kz separations

Article

HPLC Fingerprint Analysis with the Antioxidant Potential
of Polygonatum sibiricum Combined with the
Chemometric Calculations

Li-Wen Zhang, Jin Wang, Ye Ge, Zhe-Lin Kuang and Ying-Qing Zhang *

check for
updates

Academic Editor: Victoria Samanidou

Received: 2 March 2025
Revised: 27 March 2025
Accepted: 27 March 2025
Published: 29 March 2025

Citation: Zhang, L.-W.; Wang, J.;

Ge, Y.; Kuang, Z.-L.; Zhang, Y.-Q.
HPLC Fingerprint Analysis with the
Antioxidant Potential of Polygonatum
sibiricum Combined with the
Chemometric Calculations. Separations
2025, 12, 81. https://doi.org/10.3390/
separations12040081

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Key Laboratory of Fermentation Engineering (Ministry of Education), Cooperative Innovation Center of
Industrial Fermentation (Ministry of Education & Hubei Province), National “111” Center for Cellular Regulation
and Molecular Pharmaceutics, Hubei Key Laboratory of Industrial Microbiology, Hubei University of Technology,
Wuhan 430068, China; 102200623@hbut.edu.cn (L.-W.Z.); 102200619@hbut.edu.cn (J.W.);
102310737@hbut.edu.cn (Y.G.); 102300801@hbut.edu.cn (Z.-L.K.)

* Correspondence: zhangyq@hbut.edu.cn

Abstract: Polygonatum sibiricum (P. sibiricum) is a significantly health-promoting plant
unique in medicine and food. Currently, research on the bioactive components of P. sibir-
icum primarily focuses on polysaccharides. According to the Chinese Pharmacopoeia, the
polysaccharide content in P. sibiricum must be at least 7.0%, which is the only criterion
used for determining its content. In contrast, this study aims to thoroughly investigate
and clarify the various components that contribute to the therapeutic and functional prop-
erties of P. sibiricum. We seek to broaden the focus beyond polysaccharides to identify
other potentially significant bioactive substances. We established High-Performance Liq-
uid Chromatograph (HPLC) fingerprints for wine-processed P. sibiricum from various
regions and identified 17 common peaks. The antioxidant activities of these components
were assessed using ABTS and DPPH methods. The spectrum—effect relationship was
elucidated through partial least squares regression and grey relational analysis. The
results revealed that the antioxidant active components in wine-processed P. sibiricum
include 5-hydroxymethylfurfural, p-hydroxycinnamic acid, myricetin, caffeic acid, vanillic
acid, and adenosine. This research not only clarifies the antioxidant material basis of
wine-processed P. sibiricum but also establishes a scientific foundation for enhanced quality
control in future applications.

Keywords: wine-processed Polygonatum sibiricum; HPLC fingerprint; antioxidant activity;
spectrum—effect relationship

1. Introduction

P. sibiricum is a perennial herbaceous plant in the Liliaceae family [1], and it holds a
significant position in traditional Chinese medicine (TCM). As documented in the Com-
pendium of Materia Medica, P. sibiricum has been regarded as an essential medicinal herb
for promoting health. It was also prominently listed in the herbal section of the Mingyi
Bielu [2]. This plant is believed to strengthen the body, prevent diseases, and promote
longevity, resulting in its esteemed status as a “longevity herb” [3]. Since 2002, P. sibir-
icum has been classified as a medicinal food homologous plant in China [4]. Modern
research has highlighted its distinct bioactivities, including antioxidative, anti-aging, blood
glucose-lowering, antitumor, antibacterial, anti-inflammatory, and immune-regulatory
properties [5-7]. Studies on the phytochemical composition of P. sibiricum have identified
several bioactive components, such as polysaccharides, flavonoids, steroidal saponins, and
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alkaloids [8]. Notably, most existing literature has focused primarily on the polysaccharide
components. The polysaccharide content (which must be at least 7.0%) is the sole criterion
for determining the content of P. sibiricum in the Chinese Pharmacopoeia [9]. This narrow
focus may not adequately represent the overall quality of such a complex herbal material,
emphasizing the need for comprehensive research into its other active constituents [10].

The study of the TCM spectrum—effect relationship has developed rapidly in recent
years, relating the TCM fingerprint and pharmacodynamics through chemometric models,
enhancing the understanding of the medicine’s quality and efficacy [11-13]. It facilitates
the identification of effective compounds within Chinese medicines and aids in establishing
control standards that accurately reflect their intrinsic quality [14,15]. Chemometrics analy-
sis plays an important role in the study of the spectrum-—effect relationship. Combining
HPLC fingerprinting with chemometrics offers a more scientific, reliable, and comprehen-
sive solution for TCM quality control. HPLC fingerprinting can effectively capture the
intricate chemical profile of TCM. Meanwhile, chemometric techniques like principal com-
ponent analysis (PCA) and cluster analysis (CA) help to analyze and interpret this extensive
fingerprint data, providing a more comprehensive understanding of the chemical charac-
teristics of TCM [16]. At the same time, analyzing chemometric correlations is crucial for
identifying the key pharmacodynamic components. The most frequently used techniques
for relationship analysis and modeling in chemometrics include grey relational analysis
(GRA), partial least squares (PLS) regression modeling, and bivariate correlation analysis
(BCA) [17]. The correlation between the chromatographic peak and pharmacodynamic
index can be established. This correlation model can predict the relationship between the
pharmacodynamic index and chemical composition, providing a foundation for research
on the pharmacodynamic material basis.

In this study, we investigated the pharmacodynamic material basis of P. sibiricum
using the HPLC fingerprinting spectrum—effect relationship methodology. We chose wine-
processed P. sibiricum as the raw material instead of raw P. sibiricum because it has a numbing
and irritating taste and causes itching and discomfort when it directly contacts the skin,
making it less palatable. Consequently, raw P. sibiricum is generally not used directly [5]. In
contrast, wine-processed P. sibiricum is more popularly used as a raw material in medicines
and health foods. According to the Chinese Pharmacopoeia [9], the wine-processing process
involves cleaning the P. sibiricum, stewing or steaming it with wine, slightly drying it,
cutting it into thick slices, and then drying it again. This process allows wine-processed
P. sibiricum to retain its original properties while enhancing its efficacy, maximizing its
beneficial effects. A study reported that wine-processed P. sibiricum performed better
than raw P. sibiricum in improving mental state by increasing the spleen index, superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px) activities, decreasing the liver index
and malondialdehyde (MDA) activities, and restoring the histopathological morphology in
D-gal-induced aging mice [18]. Therefore, we chose to use wine-processed P. sibiricum.

Initially, we established high-performance liquid chromatography (HPLC) fingerprint
profiles for various batches of wine-processed P. sibiricum, and subsequently assessed
their in vitro antioxidant activities. We further explored the relationships between the
antioxidant activities and the chemical profiles through grey relational analysis and partial
least squares regression modeling. This study provided a comprehensive exploration and
elucidation of all material components that serve as the foundation for the therapeutic
and functional characteristics of P. sibiricum. It moves beyond the previous focus on
polysaccharides to investigate other bioactive substances that may also be important. The
research findings not only enhance the understanding of the material basis of P. sibiricum
but also provide a foundation for its comprehensive quality control.
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2. Materials and Methods
2.1. Instruments

Elite p230 High Performance Liquid Chromatograph (Dalian Elite Analytical Instru-
ments Co., Ltd., Dalian, China); AR3130 Electronic Analytical Balance (Mettler Toledo
Co., Ltd., Shanghai, China); TGL-16C High-Speed Centrifuge (Shanghai Anting Scientific
Instrument Factory, Shanghai, China); SCIENTZ-12N/A Freeze-Dryer (Ningbo Scientz
Biotechnology Co., Ltd., Ningbo, China); R214-17302 Rotary evaporator (SENCO Bio-
Tech./Senco Technology Co., Ltd., Shanghai, China); ELx800 microplate reader (BioTek
Instruments, Inc., Winooski, VT, USA); and DS-5510 Ultrasonic Cleaner (Jeken Ultrasonic
Cleaner Limited Co., Ltd., Wuhan, China).

2.2. Chemicals and Materials
2.2.1. Materials

All batches of wine-processed P. sibiricum were purchased from manufacturers in
various regions of China, and the specific source information is shown in Table 1.

Table 1. Sample information of wine-processed P. sibiricum.

No Origin Batch No. Manufacturer

S1 Hunan 2211002 Jiangxi Zhongzhi Pharmaceutical Co., Ltd., Yichu, China

s Guizhou 220501 Puning Zequn Traditional Chmgse Medg:me Decoction Pieces Co., Ltd.,
Puning, China

3 Hunan 2303182 Guangdong Qingyuan Traditional Chl.nese Medmme Decoction Pieces Co.,

Ltd., Maoming, China

S4 Guizhou 3230401 Hebei Guosongtang Pharmaceutical Co., Ltd., Baoding, China

S5 Jiangxi 202310001 Jiangxi Gufangyuan Decoction Pieces Co., Ltd., Zhangshu, China

S6 Yunnan 231101 Henan Baode Decoction Pieces Technology Co., Ltd., Shangqiu, China

S7 Henan 20230402 Guangdong Huiqun Decoction Pieces Co., Ltd., Shantou, China

S8 Hebei B23061302-06 Hebei Chufeng Decoction Pieces Of Tradlfclonal Chinese Medicine Co., Ltd.,
Anguo, China

S9 Sichuan 230701 Sichuan Qilong Decoction Pieces Co., Ltd., Chengdu, China

510 Guizhou 230701 Shaoyang Shennong Traditional Chinese Med1c1r}e Technology Development

Co., Ltd., Shaoyang, China
S11  Guizhou 230801 Guangdong Jingchang Traditional Chmese Medlcme Decoction Pieces Co.,
Ltd., Huizhou, China

S12 Hunan 230601 Bozhou Qingfeng Yutang Decoction Pieces Co., Ltd., Bozhou, China

S13 Hunan 231001 Hunan Songlingtang Decoction Pieces Co., Ltd., Shaoyang, China

S14 Hebei 230501 Hongya County Wawushan Pharmaceutical Co., Ltd., Meishan, China

2.2.2. Reagents and Chemicals

Reference standards 5-hydroxymethylfurfural (5-HMF) (LOT. M18B215382),
p-hydroxycinnamic acid (LOT. HO5A6Q1), myricetin (LOT. J11HB18838), adenosine (LOT.
JO8HB173656), caffeic acid (LOT. M28HB183194), vanillic acid (LOT. M061B214403), and
DL-malic acid (LOT. 119120871) were procured from Shanghai Yuanye Bio-Technology Co.,
Ltd., Shanghai, China. Chlorogenic acid (LOT. PS012922) (Chengdu Pusi Biotechnology Co.,
Ltd., Chengdu, China), methanol (analytical grade, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), ethanol (analytical grade, Sinopharm Chemical Reagent Co., Ltd., China),
acetonitrile (Chromatographic grade, Thermo Fisher Scientific (China) Co., Ltd., Shanghai,
China), formic acid (Chromatographic grade, Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd., Shanghai, China), 2,2’-azino-bis (3- ethylbenzothiazoline-6-sulfonic acid)
(ABTS, Shanghai Yuanye Bio-Technology Co., Ltd., China), 2,2-diphenyl-1-picrylhydrazyl
(DPPH, Shanghai Yuanye Bio-Technology Co., Ltd., China), potassium persulfate (K;5,0Os,
analytical pure, Sinopharm Chemical Reagent Co., Ltd., China), and L(+)-ascorbic acid
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(analytical pure, Sinopharm Chemical Reagent Co., Ltd., China). The experimental water
was ultra-purified water, which was prepared by means of UPT-I-10T Ultra-pure Water
System (Sichuan Uprime Ultra-pure Technology Co., Ltd., Chengdu, China).

2.3. Development of the HPLC Fingerprint of Wine-Processed P. sibiricum
2.3.1. Chromatographic Conditions

Supersil AQ-C18 (4.6 mm x 250 mm, 5 pm) column, wavelength: 280 nm, mobile
phase: acetonitrile (A) — 0.1% formic acid solution (B), flow rate: 0.5 mL/min, column
temperature: 25 °C, injection volume: 20 uL. The mobile phase gradient elution is presented
as in Table 2.

Table 2. The mobile phase gradient elution.

Time (min) A (%) B (%)
0 1 99
15 7 93
18 8 92
21 8 92
31 9 91
32 10 90
47 20 80
60 23 77
63 26 74
68 95 5
78 95 5
85 1 99
90 1 99

2.3.2. Preparation of the Sample Solutions

Approximately 5 g of wine-processed P. sibiricum was weighed, finely ground and
sieved, then measured precisely. It was placed in a 100 mL conical flask, to which 50 mL
of 75% ethanol was added, and ultrasonically treated three times, each for 30 min. The
solution was filtered and centrifuged, compensating for any weight loss. The filtrates were
combined and evaporated to dryness. The residue was diluted with 75% methanol to a
final volume of 10 mL in a volumetric flask and set aside. Just before use, 200 pL of the
solution was taken and diluted with 75% methanol to a final volume of 1 mL. Finally, the
diluted solution was passed through a 0.22 pm microporous membrane for further use.

2.3.3. Preparation of the Reference Standard Solution

Eight standard samples were accurately weighed separately, dissolved in 75%
methanol by volume, and solutions of 5-hydroxymethylfurfural (0.1060 mg/mL), p-
hydroxycinnamic acid (0.1182 mg/mL), myricetin (0.1295 mg/mL), adenosine
(0.2353 mg/mL), vanillic acid (0.1176 mg/mL), DL-malic acid (0.1765 mg/mL), caffeic
acid (0.1500 mg/mL), and chlorogenic acid (0.1200 mg/mL) were prepared. These solu-
tions were filtered through a 0.22 pm membrane and subsequently analyzed by injection
under the specified chromatographic conditions.

2.4. Analytical Method Validation
2.4.1. Stability

Samples of wine-processed P. sibiricum (S514) were prepared according to the chromato-
graphic conditions. Samples were injected at 0, 4, 8, 12, 16, 20, and 24 h according to the
chromatographic conditions. Peak 15 was designated as the reference peak (S), and the
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relative standard deviation (RSD) of the relative retention time (RRt) and relative peak area
(RPA) of the common peaks were calculated.

2.4.2. Accuracy

A wine-processed P. sibiricum (514) sample was prepared and six consecutive injections
were conducted according to the chromatographic conditions. Peak 15 was used as the
reference peak (S), and the RSD of the RRt and RPA of the common peaks were calculated.

2.4.3. Repeatability

Six samples of wine-processed P. sibiricum (S14) test solution were prepared in parallel
according to the method and injected according to the chromatographic conditions, with
Peak 15 taken as the reference peak (S), and the RSD of the RRt and RPA of the common
peaks was calculated.

2.5. Establishment of the Common Mode of Wine-Processed P. sibiricum

Fourteen batches of test solutions of wine-processed P. sibiricum were prepared accord-
ing to the aforementioned steps. The samples were injected under the chromatographic
conditions of the aforementioned steps. The liquid chromatograms were exported in a spe-
cific format and analyzed using the Fingerprint Evaluation System of Traditional Chinese
Medicines (2004.A version). SPSS 27.0 was used for cluster analysis, and SPSS 27.0 and
SIMCA 14.1 were used for principal component analysis.

2.6. Determination of Antioxidant Activity
2.6.1. Preparation of the Solutions

Sample preparation: The wine-processed P. sibiricum was extracted by the above
method and frozen for 24 h at —80 °C. It was then freeze-dried for 24 h at —55 °C and a
vacuum degree of 6.4 Pa to obtain the lyophilized powder.

Test sample solution: The lyophilized powder of wine-processed P. sibiricum was accu-
rately weighed and dissolved in 75% methanol solution, and solutions with concentrations
of 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 3.00, and 5.00 mg/mL were prepared for subsequent use.

Ascorbic acid (Vc) solution: An appropriate amount of Vc was accurately weighed and
dissolved in water to form a stock solution. Working solutions of concentrations 0.01, 0.02,
0.05, 0.10, 0.20, 0.50, and 1.00 mg/mL were prepared and stored in the dark for later use.

The ABTS working solution: 0.0663 g of K»S,0Og was accurately weighed and dissolved
in 100 mL of water to prepare a 2.45 mmol-L~! K,S,05 solution; 0.3841 g of ABTS was
accurately weighed and dissolved in 100 mL of water to prepare a 7.00 mmol/L ABTS
solution. The two solutions were mixed in equal volumes and incubated in the dark at
room temperature for 12 h to yield the ABTS radical cation stock solution. Before the
experiment, 2 mL of the ABTS radical cation stock solution was diluted with pure water
to achieve an absorbance of 0.70 (£0.02) at a wavelength of 734 nm, resulting in the ABTS
radical cation working solution [19].

The DPPH working solution: 0.0049 g of DPPH was accurately weighed and dissolved
in 50 mL of anhydrous ethanol, configured as a 0.2 mmol-L~! DPPH solution, and stored
away from light [20].

2.6.2. ABTS Assay

Fourteen batches of test solutions with different concentrations were prepared by mix-
ing 50 uL of the test solution with 200 pL of ABTS* solution and sequentially adding them
to the 96-well plate. The mixtures were shaken well and incubated at room temperature
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for 6 min. Ascorbic acid was used as the positive control, and the absorbance values were
measured at 734 nm using auto-zeroing with purified water.

Scavenging rate = [1 — (Ay — A1)/ Ao] x 100%

where:
Ay is the absorbance of the blank control (50 L of 75% methanol + 200 uL. ABTS* solution);
A1 is the background absorbance of the sample group (50 uL test solution + 200 pL
pure water);
and A is the absorbance of the sample group (50 pL test solution + 200 uL. ABTS* solution).

2.6.3. DPPH Assay

A 96-well plate added 100 pL of 0.2 mmol-L~! DPPH solution and 100 uL of sample
solutions at various concentrations separately. After being incubated for 30 min at room
temperature in the dark, the absorbance was measured at 517 nm. The blank control was
the absorbance of a mixture of 100 uL of DPPH solution and an equal volume of 75%
methanol. In comparison, the self-control was the absorbance of a mixture of 100 uL of the
test solution and an equal volume of anhydrous ethanol. The calculation of the scavenging
rate of DPPH free radicals was as follows:

Scavenging rate (%) = (1 — (A; — A;)/Ac) x 100%

where A; is the absorbance of the sample, A]- is the absorbance of the self-control, and A, is
the absorbance of the blank control.

The mass concentration of wine-processed P. sibiricum samples and the corresponding
measured antioxidant scavenging rates were imported into GraphPad Prism 10 software
and processed to obtain the half-maximal clearance concentration (ICs).

2.7. Spectrum—Effect Relationship Analysis
2.7.1. Grey Relational Analysis

The reciprocals of the measured results of DPPH antioxidant capacity and ABTS
antioxidant capacity were used as the reference sequence (Yj), and the peak areas of
common peaks were used as the comparison sequence (X;). The data were normalized
using the initial value method. The grey relational grade between the reference sequence
and the comparison sequence was calculated using the following formula [21]:

¢i(k) = (A(min) + pA(max))/ (A(ik) + pA(max))
A(ik) = |Yi(k) — Xi(k)|

= L il

where k is the sample number, i is the common peak number, i(k) is the grey relational
coefficient, and p is the resolution coefficient, taken as 0.5. r is the grey relational grade.
The closer the grey relational grade is to 1, the stronger the correlation between the
peak area and the corresponding indicator. A grade of >0.9 means a significant impact, a
grade of >(0.7 indicates a considerable impact, and a grade of >0.6 suggests a minor impact.

2.7.2. Partial Least Squares Regression Analysis

Regression equations were established using partial least squares regression analysis
with SIMCA 14.0 software. The independent variable (X) consisted of the peak areas of
common peaks in the HPLC fingerprints for each batch of wine-processed P. sibiricum. The
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dependent variable (Y) was the reciprocal of the measured results of DPPH antioxidant
capacity and ABTS antioxidant capacity, respectively [22]. The data were standardized by
using the normalization method. The contribution of each common peak to anti-oxidation
was predicted by the regression coefficient of the regression equation and the Variable
Importance in the Projection (VIP) value. A positive regression coefficient indicates that a
chemical component enhances pharmacodynamic effects, while a negative one suggests an
inhibitory role. Variables with VIP > 1 significantly contribute to the model and are crucial
to pharmacodynamic effect assessment.

3. Results

3.1. HPLC Fingerprint Analysis of Wine-Processed P. sibiricum
3.1.1. Optimization of the Chromatographic Conditions

According to the relevant literature [23,24], the chromatographic conditions were
optimized, including the mobile phase composition, flow rates, detection wavelength,
and column temperature, as illustrated in Figure 1. Studies indicated that acetonitrile as
the organic phase yielded improved chromatographic performance with more detectable
peaks (Figure 1a). Among the additives tested, 0.1% formic acid provided the best baseline
stability and peak separation. For detection wavelengths, 280 nm offered more detectable
peaks and smoother baselines (Figure 1b). Better peak separation was achieved at a flow
rate of 0.5 mL/min (Figure 1c) and a column temperature of 25 °C (Figure 1d). The elution
condition was finalized through repeated experiments.

2000 7 600
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20 30 40 50 60 70 80 90
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Figure 1. HPLC chromatograms of wine-processed P. sibiricum under different separation conditions.
(a) Study of mobile phase compositions including acetonitrile, methanol, and formic acid water;
(b) Investigation of wavelengths at 203, 260, 280, and 300 nm; (c) Examination of flow rates at 1.0, 0.6,
and 0.5 mL/min; and (d) Evaluation of column temperatures at 25 °C and 30 °C.
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3.1.2. Results of Analytical Method Validation

The precision study of wine-processed P. sibiricum samples revealed that the RSD of the
RRt for common peaks was <2.14% and that of the RPA was <2.67%. In the reproducibility
study, the RSD of the RRt and RPA were <1.55% and 1.69%, respectively. The stability
study showed that the RSD of the RRt and RPA were <1.66% and 1.94% respectively. In
the above validation studies, the RSD of both RRt and RPA of the common peaks were less
than 3.00%, which confirmed the method’s reliability for establishing the fingerprints of
wine-processed P. sibiricum. The specific RSD values for the methodological validation are
detailed in Supplementary Material Table S1.

3.1.3. Establishment of the Fingerprint and Identification of Common Peaks of
Wine-Processed P. sibiricum

Utilizing the TCM Chromatographic Fingerprint Similarity Evaluation System 2004.A
version software, we analyzed HPLC chromatograms of 14 batches of wine-processed
P. sibiricum sourced from different regions. The chromatogram of batch S8 was used as
the reference standard. We employed the average method with a time window width
of 0.1 min and applied multiple-point correction to generate the superimposed HPLC
fingerprint (Figure 2), which revealed 17 common peaks. By comparing the common peak
superimposed HPLC fingerprint with a mixed reference standard (Figure 3), the peaks
were identified as follows: Peak 2 as malic acid, Peak 5 as adenosine, Peak 7 as 5-HMF,
Peak 12 as chlorogenic acid, Peak 13 as vanillic acid, Peak 14 as caffeic acid, Peak 15 as
p-hydroxycinnamic acid, and Peak 16 as myricetin.

Time(min)

Figure 2. Superimposed HPLC fingerprint of wine-processed P. sibiricum. (1-17 are the numbers of

common peak).
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Figure 3. HPLC fingerprint of mixed standards (2: DL-malic acid, 5: adenosine, 7: 5-HME, 12: chloro-
genic acid, 13: vanillic acid, 14: caffeic acid, 15: p-hydroxycinnamic acid, 16: myricetin).

3.2. Similarity Evaluation

The similarity results of 14 different regions of wine-processed P. sibiricum, as analyzed
in the Chinese Medicine Chromatographic Fingerprint Evaluation System software version
2004.A, are shown in Figure 4. The similarity indices for batches S3-511, S13, and S14
exceeded 0.89, indicating high similarity. In contrast, the indices for batches S1, S2, and
512 were 0.558, 0.311, and 0.402, respectively, suggesting that the chemical constituents
or contents of these batches differed notably from the control. S1 and S12 were from
Hunan, and S2 from Guizhou. This variability suggests chemical composition and content
differences among wine-processed P. sibiricum samples from different sources. The origin
of the samples and the preparation process may contribute to these differences.

S1.82 S3 S4 S5 S6 S7 S8 89 S10S11812513514 R

0.719 0.475

0.645 0385

Figure 4. Results of the similarity evaluation of wine-processed P. sibiricum. Note: Red indicates
higher similarity and blue indicates lower similarity.

3.2.1. Hierarchical Cluster Analysis (HCA) Results

The common peak areas of 14 batches of wine-processed P. sibiricum were imported
into SPSS 27.0 software for cluster analysis. This analysis was conducted using squared
Euclidean distance with the inter-group linkage method. The results are shown in Figure 5.
The cluster analysis revealed that at the Euclidean spacing of 6, the 14 batches of wine-
processed P. sibiricum extracts could be categorized into three major groups. Specifically,
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batches S1, S2, 54, S5, 57, S8, S6, 510, and S12 were clustered into the first category, batches
53, 56, and 513 into the second group, and batches 57, S11, and S14 into the third group.
When the Euclidean distance was set to 10, all products from Guizhou were grouped.
The cluster analysis helps differentiate the origins of wine-processed P. sibiricum based on
variations in quality.

o
=
o
15
5

1 L L 1

S2 2

s7 7

S5

s1 1

S12 12—

sS4 4

SB
>

s10 10—
sa

S14 14J
S M

S3 I

S6

S13 1

Figure 5. Hierarchical cluster analysis of the wine-processed P. sibiricum.

3.2.2. Principal Component Analysis (PCA) Results

The eigenvalues and contribution rates in Table 3 indicated that five principal com-
ponents were extracted based on the criterion of eigenvalues > 1 [25]. These components
accounted for variance contributions of 41.379%, 23.261%, 9.640%, 8.217%, and 7.702%, re-
sulting in a cumulative rate of 90.200%. These components represent the quality assessment
indices of wine-processed P. sibiricum.

Table 3. Eigenvalues and contribution of principal component analysis.

CE?:;C(:E:Lt Component Eigenvalue Variance Contribution Rate (%) gol;r:;lilll:::tli‘;en\;:;:rzs/f)
1 7.034 41.379 41.379
2 3.954 23.261 64.641
3 1.639 9.640 74.280
4 1.397 8.217 82.498
5 1.309 7.702 90.200

The component matrix is presented in Table 4. By applying a criterion of factor
loading greater than 0.5, we identified the following relationship: principal component 1 is
associated with Peaks 2, 5 to 7, and 9 to 16. Component 2 is linked to Peaks 1 to 4. While
Component 3 corresponds to Peak 7, Component 5 is influenced by Peak 8. Component
4 has no peaks exceeding this threshold. The results indicated that the contribution of
different common peaks to the quality of wine-processed P. sibiricum is different, and the
common peaks related to principal component 1 are the primary influence factors in the
quality of wine-processed P. sibiricum.

Principal component score and comprehensive score analysis: Through SPSS 27.0
analysis of variance contribution rates and component matrices, the peak areas of the
common peaks from 14 batches of wine-processed P. sibiricum were standardized. Using
the variance contribution rates of each principal component as the allocation coefficients, we
calculated the scores for each principal component and comprehensive scores of 14 batches
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of wine-processed P. sibiricum and ranked them. The higher the scores of a sample, the
better the indicated quality of the samples.

Table 4. Principal component loading matrix.

Common Peak Principal Principal Principal Principal Principal
Component 1 Component 2 Component 3 Component 4 Component 5
P1 0.351 0.769 —0.029 0.308 —0.25
P2 0.638 0.621 0.233 0.234 0.060
P3 0.446 0.763 0.258 0.260 0.02
P4 0.496 0.617 —0.258 0.047 0.153
P5 0.592 —0.471 —0.228 0.451 —0.375
P6 0.639 —0.379 —0.626 —0.127 0.056
P7 0.582 —0.496 0.509 —0.195 —0.249
P8 0.343 0.236 0.417 —0.025 0.734
P9 0.677 0.290 0.030 —0.200 —0.444
P10 0.776 0.472 0.006 —0.252 —0.262
P11 0.818 0.309 —0.220 —0.296 —0.017
P12 0.933 —0.140 —0.192 —0.030 0.223
P13 0.900 —0.212 —0.129 0.076 0.278
P14 0.684 —0.528 —0.263 0.228 0.251
P15 0.689 —0.527 0.388 0.220 0.001
P16 0.580 —0.567 0.482 0.119 —0.133
P17 0.393 —0.062 0.134 —0.779 0.025

The results, as shown in Table 5, revealed the ranking of the comprehensive scores of
the principal components as follows: S6, S1, 53, S11, 514, S9, S8, 510, 512, S13, 54, S5, S2, and
S7. This ranking suggested that the components common to wine-processed P. sibiricum
were influenced by the specific environmental conditions of their geographical origin,
leading to significant variations among the samples.

Table 5. Principal component scores and comprehensive scores of wine-processed P. sibiricum.

No. Batch Principal Principal Principal Principal Principal Comprehensive
) Component1l Component2 Component3 Component4 Component5 Score
1 S6 1.235 —0.249 1.381 0.818 1.560 0.853
2 51 1.691 0.737 —1.039 0.383 —0.459 0.476
3 53 —0.579 1.343 0.014 2.778 —0.612 0.471
4 S11 1.504 0.141 0.110 —0.462 —0.614 0.392
5 S14 —0.879 2.000 0.709 -1.171 —0.558 0.225
6 59 —0.378 0.610 0.502 —0.827 1.692 0.219
7 S8 —0.374 0.797 0.240 —1.138 —0.738 —0.059
8 510 —0.270 —0.276 —0.318 —0.198 1.783 —0.075
9 512 1.447 —0.705 —0.904 —0.666 —0.646 —0.098
10 513 —0.283 —1.649 2.364 0.142 —1.345 —0.120
11 54 —0.327 —0.371 —0.261 0.225 0.443 —0.182
12 S5 —0.824 —0.387 —0.907 —0.104 —0.334 —0.590
13 52 —0.937 —1.015 —0.981 0.508 0.192 —0.680
14 57 —1.026 —0.976 —0.910 —0.287 —0.365 —0.833

SIMCA 14.1 software was used to perform a PCA analysis of 14 batches of wine-
processed P. sibiricum. A PCA matrix of size 14 x 17 was created, with the areas of
17 common peaks in the fingerprints serving as variables. This matrix was employed to
plot the PCA scores for 14 batches of wine-processed P. sibiricum from various regions. As
shown in Figure 6, the samples are categorized into three groups: the first group includes
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samples S1, S6, and S11; the second group comprises S2, S4, S5, 57, S8, 510, 512, and S13;
and the third group consists of S3, S9, and S14. The rankings of the comprehensive scores
were consistent with those derived from the PCA conducted using SPSS. The findings
highlight the differences in quality among the wine-processed P. sibiricum from different
regions. Notably, even within the same region, there are variations in quality, which may
be influenced by different harvest seasons and processing conditions.

A | EIN
i | [e4

4
_ ( Ik X
@ YN

2 11
) 2 ® Qs B Hn

| 8 @9 sC

t[1]

Figure 6. Principal component analysis (PCA) of the wine-processed P. sibiricurn. HN: Hunan;
GZ: Guizhou; Hn: Henan; HB: Hebei; JX: Jiangxi; YN: Yunnan; SC: Sichuan.

3.2.3. Antioxidant Activity of Wine-Processed P. sibiricum

The antioxidant activity of the extracts was evaluated using DPPH and ABTS antiox-
idant assays, with the ICsj values presented in Table 6 and Figures 7 and 8. All batches
of wine-processed P. sibiricum extracts demonstrated antioxidant activities; however, the
levels of these activities varied among the different batches. This variation suggested that
although the chemical composition of each sample is similar, there may be significant
differences in the content of specific compounds that influence the antioxidant activity.
Additionally, the results obtained from the ABTS and DHHP assays were consistent in their
overall trends.
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Figure 7. The radical scavenging effects of 14 batches of wine-processed P. sibiricum on ABTS radicals.
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Table 6. Antioxidant activity of 14 batches of wine-processed P. sibiricum.

ABTS DPPH
Sample o o
P IC50 (mg/mL) 95( r/n ;255" IC50 (mg/mL) 95( r/n ;LISS"
S1 0.773 +0.011 d 0.634~0.817 1.851 + 0.026 1.344~2.614
S2 3.057 + 0.020 2 2.604~4.278 4482 +0.0132 3.432~6.042
S3 0.699 + 0.038 de 0.580~0.858 1.810 & 0.035 1.318~2.530
S4 0.930 + 0.023 f 0.7974~1.149 1.808 + 0.026 1.129~2.816
S5 1.182 + 0.048 8 0.845~2.424 2476 + 0.024 ° 1.637~3.903
S6 0.662 + 0.025 © 0.598~0.732 1.647 + 0.024 © 1.240~2.214
S7 4.592 + 0.007 P 3.558~7.148 3.890 + 0.018 & 2.278~6.537
S8 0.887 +0.022f 0.793~1.012 1.381 + 0.028 ¢ 0.997~1.940
59 0.712 + 0.028 dge 0.583~0.926 0.770 + 0.044 © 0.366~1.618
510 1.181 + 0.022 8 1.063~1.350 2.621 4+ 0.032f 1.558~4.723
S11 0.871 +0.031f 0.740~1.082 0.914 + 0.049 8 0.606~1.379
S12 1.929 + 0.022 ¢ 1.807~2.081 3.935 + 0.024 k 2.502~6.748
513 0.899 + 0.030 f 0.787~1.060 0.656 + 0.020 1 0.556~0.839
S14 0.649 + 0.035 © 0.557~0.748 0.509 + 0.0221 0.406~0.611
Positive control 0.139 + 0.019 0.117~0.156 0.373 £ 0.028 0.290~0.487

o

Note: Different letters indicate a significant difference at p < 0.05, and the same letter indicates no significant
difference. One-way ANOVA was used for the statistical analysis.

°
Y

S2

°

S4

P

S5

goe s Fos goe $o8 goe
e S B s o ] ]
06 o 06 06 206 /.
£ £ 04 £ £ £ /
) ) ) ) )
204 / g 204 204 204 s
> ¢ > o > * > > °« —
R e 802 4" 302 . So2 - Soz{ ¢
@ @ [ e B @ e o ®
0.0 T T T T 1 00 T T T T 0.0 T T T T 1 0.0 T T T 0. T T T T 1
45 40 05 00 05 10 45 40 05 00 05 10 45 40 05 00 05 10 45 40 05 00 05 10 45 40 05 00 05 10
Log Concentration Log Concentration Log Concentration Log Concentration Log Concentration
1.0 1.0 10 1.0 1.0
6 s1 S8 $9 s10
Los s Sosq Los £ 05 204
g g g g g
4 8 g 8 —* 8
06 0.6 06 o 0.6 rad o 0.6
2 2 2 2 < 2
2o4 2 0.4 * 2oa _” 2 0.4 M e 2 0.4
g g o8 . ] g g .
H P 2 L z e z . 2 .~
3024 ¢ 3 0.24 B 3024 o 3 0.2 3024 o
@ a o ] @ @
o=
0.0t T T T T 1 0. T T T T 1 0.0 T T T T 1 0. T T T T 1 0. T T T T 1
45 40 05 00 05 10 45 40 05 00 05 10 A5 0 05 00 05 10 A5 40 05 00 05 10 A5 40 05 00 05 10
Log Concentration Log Concentration Log Concentration Log Concentration Log Concentration
10 oo on sz 513 1.0 s 107 Ve
= = . = _ £
os £ 03] Tas « £ 08 P
2 2 I T ) ®
£ 4 K] e o] o 0.6
506 . 064 S o6 06 2
£ £ g £ > 24 .
2os 2 0.4 D04 o4 7 5"
S . $ . S | $ o H
- e ] H 3 3 0.2+
3027 ¢ 8027 g ’;"3 02 8 024 »n ol
0. T T T 1
0.0+ T T T T 7 0. T T T T 1 o o T T T T ! 20 o F o
45 40 05 00 05 10 45 0 05 00 05 10 45 40 .05 o0 05 10 45 A0 05 00 05 10 g ! 2 h

Log Concentration

Log Concentration

Log Concentration

Log Concentration

Log Concentration

Figure 8. The radical scavenging effects of 14 batches of wine-processed P. sibiricum on DPPH radicals.

3.3. Spectrum—Effect Relationship Research

3.3.1. Grey Relational Analysis (GRA)

The correlation results in Table 7 indicated that the chemical components represented
by the peaks have varying degrees of influence on their antioxidant activities. A correlation
closer to 1 signifies a more substantial effect of these components on antioxidant activity.
The results of the ABTS assay are consistent with those from the DPPH assay. Notably, the
correlations for all peaks, except for Peaks 1 and 17, exceed 0.7. This finding suggested that
these 15 common peaks are likely highly correlated with antioxidant activities. Therefore,
it can be concluded that the antioxidant effect of wine-processed P. sibiricum is the result of
the synergistic action of its internal group of pharmacodynamic components.
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Table 7. Results of grey relational analysis.
ABST DPPH
Peaks
Correlations Rank Correlations Rank

P1 0.6377 17 0.6506 17
P2 0.8070 8 0.7903 9
P3 0.8373 9 0.7832 12
P4 0.8427 1 0.7891 10
P5 0.8001 2 0.8401 2
P6 0.7709 6 0.8004 8
P7 0.7740 7 0.7847 11
P8 0.7948 3 0.8120 7
P9 0.7721 16 0.7787 15
P10 0.8159 10 0.7802 14
P11 0.8124 5 0.7805 13
P12 0.8776 4 0.8201 6
P13 0.8643 11 0.8323 3
P14 0.8363 15 0.8494 1
P15 0.8213 13 0.8276 5
P16 0.8475 12 0.8296 4
P17 0.6906 14 0.6797 16

3.3.2. Partial Least Squares (PLS) Regression Analysis

According to the PLS model, the regression equation were obtained as follows:

Y(aprs) = —0.051516X; + 0.037772X; — 0.006503X; + 0.023294X4 + 0.111036X5 + 0.115117X¢ + 0.103518X7 + 0.069946Xg +
0.060870Xg + 0.049577X10 + 0.048769X1; + 0.128833X15 + 0.132695X13 + 0.139658X14 + 0.143111X35 + 0.150618X16 +

0.003207X7

Y pppry = —0.023550X; + 0.039765X; — 0.040781X; + 0.155193X, + 0.073892X5 + 0.124159Xs — 0.003611X7 + 0.040935Xs +
0.001126Xg — 0.006570X70 + 0.082437X1; + 0.100406X15 + 0.146767X13 + 0.145227X45 + 0.150225X7¢ — 0.0494023X;7

For the ABTS and DHHP methods, the model’s fitting parameters showed R? values of
0.932 and 0.889, while the predictive parameters Q> were 0.821 and 0.535, respectively. R?
and Q? values greater than 0.5 indicated that the models exhibited a good fit, high stability,
and prediction accuracy.

Figure 9a displays the regression coefficients of the 17 peaks with antioxidant capacity.
Positive regression coefficients represent a positive correlation, and negative regression
coefficients suggest a negative correlation. The VIP values are shown in Figure 10a, where
VIP > 1 indicates that the components significantly affect antioxidant capacity.

In summary, the antioxidant capacities measured by the ABTS of the components
are ranked as follows: Peak 12 (chlorogenic acid), Peak 13 (vanillic acid), Peak 15
(p-hydroxycinnamic acid), Peak 14 (caffeic acid), Peak 16 (myricetin), Peak 6, Peak 5 (adeno-
sine), and Peak 7 (5-HMF). The results of the DPPH assay were analyzed in the same
manner as those of the ABTS assay, as shown in Figures 9b and 10b. The antioxidant activi-
ties measured by DPPH of the components are ranked as follows: Peak 5 (adenosine), Peak
16 (myricetin), Peak 14 (caffeic acid), Peak 15 (p-hydroxycinnamic acid), Peak 7 (5-HMEF),
and Peak 13 (vanillic acid).

Supplementary Materials Tables 52 and S3 detail the specific regression coefficients
and VIP values for the 17 chromatographic peaks with antioxidant activity.
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3.3.3. Comprehensive Analysis of the Spectrum—Effect Relationship

Figure 11 illustrates a heatmap displaying the antioxidant correlation coefficients
for 14 peaks derived from two statistical methods. The color intensity in the heatmap
indicates the strength of the correlation coefficients, with darker shades of red indicating
stronger correlations. The antioxidant correlations among different peaks are evident.
Notably, the antioxidant components identified by the ABTS and DPPH methods show
significant overlap when the same statistical method was applied. However, the results
obtained from the two statistical methods, GRA and PLS, show some differences on
the heatmap, suggesting that each method may have limitations. Combining these two
statistical methods can provide more comprehensive and reliable results for accurately
identifying antioxidant components. By analyzing the intersection of the results, we
identified six common components with content greater than 0.005% in wine-processed
P. sibiricum. These components are 5-HMF (Peak 7), p-hydroxycinnamic acid (Peak 15),
myricetin (Peak 16), caffeic acid (Peak 14), vanillic acid (Peak 13), and adenosine (Peak
5). These components have the potential to serve as quality markers for wine-processed
P. sibiricum. The findings also indicate that the antioxidant capacity of wine-processed
P. sibiricum arises from a combination of several components.
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Figure 11. The heatmaps of the antioxidant correlation coefficient of 17 chromatographic peaks of
different statistical methods. Note: the darker red color indicates higher correlations.

4. Discussion

As the population ages, delaying the aging process has become an important area
of research in contemporary society. The free radical theory of aging suggested that the
degenerative changes associated with aging resulted from the damaging effects of free
radicals produced during normal cellular metabolism [26]. Since ancient times, P. sibiricum
has been regarded as a life-prolonging herb in China. Modern studies have also shown that
the decoction of P. sibiricum can significantly extend the lifespan of silkworms and fruit flies.
P. sibiricum is known for inhibiting lipid peroxidation in cell membranes and protecting
the structural integrity of myocardial mitochondria. The anti-aging effects of P. sibiricum
may be related to its potent antioxidant properties [27,28]. However, previous research
on P. sibiricum has primarily focused on the effects of polysaccharides, often overlooking
its specific composition and synergistic effects involving other active constituents [29].
This experiment explored these additional active components by investigating their bi-
ological activity, particularly regarding antioxidant capacity. In establishing the HPLC
fingerprint of P. sibiricum, we carefully selected analysis methods and conditions based on
the characteristics of the studied components. During the sample extraction, a 75% ethanol
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solution was chosen as the solvent to minimize the polysaccharide content in the extraction,
thereby allowing for a greater focus on extracting other active substances. Additionally, in
selecting chromatographic analysis conditions, we thoroughly considered the properties of
the analyzed components to determine the appropriate mobile phase composition, elution
gradient, and other analytical parameters. By providing a comprehensive understanding
of the antioxidant substance in wine-processed P. sibiricum, this research lays a theoretical
foundation for its potential application in delaying the aging process.

This study successfully established an HPLC fingerprint for wine-processed P. sibir-
icum. The validation results of the method’s repeatability, reproducibility, and stability
showed that it is highly reliable. The analysis of 14 batches of wine-processed P. sibiricum
showed significant differences in ABTS and DPPH radical scavenging. GRA and PLS
regression methods were used to study the spectrum—effect relationship between common
chromatographic peaks and antioxidant activity. The study on antioxidant activity showed
that the results of ABTS and DHHP were consistent in terms of the overall trend, but there
were some differences, which may be mainly due to the differences in principle between
the two methods. GRA and PLS, two different statistical methods for spectrum-—effect
relationship analysis, also have specific differences in results, which are also due to the
limitations of a single method. In this study, we combined the two antioxidant analysis
methods. We conducted the spectrum—effect relationship study through two statistical
methods, which guaranteed the scientific reliability of the experimental results.

This research has shown that the common peaks identified in wine-processed P. sibir-
icum exhibited varying degrees of correlation with its antioxidant activity. The results
indicated that 5-HMF, p-hydroxycinnamic acid, myricetin, caffeic acid, vanillic acid, and
adenosine are correlated with the antioxidant activity of wine-processed P. sibiricum. Each
of these components has been reported to have antioxidant capacity. 5-HMF is a common
byproduct in food products and has been noted in literature for its diverse pharmacological
effects, which included antioxidation, antitumor, and anti-diabetic properties [30,31]. p-
hydroxycinnamic acid, a natural metabolite found in many edible plants, is recognized for
its pharmacological benefits, such as antioxidant, antitumor, antibacterial, and anti-aging
properties. Numerous experimental models have confirmed its ability to reduce oxidative
stress and inflammatory responses [32,33]. Myricetin, a flavonoid that occurs widely in
various natural plants, including Myrica rubra, possesses several pharmacological activ-
ities, such as antioxidant, anti-amyloidogenic, antibacterial, antiviral, and anti-diabetic
properties [34-36]. Caffeic acid is crucial in providing human health benefits through its
antioxidant properties. It inhibits the formation of reactive oxygen species (ROS) by block-
ing 5-lipoxygenase, an enzyme that converts arachidonic acid to leukotrienes, which are
involved in ROS generation [37]. Vanillic acid, another important compound, is a flavoring
agent in the food, beverage, cosmetics, and pharmaceutical industries. This phenolic acid
exhibits antioxidant, anti-inflammatory, and neuroprotective properties [38—40]. Lastly,
adenosine is an endogenous metabolite with considerable potential for use in immunomod-
ulatory therapy, offering antioxidant, anti-inflammatory, and immune-boosting effects [41].
In conclusion, beyond polysaccharides, these compounds significantly contribute to the
antioxidant activity of P. sibiricum.

5. Conclusions

This investigation elucidated the antioxidant material basis of wine-processed P. sibir-
icum through a comprehensive spectrum-—effect relationship analysis. This study suc-
cessfully established an HPLC fingerprint for wine-processed P. sibiricum by gradually
optimizing various conditions. This fingerprint comprehensively reflected the types and
quantities of chemical compounds in different batches of samples. Similarity analysis and
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cluster analysis revealed significant differences in the components and contents of sam-
ples from different regions, with quality variations also observed within the same region.
The results of ABTS and DPPH methods showed that all samples showed antioxidant
activity, yet there were variations in antioxidant activity among extracts from different
regions. Combined with chemometric GRA and PLS regression analysis, key antioxidant
pharmacodynamic components were identified by the correlation analysis, i.e., 5-HMEF,
p-hydroxycinnamic acid, myricetin, caffeic acid, vanillic acid, and adenosine. In this study,
we expanded our focus beyond polysaccharides to identify other potentially important
bioactive substances and seek multi-compound markers for quality control. We combined
two methods for antioxidant analysis. By employing two statistical techniques, we ensured
the scientific reliability of our results. This research provides novel insights into the material
basis of P. sibiricum, offering a valuable framework for comprehensive quality control and
further pharmacological research.

However, there are some limitations in the research, including potential batch-to-
batch variability and possible unknown synergistic effects that have not been thoroughly
addressed. In future work, a more detailed quantitative analysis method for these phar-
macodynamic components should be established. Additionally, a comprehensive quality
control strategy for the combination of the aforementioned components and polysaccha-
rides needs to be further developed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations12040081/s1; Table S1. The specific RSD values for
the methodological validation; Table S2. Correlation coefficient of 17 common peaks with antioxidant
activity of PLS; Table S3. VIP value of 17 common peaks with antioxidant capacity of PLS.
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