
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3.2. Chemical and Reagents

To ensure high-quality and reliable results, the following materials were used in the
study. Ultrapure water with a resistivity of 18.2 MΩ cm was obtained from the Mili-Q water
purification system (Milford, MA, USA). Acetonitrile, used for HPLC measurements, was
of LC-MS grade and purchased from Burdick & Jackson (Muskegon, MI, USA). Formic acid
was used as a mobile phase modifier and was of mass-spectrometry grade and obtained
from Sigma-Aldrich (Darmstadt, Germany).

EndoFectin™ Max Transfection Reagent (EFM1004) was purchased from GeneCopoeia,
located in Rockville, MD, USA. DEAE-Dextran hydrochloride (#D9885) and Ang II (#A9525)
were purchased from Sigma-Aldrich in St. Louis, MO, USA. FMK (#Axon 1848) was
purchased from Axon Medchem in VA, USA. Finally, the reagent of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) was bought from Sigma-Aldrich Chemie,
located in St. Louis, MO, USA.

3.3. Preparation of Leaf Extracts

The LAE sample was dried in an LTO-Do-150S oven (Labtech-one, Namyangju-si,
Republic of Korea) at 50 ◦C for 48 h in order to maintain a moisture content below 13%.
Subsequently, the dried leaves were crushed and 1 g was added to 10 mL of 70% (v/v)
ethanol. To facilitate extraction, the mixture was subjected to ultrasonication at 40 kHz
and 50 ◦C for 60 min using a Mujigae ultrasonic bath machine (Seoul, Republic of Korea).
Following extraction, centrifugation was conducted for 5 min at 4000 rpm. The resulting
supernatant was clarified and filtered through a 0.22 µm membrane syringe filter prior to
analysis using the HPLC system. All solutions were stored at 4 ◦C until analysis.

3.4. HPLC–DAD–ESI–MS/MS Analysis

The bioactive components (triterpenoid saponin) present in LAE were identified using
a Prominence TM high-performance liquid chromatography (HPLC) system equipped
with an electrospray ionization (ESI) source and a triple quadrupole mass spectrometer
(Shimadzu, Kyoto, Japan). The RStech HECTOR m C18 column (250 × 4.6 mm, 5 µm;
Daejeon, Republic of Korea) was employed for the chromatographic separation, with the
column temperature set at 30 ◦C. The mobile phase was a mixture of water (A, containing
0.1% formic acid) and acetonitrile (B, containing 0.1% formic acid), with a flow rate of
0.5 mL/min. The gradient condition was optimized as follows: 10%–40% B for 0–100 min.
The optimal ionization parameters were set as follows: drying gas 15 L/min; desolvation
line temperature, 250 ◦C; heat block temperature, 400 ◦C; nebulizing gas 3 L/min; and scan
range from m/z 100–1500 Da.

3.5. Quality Control of LAE

For HPLC analysis of the LAE samples, a Shimadzu HPLC system equipped with UV
was used. The RStech HECTOR m C18 column (250 × 4.6 mm, 5 µm; Daejeon, Republic of
Korea) was used at a flow rate of 1 mL/min and the mobile phase was the same as that
used for LC–MS analysis. The gradient condition was optimized as follows: 10%–40% B for
0–50 min. Detection of multiple bioactive components was achieved by monitoring at a
detection wavelength of 254 nm.

To analyze the triterpenoids present in the LAE samples, an HPLC–UV system
(Shimzadu LC-20 A series system, Shimadzu, Kyoto, Japan) coupled with an SEDEX-LTE
80 ELSD was used. The optimal conditions were a carrier N2 gas flow rate of 3.5 L/min and
a drift tube temperature of 50 ◦C. A solvent A combination of water and 0.1% formic acid
(v/v) and solvent B (acetonitrile) were employed for gradient elution using the following
program: 27–28.5% B for 0–25 min and 28.5–70% B for 25–70 min. Column temperature
and flow rate were set to 30 ◦C and 1 mL/min, respectively.
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3.6. Cell Culture

The human umbilical vein endothelial cells (HUVECs) were isolated from collagenase-
treated umbilical cord veins. Next, HUVECs were collected in M200 medium containing
LSGS (Cascade Biologics, Inc., Portland, OR, USA) and 2% fetal bovine serum (FBS; Atlanta
Biologicals, Inc., Lawrenceville, GA, USA). The cells were then seeded in Petri dishes coated
with 0.2% gelatin type A (#901771; MP Biomedicals, Santa Ana, CA, USA) and cultured
in Endothelial Cell Medium (ECM, #1001, ScienCell, Carlsbad, CA, USA) supplemented
with 5% (v/v) FBS (#0025, ScienCell), Endothelial Cell Growth Supplement (ECGS, #1052,
ScienCell, Carlsbad, CA) (5 mL), and penicillin/streptomycin (P/S, #0503, ScienCell, Carls-
bad, CA, USA) (5 mL). Finally, all HUVECs were maintained in culture at 37 ◦C in a 5%
CO2-humidified atmosphere.

3.7. Cell Viability Assay

The viability of cultured HUVECs was assessed using the MTT assay. Briefly, HUVECs
were seeded at a density of 1 × 104 cells per well in a 96-well plate and allowed to attach
for 24 h prior to serum starvation using fresh FBS-free medium for an additional 24 h.
Cells were then exposed to increasing concentrations (0, 1, 2.5, 5, and 10 µg/mL) of the
test extracts, which were prepared by sample 1 harvested from Samcheonpo for another
24 h. Following exposure, each well was treated with a 12 mM MTT solution in FBS-free
Dulbecco’s modified Eagle medium (DMEM), and incubated for 2 h at 37 ◦C and 5% CO2.
Next, the medium was aspirated, and cell–formazan precipitates were solubilized with
DMSO and quantified spectrophotometrically at 540 nm using a microplate reader (TECAN,
Männedorf, Switzerland).

3.8. Western Blotting

To investigate the effects of LAE extracts on lipopolysaccharide (LPS)-induced in-
flammation, HUVECs were treated with either vehicle or LAE extracts (5 µg/mL) fol-
lowed by LPS (200 ng/mL). The following antibodies were purchased from various
suppliers: rabbit anti-phospho-Akt ser473 (#9271), rabbit anti-Akt (#9272), rabbit anti-
phospho-ERK1/2(#4370), rabbit anti-ERK1/2 (#4695), and rabbit anti-phospho-p90RSK
(Ser380) (#11989) were purchased from Cell Signaling Technology in Danvers, MA, USA;
mouse anti-ICAM-1 (#sc-8439), mouse VCAM-1 (#sc-13160), and mouse anti-NF-kB p65
(#sc-514451) were obtained from Santa Cruz Technology, Inc. (Santa Cruz, CA, USA).
Subsequently, cells were washed with phosphate-buffered saline (PBS), and 2X SDS lysis
buffer (composed of 1 M Tris-HCl pH 7.4, 10% SDS, 25% glycerol, 5% 2-mercaptoethanol,
and 1% bromophenol blue) was used to lyse the cells. Protein extracts were then resolved
using sodium dodecyl sulfate–polyacrylamide gel electrophoresis followed by detection
with enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Piscataway,
NJ, USA) as per the manufacturer’s instructions. Western blotting was used to quantify
protein expression levels with each specific antibody matched to the protein of interest.

3.9. Statistical Analysis

Multivariate statistical analyses were conducted using MetaboAnalyst 5.0, a free web
tool that provides a platform for raw data processing [75]. The original HPLC file un-
derwent various processing steps such as peak detection, data deconvolution, peak area
refinement after background filtering, a normalization of missing values, and multivariate
data analysis. The peak area dataset was normalized by sum and transformed by loga-
rithm and Pareto scaling (mean-centered and divided by the square root of the standard
deviation of each variable). SIMCA version 14.1 software (Umetrics, Umeå, Sweden) was
used for unsupervised principal component analysis (PCA) and supervised partial-least-
squares discriminate analysis (PLS-DA). To detect any potential outliers, a preliminary
assessment of differences between sample groups was carried out using PCA alongside
Hotelling’s T2 and distance-to-model (DModX) tests. Subsequently, PLS-DA was per-
formed to improve clustering and sample discrimination based on fingerprint variations



Molecules 2023, 28, 5907 16 of 20

corresponding to the geographical origin. The models’ quality was assessed by examining
the goodness-of-fit parameter (R2X), the proportion of variance that the model explains
(R2Y), and the model’s predictive ability (Q2) [76]. A Q2 threshold of more than 0.5 was
considered good predictability, while R2Y and Q2 values close to 1 indicated satisfactory
model performance [77,78]. The PLS-DA model was validated using default SIMCA 7-
fold cross-validation (CV) and permutation tests (200 permutations) upon obtaining a
CV-ANOVA p-value threshold for significance less than 0.05 [45].

To select markers with high discrimination potential in the predictive model (VIP score
> 1.5), the variable importance in projection (VIP) method was employed. These markers
were subsequently putatively identified. Analytical data for the selected VIP markers were
input into the MetaboAnalyst 5.0 platform (http://www.metaboanalyst.ca/, accessed on
23 June 2023) to obtain box plots showing the differential component peak area based on
investigated categories and p-values of marker compounds. Univariate analysis using
two-sample t-tests was used to process markers, with a p-value threshold of 0.05, indicating
a significant variable for sample discrimination. To compare peak area changes between
different origins, log fold-changes (Log FCs) values obtained from fold change analysis
were also considered.

4. Conclusions

In conclusion, the utilization of the non-medicinal parts of plants or organisms plays a
crucial role in resource management and sustainability. By tapping into the potential of
these parts, we can maximize resource utilization and minimize waste. Non-medicinal
parts often contain valuable components such as fibers, oils, or bioactive compounds that
can be utilized for various purposes. This not only promotes a more holistic approach to
resource utilization, but also reduces our dependence on limited resources. Additionally, it
supports the development of environmentally friendly practices by reducing the overall
environmental impact associated with resource extraction. The study of wasted LAE
is a topic of increasing importance in environmental and economic fields. This study
investigated the anti-inflammatory effects of LAE extract on HUVECs, specifically by
focusing on its effect on endothelial cell protective activity and the chemical constituents of
the extract. The extract was found to attenuate PI3K/Akt and MAPK signaling pathways,
both of which are involved in the production of pro-inflammatory cytokines and are known
to exacerbate inflammation in cardiovascular diseases (CVDs). The study also identified
specific triterpenoid saponins and potential markers for the geographical authentication
of LAE, which have important implications for the quality control and authentication
of A. elata-based products. The appropriate harvest season and cultivated city must be
determined by comparing the content differences between chemical components, and
the use of LAE as a treatment material for CVDs can offer a cost-effective, sustainable,
and natural source of medicinal plant extracts. Further research is needed to explore the
potential synergistic effects of the identified constituents, elucidate their bioavailability and
pharmacokinetics, and evaluate the clinical efficacy of LAE-based products. Nonetheless,
the identification of specific triterpenoid saponins may pave the way for the development
of novel natural anti-inflammatory agents for various inflammatory disorders. The study
provides important insights into the potential therapeutic benefits of LAE extract for CVD,
while also contributing to the preservation of natural resources and reducing waste.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28155907/s1, Figure S1: HPLC–UV chromatograms of
A. elata leaves harvest from different seasons determined at 254 nm. Peak 1: chlorogenic acid; peak 5,
rutin; peak 6: hyperoside, peak 7: isochlorogenic acid A; peak 8: quercitrin, peak 9: isochlorogenic C;
other peaks were unknown; Figure S2: (a) Hotelling’s T2 plot shows how far each sample is from the
model center using confidence levels of 95% and 99% for moderate and strong outliers; (b) DModX
plot displaying the deviations between the observed data and the PCA model. The samples with
DModX values larger than the DCrit (red line) are regarded as the outliers. Table S1: Source of
21 batches A. elata leaves samples.
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