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Abstract: The present study investigates the chemical composition variances among Pinelliae Rhi-
zoma, a widely used Chinese herbal medicine, and its common adulterants including Typhonium
flagelliforme, Arisaema erubescens, and Pinellia pedatisecta. Utilizing the non-targeted metabolomics tech-
nique of employing UHPLC-Q-Orbitrap HRMS, this research aims to comprehensively delineate the
metabolic profiles of Pinelliae Rhizoma and its adulterants. Multivariate statistical methods including
PCA and OPLS-DA are employed for the identification of differential metabolites. Volcano plot
analysis is utilized to discern upregulated and downregulated compounds. KEGG pathway analysis
is conducted to elucidate the differences in metabolic pathways associated with these compounds,
and significant pathway enrichment analysis is performed. A total of 769 compounds are identified
through metabolomics analysis, with alkaloids being predominant, followed by lipids and lipid
molecules. Significant differential metabolites were screened out based on VIP > 1 and p-value < 0.05
criteria, followed by KEGG enrichment analysis of these differential metabolites. Differential metabo-
lites between Pinelliae Rhizoma and Typhonium flagelliforme, as well as between Pinelliae Rhizoma
and Pinellia pedatisecta, are significantly enriched in the biosynthesis of amino acids and protein
digestion and absorption pathways. Differential metabolites between Pinelliae Rhizoma and Arisaema
erubescens are mainly enriched in tyrosine metabolism and phenylalanine metabolism pathways.
These findings aim to provide valuable data support and theoretical references for further research
on the pharmacological substances, resource development and utilization, and quality control of
Pinelliae Rhizoma.

Keywords: Pinelliae Rhizoma; adulterants; UHPLC-Q-Orbitrap HRMS; untargeted metabolomics

1. Introduction

Pinelliae Rhizoma, the dried tuber of Pinellia ternata (Thunb.) Breit., belonging to the
Araceae family, possesses a pungent taste and warm property, exhibiting toxicity along with
therapeutic effects such as antiemetic, phlegm-resolving, and antitumor activities [1–3].
Modern pharmacological studies have revealed its diverse pharmacological actions, includ-
ing antibacterial, anti-inflammatory, antiepileptic, and anticancer properties [4–6]. There
are six species within the genus Pinellia, predominantly distributed in Eastern Asia, with
five species found in China, primarily in the southern and northern regions. As a traditional
Chinese medicinal herb with a history of over two thousand years, Pinelliae Rhizoma has
been utilized not only in traditional Chinese medicine clinical formulations but also as a
constituent in various Chinese patent medicines [7,8].

However, recent years have witnessed a continuous increase in demand, coupled
with a decline in wild resources and severe lagging in cultivation techniques, leading to a
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shortage of genuine Pinelliae Rhizoma in the market, and consequently the proliferation
of adulterants [9,10]. Common adulterants include Pinellia pedatisecta Schott [11], which
is of the same genus but a different species with high yield and a low price, as well as
Typhonium flagelliforme (Lodd.) Blume [12] and Arisaema erubescens (Wall.) Schott [13,14],
which belong to different genera within the same family. The mixing of adulterants severely
compromises the clinical efficacy of Pinelliae Rhizoma. Therefore, effective discrimination
between Pinelliae Rhizoma and common adulterants is crucial for ensuring its quality,
clinical efficacy, and resource conservation.

Pinelliae Rhizoma, derived from the dried underground tuber, poses challenges in
distinguishing genuine from adulterated products solely based on visual inspection after
removal of the leaves and other organs, leading to medication confusion and exacerbating
safety and quality issues. Liquid chromatography or its multipurpose mass spectrom-
etry techniques are commonly reported methods for chemical composition analysis of
traditional Chinese medicine (TCM) [15–18]. However, chromatographic methods rely on
reference standards and struggle to detect low-abundance chemical constituents in TCM,
resulting in limited quantitative analysis and inadequate reflection of the metabolome [19].
Metabolomics, a discipline studying endogenous metabolites and their variations within
organisms, constitutes an integral part of systems biology [20–22]. Its focus includes small
molecule metabolites with relative molecular weights below 1000, encompassing organic
acids, amino acids, lipids, and other compounds [23]. TCM authentication is pivotal for
quality control [24,25], with metabolomics serving as a tool for quality assessment based on
metabolic information similarity. While metabolomics techniques have been widely applied
in comparative studies of TCM quality [26–29], scarce literature exists on metabolomics
investigations of Pinelliae Rhizoma and its common adulterants.

Therefore, this study aimed to comprehensively determine the chemical compositions
and metabolic profiles of Pinellia ternata (Thunb.) Breit. [Banxia (BX)] and its common
adulterants including Typhonium flagelliforme (Lodd.) Blume [Shuibanxia (SBX)], Arisaema
erubescens (Wall.) Schott [Tiannanxing (TNX)], and Pinellia pedatisecta Schott [Huzhang-
nanxing (HZNX)]. This research is performed via untargeted metabolomics analysis based
on ultra-high-performance liquid chromatography coupled with quadrupole Orbitrap
high-resolution mass spectrometry (UHPLC-Q-Orbitrap HRMS). Principal component
analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA)
were employed for metabolite classification, exploring methods for identification based
on differences in metabolite categories. Volcano plot analysis was utilized to ascertain
upregulated and downregulated differential compounds, while Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis revealed disparities in metabolic pathways
of the compounds, allowing for the identification of significantly enriched pathways. The
outcomes of this investigation are poised to establish an effective means of discerning
Pinelliae Rhizoma from its adulterants, thereby furnishing both empirical evidence and
theoretical underpinnings for the examination of the pharmacological constituents inher-
ent to Pinelliae Rhizoma, resource development and utilization endeavors, and quality
control measures.

2. Results and Analysis
2.1. Overall Analysis of Metabolite Composition in Pinelliae Rhizoma and Its Adulterants

A total of 769 metabolites belonging to 13 categories were identified in Pinelliae
Rhizoma and its three adulterants. Among these, alkaloids accounted for 17.8%, lipids and
lipid molecules for 15.3%, flavonoids for 11.6%, terpenoids for 10.1%, amino acids for 7.3%,
organic acids and derivatives for 6.8%, phenylpropanoids for 5.5%, organic heterocyclic
compounds for 5.2%, aromatic compounds for 4.2%, organic oxygen compounds for 3.6%,
phenols for 2.7%, quinones for 1%, and other compound classes for 8.8% (Figure 1A,
Supplementary Table S1). BX was found to contain 729 metabolites, while SBX, TNX, and
HZNX contained 729, 718, and 726 metabolites, respectively. A total of 650 metabolites
were common to Pinelliae Rhizoma and its three adulterants. Only one unique metabolite
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was identified in BX, which is physalin L. The four unique metabolites identified in SBX are
chinenoside III, goyasaponin III, astragaloside IV, and so on. The three unique metabolites
identified in TNX are isorhamnetin-3-O-neohesperidine, typhaneoside, and quercetin
3-(2Gal-apiosylrobinobioside). Moreover, the seven unique metabolites identified in BX
includes licoricone, macranthoidin B, goyaglycoside h, and so on (Figure 1B).
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Figure 1. (A) The distribution of metabolic substances in BX, SBX, TNX, and HZNZ. (B) Venn diagram
of metabolite distribution in BX, SBX, TNX, and HZNZ. (C) 3D PCA of metabolites identified from
BX, SBX, TNX, and HZNZ. (D) HCA exhibiting correlation among BX, SBX, TNX, and HZNZ.

PCA is an unsupervised pattern recognition method that effectively extracts the most
significant information from complex data by reducing its dimensionality. Utilizing PCA for
pattern recognition of metabolite differences between Pinelliae Rhizoma and its adulterants
resulted in PCA score plots (Figure 1C). Each biological replicate of the samples clustered
together, showing clear separation from the quality control (QC) samples, indicating mini-
mal variation among the intra-group samples, thus ensuring the repeatability and reliability
of the laboratory procedures. Between genuine and adulterant samples, PC1 contributed
44.3%, PC2 contributed 21%, and PC3 contributed 15.1%, revealing distinct patterns among
genuine and three adulterant samples with significant separation, indicating significant
differences in their metabolic phenotypes.



Molecules 2024, 29, 2155 4 of 13

Hierarchical cluster analysis (HCA) was performed on all samples of Pinelliae Rhi-
zoma and its adulterants (Figure 1D). Pinelliae Rhizoma and its three adulterants clustered
separately into distinct groups, each subdivided into four regions, indicating significant
differences in chemical composition among Pinelliae Rhizoma and its adulterants. The es-
tablished untargeted metabolomics approach effectively characterizes the chemical features
of Pinelliae Rhizoma and its adulterants.

2.2. OPLS-DA and Permutation Test Analysis

OPLS-DA is a supervised pattern recognition method in multivariate statistical analy-
sis. It conducts orthogonal partial least squares discriminant analysis on all low relative
molecular weight metabolites in the samples to filter differential variables by eliminating
unrelated differences. Comparisons were made pairwise among BX, SBX, TNX, and HZNX.
The OPLS-DA score plots (Figure 2A–C) revealed that in the comparisons of BX vs. SBX,
BX vs. TNX, and BX vs. HZNX, PC1 contributed 77.9%, 69.8%, and 72%, respectively, while
PC2 contributed 7.13%, 10.7%, and 8.04%, respectively. Each comparison group exhibited
distinct separation trends, indicating significant differences in metabolites among the three
groups of samples.
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The validation of the OPLS-DA models (Table 1) indicated that for BX vs. SBX, R2X = 0.85,
R2Y = 1, and Q2 = 0.997; for BX vs. TNX, R2X = 0.804, R2Y = 0.999, and Q2 = 0.982; and
for BX vs. HZNX, R2X = 0.8, R2Y = 1, and Q2 = 0.992. All evaluation parameters of the
OPLS-DA models exceeded 0.5, and Q2 > 0.9, indicating well-constructed models with reliable
predictive capabilities.

To verify the reliability of the OPLS-DA models, permutation tests were conducted.
Samples were randomly permuted multiple times to shuffle the grouping, and correspond-
ing OPLS-DA models were established to calculate their R2Y and Q2 values. The results
were plotted as scatter plots, with two dashed lines representing the regression lines of R2Y
and Q2 (see Figure 2D–F). The results indicated that the slopes of the R2Y regression lines
for the comparisons of BX vs. SBX, BX vs. TNX, and BX vs. HZNX were all positive, and
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the R2Y values were generally located above the Q2 values. This suggests that the models
were meaningful and not overfitting. Differential metabolites could be selected for analysis
based on their VIP values.

Table 1. Parameters of the OPLS-DA model.

Mode R2X (cum) R2Y (cum) Q2 (cum)

BX vs. SBX 0.85 1 0.997
BX vs. TNX 0.804 0.999 0.982

BX vs. HZNX 0.8 1 0.992

2.3. Selection and Analysis of Differential Metabolites between Pinelliae Rhizoma and
Its Adulterants

Based on the results of the OPLS-DA, metabolites with VIP > 1 and p-value < 0.05
were selected as significantly differential metabolites. To visually reflect the overall
trend of metabolite content differences between the two groups and the statistical sig-
nificance of metabolite differences, volcano plots of differential metabolites were generated
(Figure 3A–C). In the comparison of BX vs. SBX, 138 differential metabolites were iden-
tified, with 94 upregulated (68.1%) and 44 downregulated (31.9%) metabolites. In BX
vs. TNX, 46 differential metabolites were identified, with 36 upregulated (78.3%) and
10 downregulated (21.7%) metabolites. In BX vs. HZNX, 109 differential metabolites were
identified, with 61 upregulated (56%) and 48 downregulated (44%) metabolites. The table
of differential metabolites is provided in Supplementary Table S2, showing the relative
abundance trends of each group, with red indicating upregulated metabolites and blue
indicating downregulated metabolites.

For a convenient and intuitive observation of metabolite change patterns, heatmap
clustering was performed on significant differential metabolites, as shown in Figure 3D–F
and Supplementary Table S3. The red area represents high-expression regions of differential
metabolites, while the blue area represents low-expression regions. In the comparison of BX
vs. SBX, differential metabolites of BX were mainly concentrated in the red high-expression
area, while those of SBX were mainly concentrated in the blue low-expression area. BX
exhibited significantly lower expression levels of 44 differential metabolites compared to
SBX, while significantly higher expression levels were observed for 94 differential metabo-
lites, mainly comprising terpenoids, flavonoids, and lipids and lipid molecules. Similarly,
in BX vs. TNX and BX vs. HZNX comparisons, BX showed higher expression levels of
differential metabolites mainly comprising flavonoids and alkaloids, while TNX and HZNX
exhibited lower expression levels. Overall, the comparison revealed a closer similarity
between BX and TNX in terms of differential metabolites. Furthermore, differential metabo-
lite heatmap analysis demonstrated differences in the content and types of differential
metabolites among Pinelliae Rhizoma and its three adulterants, suggesting the significance
of differential metabolites in distinguishing Pinelliae Rhizoma from its adulterants.

2.4. Venn Diagram Analysis of Differential Metabolites

The results of the Venn diagram analysis of differential metabolites are shown in
Figure 4 and Supplementary Table S4. A total of 220 differential metabolites were identified
among Pinelliae Rhizoma and its adulterants, with 75, 28, and 49 specific differential
metabolites in the BX vs. SBX, BX vs. TNX, and BX vs. HZNX groups, respectively. There
were five common differential metabolites among the three groups, including dioscoretine,
jervine, terfenadine, and so on. A total of 13 differential metabolites were shared between
BX vs. SBX and BX vs. TNX, while 55 were shared between BX vs. SBX and BX vs. HZNX,
and 10 were shared between BX vs. TNX and BX vs. HZNX. These results indicate that
the metabolites of BX and TNX are relatively similar. However, while both are used in
traditional medicine, they have different efficacies and should not be used interchangeably.
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2.5. K-Means Clustering Analysis of Differential Metabolites in Pinelliae Rhizoma and
Its Adulterants

In order to investigate the relative abundance changes of metabolites in Pinelliae
Rhizoma and its adulterants in different groups, the relative abundance of the 220 identified
differential metabolites obtained according to the screening criteria was standardized using
z-score, followed by K-means clustering analysis. As shown in Figure 5, the 220 differential
metabolites in Pinelliae Rhizoma and its three adulterants were divided into 9 subclasses.
Subclasses 2, 3, 5, and 9 contained 40, 23, 9, and 8 metabolites, respectively, with TNX
having higher standardized values than the other three. Subclasses 6 and 7 contained 44
and 16 metabolites, respectively, with SBX having higher standardized values than the other
three. Subclasses 1 and 8 contained 14 and 17 metabolites, respectively, with BX having
higher standardized values than the other three. Subclass 4 contained 49 metabolites, with
HZNX having higher standardized values than the other three. Detailed K-means data are
provided in Supplementary Table S5.
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2.6. KEGG Pathway Enrichment Analysis of Differential Metabolites in Pinelliae Rhizoma and
Its Adulterants

The growth process of plants is regulated by multiple substances and reactions, making
it a highly complex metabolic process. It cannot be evaluated solely based on the abundance
of certain substances. Therefore, further analysis of metabolic pathways is needed. We
used the KEGG database to annotate the differential accumulated metabolites in each
comparison group and conducted enrichment analysis on the annotated results to obtain
the pathways of differential accumulated metabolites (Figure 6, Supplementary Table S6).
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For the comparison between BX and SBX, differential metabolites were distributed
across 41 metabolic pathways. Different metabolites were predominantly enriched in the
biosynthesis of amino acids, 2-Oxocarboxylic acid metabolism, aminoacyl-tRNA biosynthe-
sis, protein digestion and absorption, mineral absorption, and central carbon metabolism
in cancer. For the comparison between BX and HZNX, differential metabolites were dis-
tributed across 34 metabolic pathways. Different metabolites were mainly enriched in
the biosynthesis of amino acids, aminoacyl-tRNA biosynthesis, protein digestion and
absorption, central carbon metabolism in cancer, and mineral absorption. There were
overlapping differential enrichment pathways between BX vs. SBX and BX vs. HZNX,
such as the biosynthesis of the amino acids pathway and the protein digestion and ab-
sorption pathway. The former pathway included 18 differential metabolites, i.e., aspartate,
arginine, L-glutamine, L-serine, ornithine, L-tryptophan, tyrosine, 2-ketobutyric acid,
leucine, L-histidine, L-proline, L-asparagine, citric acid, valine, threonine, 2-oxoadipic acid,
L-isoleucine, and o-acetylserine. The latter pathway contained 16 differential metabolites,
i.e., aspartate, arginine, L-glutamine, L-serine, L-tryptophan, tyrosine, leucine, L-histidine,
L-proline, L-asparagine, valine, threonine, histamine, L-isoleucine, indole, and tyramine.

For the comparison between BX and TNX, differential metabolites were distributed
across three metabolic pathways. Different metabolites were mainly enriched in tyrosine
metabolism and phenylalanine metabolism. The tyrosine metabolism pathway included
eight differential metabolites, which are succinate, tyrosine, fumaric acid, tyramine, gentisic
acid, 4-hydroxyphenylacetic acid, maleic acid, and homovanillic acid. Meanwhile, the
phenylalanine metabolism pathway included seven differential metabolites, which are
succinate, tyrosine, fumaric acid, 4-hydroxyphenylacetic acid, 2-hydroxycinnamic acid,
L-3-phenyllactic acid, and 2-phenylethanol.

3. Discussion

Pinelliae Rhizoma, a traditional Chinese medicinal herb, mainly contains alkaloids,
organic acids, amino acids, flavonoids, and other chemical components, possessing sig-
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nificant medicinal value. Li et al. [30] conducted a comprehensive analysis employing
high-performance liquid chromatography (HPLC) to simultaneously assess eight com-
ponents aimed at evaluating the quality of Pinelliae Rhizoma and its various processed
products. Their investigation revealed the presence of twelve active constituents within
Pinelliae Rhizoma. Notably, their findings suggested that β-sitosterol could potentially
exert a more pronounced influence on quality evaluation compared to other active in-
gredients. In addition, Zhang et al. [10] employed species-specific nucleotide assays to
meticulously assess 56 Pinelliae Rhizoma products available in the Chinese market, encom-
passing medicinal slices, powders, and Chinese patent medicines. Their comprehensive
analysis unveiled a concerning trend, with approximately 66% of the examined products
exhibiting adulteration. The predominant adulterants identified included HZNX (present
in 57% of the analyzed samples), followed by TNX (9%), Typhonium giganteum (2%), and
SBX (2%).

Metabolomics technology can comprehensively analyze the overall chemical composi-
tion of traditional Chinese medicines and has been widely applied in the quality evaluation
of Chinese medicinal materials [26–29]. In this study, based on UHPLC-Q-Orbitrap HRMS
untargeted metabolomics technology, we investigated the metabolites of BX and its com-
mon adulterants, SBX, TNX, and HZBX. A total of 769 metabolites were identified, with
alkaloids accounting for 17.8%, lipids and lipid molecules 15.3%, flavonoids 11.6%, ter-
penoids 10.1%, amino acids 7.3%, and organic acids and their derivatives 6.8%. Based on
the OPLS-DA results, significant differential metabolites were screened using the criteria
of VIP > 1 and p-value < 0.05. For BX vs. SBX, 138 differential metabolites were screened,
with 94 upregulated metabolites (68.1%) and 44 downregulated metabolites (31.9%). For
BX vs. TNX, 46 differential metabolites were screened, with 36 upregulated metabolites
(78.3%) and 10 downregulated metabolites (21.7%). For BX vs. HZNX, 109 differential
metabolites were screened, with 61 upregulated metabolites (56%) and 48 downregulated
metabolites (44%).

Through KEGG enrichment analysis of differential metabolites, the differential metabo-
lites in BX vs. SBX and BX vs. HZNX were significantly enriched in the biosynthesis of
amino acids and protein digestion and absorption pathways, mainly including amino acid
compounds such as aspartate, arginine, L-glutamine, and L-proline, which are essential or
non-essential amino acids, with L-proline being a component of Pinelliae Rhizoma’s irritant.
Differential metabolites in BX vs. TNX were mainly enriched in tyrosine metabolism and
phenylalanine metabolism pathways, mainly including organic acids and their derivatives
such as succinate, fumaric acid, gentisic acid, and maleic acid. Sun et al. [31] found that
organic acids in Pinelliae Rhizoma have antitussive and expectorant effects, constituting
the main pharmacologically-active substances in Pinelliae Rhizoma.

Secondary metabolites of plants are closely related to key enzymes and transcriptional
regulatory factors in synthetic metabolic pathways. By analyzing metabolic pathways,
the reasons for phenotypic differences in the research objects can be identified. Pinelliae
Rhizoma and its adulterants have differences in chemical composition, and it is speculated
that the genes significantly enriched in the above pathways may be the reasons for the
different phenotypes of Pinelliae Rhizoma and its adulterants.

4. Materials and Methods
4.1. Instruments and Reagents

The analytical instrumentation comprised the Orbitrap Exploris 120 quadrupole-
Orbitrap high-resolution mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
coupled with the Vanquish UHPLC ultra-high-performance liquid chromatography system
(Thermo Fisher Scientific, USA). Chromatographic separation was achieved using an
Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 µm particle size, Waters, Milford,
MA, USA). Solvents employed included methanol, acetonitrile, and formic acid (LC-MS
grade, CNW Technologies, Dusseldorf, Germany), alongside purified water.
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4.2. Sample Collection

Samples of Pinelliae Rhizoma and its three common adulterants were collected in
August 2022 from the Banxia cultivation base in Xihe Town, Gansu Province, China. Each
sample was collected with three replicates. The samples were identified by Dr. Linchun Shi,
a researcher at the Institute of Medicinal Plant Development, Chinese Academy of Medical
Sciences. They are the dried tubers of BX, SBX, TNX, and HZNX.

4.3. Sample Preparation

The test medicinal herbs underwent a meticulous processing regimen, beginning with
freeze-drying, followed by pulverization into powder samples using conditions set at 60 Hz
for 120 s. Subsequently, 100 mg of each powdered sample was meticulously weighed
and combined with 500 µL of extraction solution composed of methanol and water in a
ratio of 4:1 (v/v). The resultant mixture underwent vortexing for 30 s, homogenization at
45 Hz for 4 min, and subsequent sonication for 1 h in an ice-water bath. Following this, the
sample was allowed to stand at −40 ◦C for 1 h before being subjected to centrifugation at
12,000 rpm for 15 min. The supernatant was then meticulously filtered through a 0.22 µm
microporous membrane to yield the test solution.

4.4. Chromatographic Conditions

Chromatographic separation was executed utilizing an Acquity UPLC BEH C18 col-
umn (2.1 mm × 100 mm, 1.7 µm particle size). The mobile phase consisted of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B). A gradient elution program was
meticulously devised as follows: 0–5 min, 5–15% B; 3.5–6 min, 15–30% B; 6–6.5 min, 30% B;
6.5–12 min, 70% B; 12–12.5 min, 70% B; 12.5–25 min, 100% B; 25–30 min, 5% B. The flow rate
was maintained at 0.4 mL/min, with the column temperature set at 30 ◦C, and an injection
volume of 5 µL was employed.

4.5. Mass Spectrometry Conditions

Mass spectrometric analysis was executed utilizing a heated electrospray ionization
(HESI) source in both positive and negative ion modes. Specifically, the spray voltages
were meticulously adjusted to 5.5 kV for positive mode and 4.0 kV for negative mode.
The sheath gas flow rate was rigorously maintained at 9 L/min, while the auxiliary gas
flow rate was set at 3 L/min. Operating parameters such as the ion transfer tube and
vaporization temperatures were set at 350 ◦C. A Full MS/dd-MS2 scan mode was employed
for secondary mass spectrometry testing, maintaining a resolution of 60,000 for Full MS
scans and 15,000 for dd-MS2 scans. The scan range spanned from m/z 100 to 1500. Collision
energies under the NCE mode were precisely set at 16, 38, and 42 eV.

4.6. Data Analysis Methods

Data Processing and Multivariate Pattern Analysis: The raw data underwent conver-
sion into the mzXML standard format employing ProteoWizard. Subsequent processes,
including peak identification, extraction, comparison, and conformity assessment, were
carried out utilizing the R by XCMS package. Metabolites were annotated by referencing an
in-house MS2 database (BiotreeDB). Principal Component Analysis (PCA) and Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA) were performed using SIMCA
16.0.2 software. Evaluation of the OPLS-DA model included a 7-fold cross-validation
to compute R2 (model fitness) and Q2 (predictive ability), followed by a permutation
test (200 iterations). Metabolites exhibiting variable importance in the projection (VIP)
scores > 1 and p-values < 0.05 (determined by Student’s t-test) were deemed potential
differential metabolites in this investigation.

Metabolic Pathway Analysis: The metabolic enrichment pathways associated with
putative differential metabolites influencing cellular metabolism were investigated using
MetaboAnalyst (http://metpa.metabolomics.ca accessed on 5 January 2024 for all the
websites) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database

http://metpa.metabolomics.ca
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(http://www.genome.jp/kegg/ accessed on 5 January 2024). Through a comprehensive
analysis of pathways linked to the identified differential metabolites, the most statistically
significant pathways associated with metabolic variances were determined.

5. Conclusions

To briefly summarize, in this study, UHPLC-Q-Orbitrap HRMS untargeted metabolomics
technology was employed in conjunction with multivariate statistical techniques to devise
a robust approach for discriminating between Pinelliae Rhizoma and its adulterants. The
findings offer substantial empirical evidence and theoretical insights, thereby facilitating
the exploration of the pharmacological substance foundation, resource exploration and
exploitation, as well as quality assurance of Pinelliae Rhizoma.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29092155/s1, Table S1: Overall metabolites; Table S2: Dif-
ferential metabolites; Table S3: Significant differential metabolites for heatmap clustering analysis.
Table S4: Differential metabolites for the Venn diagram analysis; Table S5: K-means data. Table S6: Dif-
ferential accumulated metabolites for the KEGG analysis.

Author Contributions: J.W. and H.L. conceived and designed the experiments; J.W., J.C., Z.L.
(Ziyi Liu), Y.Y. and Z.L. (Zhan Li) prepared the samples and collected the data; All authors analyzed
the data; J.W. wrote the article. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available in the supplementary materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xiong, X.; Wang, P.; Su, K.; Cho, W.C.; Xing, Y. Chinese Herbal Medicine for Coronavirus Disease 2019: A Systematic Review and

Meta-Analysis. Pharmacol. Res. 2020, 160, 105056. [CrossRef] [PubMed]
2. Mao, R.; He, Z. Pinellia Ternata (Thunb.) Breit: A Review of Its Germplasm Resources, Genetic Diversity and Active Components.

J. Ethnopharmacol. 2020, 263, 113252. [CrossRef] [PubMed]
3. Su, T.; Tan, Y.; Tsui, M.S.; Yi, H.; Fu, X.Q.; Li, T.; Chan, C.L.; Guo, H.; Li, Y.X.; Zhu, P.L.; et al. Metabolomics Reveals the

Mechanisms for the Cardiotoxicity of Pinelliae Rhizoma and the Toxicity-Reducing Effect of Processing. Sci. Rep. 2016, 6, 34692.
[CrossRef] [PubMed]

4. Liu, Y.J.; Mo, X.L.; Tang, X.Z.; Li, J.H.; Hu, M.B.; Yan, D.; Peng, W.; Wu, C.J. Extraction Optimization, Characterization, and
Bioactivities of Polysaccharides from Pinelliae Rhizoma Praeparatum Cum Alumine Employing Ultrasound-Assisted Extraction.
Molecules 2017, 22, 965. [CrossRef] [PubMed]

5. Jinjun, W.; Zaixing, C.; Shugui, H.; Jinan, S.; Shuquiang, L.; Guiyu, Z.; Lijun, Z.; Liang, L.; Zhongqiu, L.; Na, L.; et al. Pinelliae
Rhizoma, a Toxic Chinese Herb, Can Significantly Inhibit CYP3A Activity in Rats. Molecules 2015, 20, 792–806. [CrossRef]
[PubMed]

6. Wu, X.Y.; Zhao, J.L.; Zhang, M.; Li, F.; Zhao, T.; Yang, L.Q. Sedative, Hypnotic and Anticonvulsant Activities of the Ethanol
Fraction from Rhizoma Pinelliae Praeparatum. J. Ethnopharmacol. 2011, 135, 325–329. [CrossRef]

7. Huo, J.; Qin, F.; Cai, X.; Ju, J.; Hu, C.; Wang, Z.; Lu, W.; Wang, X.; Cao, P. Chinese Medicine Formula “Weikang Keli” Induces
Autophagic Cell Death on Human Gastric Cancer Cell Line SGC-7901. Phytomedicine 2013, 20, 159–165. [CrossRef]

8. Yoon, J.-S.; Seo, J.-C.; Han, S.-W. Pinelliae Rhizoma Herbal-Acupuncture Solution Induced Apoptosis in Human Cervical Cancer
Cells, SNU-17. Am. J. Chin. Med. 2006, 34, 401–408. [CrossRef] [PubMed]

9. Li, H.; Cui, J.; Chen, H.; Li, H.; Xie, Y.; Song, W.; Chen, R. Rapid Colorimetric and Fluorescence Identification of Pinelliae Rhizoma
and Adulterate Rhizoma Typhonii Flagelliformis Using Direct-LAMP Assay. Food Chem. 2024, 437, 137840. [CrossRef]

10. Zhang, T.; Xu, F.; Ruhsam, M.; Feng, L.; Zhang, M.; Wang, Z.; Wang, X. A Nucleotide Signature for the Identification of Pinelliae
Rhizoma (Banxia) and Its Products. Mol. Biol. Rep. 2022, 49, 7753–7763. [CrossRef]

11. Jing, Y.; Lai, Y.; Chen, H.; Li, M.; Zhou, J.; Lan, Z. Study on the Identification of: Pinelliae Rhizoma and Pinelliae Pedatisectae
Rhizoma Based on the Characteristic Component Triglochinic Acid. RSC Adv. 2019, 9, 11774–11780. [CrossRef] [PubMed]

12. Wang, C.; Bi, Q.; Huang, D.; Wu, S.; Gao, M.; Li, Y.; Xing, L.; Yao, S.; Guo, D. An Identification of Pinelliae Rhizoma and Its
Counterfeit Species Based on Enzymatic Signature Peptides from Toxic Proteins. Phytomedicine 2022, 107, 154451. [CrossRef]

http://www.genome.jp/kegg/
https://www.mdpi.com/article/10.3390/molecules29092155/s1
https://www.mdpi.com/article/10.3390/molecules29092155/s1
https://doi.org/10.1016/j.phrs.2020.105056
https://www.ncbi.nlm.nih.gov/pubmed/32622723
https://doi.org/10.1016/j.jep.2020.113252
https://www.ncbi.nlm.nih.gov/pubmed/32798614
https://doi.org/10.1038/srep34692
https://www.ncbi.nlm.nih.gov/pubmed/27698376
https://doi.org/10.3390/molecules22060965
https://www.ncbi.nlm.nih.gov/pubmed/28598407
https://doi.org/10.3390/molecules20010792
https://www.ncbi.nlm.nih.gov/pubmed/25574821
https://doi.org/10.1016/j.jep.2011.03.016
https://doi.org/10.1016/j.phymed.2012.10.001
https://doi.org/10.1142/S0192415X0600393X
https://www.ncbi.nlm.nih.gov/pubmed/16710889
https://doi.org/10.1016/j.foodchem.2023.137840
https://doi.org/10.1007/s11033-022-07600-0
https://doi.org/10.1039/c9ra01626k
https://www.ncbi.nlm.nih.gov/pubmed/35516978
https://doi.org/10.1016/j.phymed.2022.154451


Molecules 2024, 29, 2155 13 of 13

13. Du, S.S.; Zhang, H.M.; Bai, C.Q.; Wang, C.F.; Liu, Q.Z.; Liu, Z.L.; Wang, Y.Y.; Deng, Z.W. Nematocidal Flavone-C-Glycosides
against the Root-Knot Nematode (Meloidogyne Incognita) from Arisaema Erubescens Tubers. Molecules 2011, 16, 5079–5086.
[CrossRef] [PubMed]

14. Liu, X.Q.; Wu, H.; Yu, H.L.; Zhao, T.F.; Pan, Y.Z.; Shi, R.J. Purification of a Lectin from Arisaema Erubescens (Wall.) Schott and Its
pro-Inflammatory Effects. Molecules 2011, 16, 9480–9494. [CrossRef]

15. Harvey, A.L.; Edrada-Ebel, R.; Quinn, R.J. The Re-Emergence of Natural Products for Drug Discovery in the Genomics Era. Nat.
Rev. Drug Discov. 2015, 14, 111–129. [CrossRef]

16. Chen, L.; Song, F.; Liu, Z.; Zheng, Z.; Xing, J.; Liu, S. Multi-Residue Method for Fast Determination of Pesticide Residues in
Plants Used in Traditional Chinese Medicine by Ultra-High-Performance Liquid Chromatography Coupled to Tandem Mass
Spectrometry. J. Chromatogr. A 2012, 1225, 132–140. [CrossRef]

17. Yang, M.; Sun, J.; Lu, Z.; Chen, G.; Guan, S.; Liu, X.; Jiang, B.; Ye, M.; Guo, D.A. Phytochemical Analysis of Traditional Chinese
Medicine Using Liquid Chromatography Coupled with Mass Spectrometry. J. Chromatogr. A 2009, 1216, 2045–2062. [CrossRef]

18. Han, J.; Ye, M.; Xu, M.; Sun, J.; Wang, B.; Guo, D. Characterization of Flavonoids in the Traditional Chinese Herbal Medicine-
Huangqin by Liquid Chromatography Coupled with Electrospray Ionization Mass Spectrometry. J. Chromatogr. B Analyt Technol.
Biomed. Life Sci. 2007, 848, 355–362. [CrossRef] [PubMed]

19. Trufelli, H.; Palma, P.; Famiglini, G.; Cappiello, A. An Overview of Matrix Effects in Liquid Chromatography-Mass Spectrometry.
Mass. Spectrom. Rev. 2011, 30, 491–509. [CrossRef]

20. Patti, G.J.; Yanes, O.; Siuzdak, G. Metabolomics: The Apogee of the Omics Trilogy. Nat. Rev. Mol. Cell Biol. 2012, 13, 263–269.
[CrossRef]

21. Chong, J.; Soufan, O.; Li, C.; Caraus, I.; Li, S.; Bourque, G.; Wishart, D.S.; Xia, J. MetaboAnalyst 4.0: Towards More Transparent
and Integrative Metabolomics Analysis. Nucleic Acids Res. 2018, 46, W486–W494. [CrossRef] [PubMed]

22. Fiehn, O. Metabolomics-the Link between Genotypes and Phenotypes. Plant Mol. Biol. 2002, 48, 155–171. [CrossRef]
23. Pelle, J.; Castelli, F.A.; Rudler, M.; Alioua, I.; Colsch, B.; Fenaille, F.; Junot, C.; Thabut, D.; Weiss, N. Metabolomics in the

Understanding and Management of Hepatic Encephalopathy. Anal. Biochem. 2022, 636, 114477. [CrossRef] [PubMed]
24. Drašar, P.; Moravcova, J. Recent Advances in Analysis of Chinese Medical Plants and Traditional Medicines. J. Chromatogr. B

Analyt Technol. Biomed. Life Sci. 2004, 812, 3–21. [CrossRef] [PubMed]
25. Cheng, M.; Yao, C.; Li, Y.; Li, Z.; Li, H.; Yao, S.; Qu, H.; Li, J.; Wei, W.; Zhang, J.; et al. A Strategy for Practical Authentication of

Medicinal Plants in Traditional Chinese Medicine Prescription, Paeony Root in ShaoYao-GanCao Decoction as a Case Study. J.
Sep. Sci. 2021, 44, 2427–2437. [CrossRef] [PubMed]

26. Wang, M.; Lamers, R.J.A.N.; Korthout, H.A.A.J.; Van Nesselrooij, J.H.J.; Witkamp, R.F.; Van Der Heijden, R.; Voshol, P.J.; Havekes,
L.M.; Verpoorte, R.; Van Der Greef, J. Metabolomics in the Context of Systems Biology: Bridging Traditional Chinese Medicine
and Molecular Pharmacology. Phytother. Res. 2005, 19, 173–182. [CrossRef]

27. Zhang, A.; Sun, H.; Wang, Z.; Sun, W.; Wang, P.; Wang, X. Metabolomics: Towards Understanding Traditional Chinese Medicine.
Planta Med. 2010, 76, 2026–2035. [CrossRef] [PubMed]

28. Wang, X.; Sun, H.; Zhang, A.; Sun, W.; Wang, P.; Wang, Z. Potential Role of Metabolomics Apporoaches in the Area of Traditional
Chinese Medicine: As Pillars of the Bridge between Chinese and Western Medicine. J. Pharm. Biomed. Anal. 2011, 55, 859–868.
[CrossRef] [PubMed]

29. Yang, Q.; Zhang, A.H.; Miao, J.H.; Sun, H.; Han, Y.; Yan, G.L.; Wu, F.F.; Wang, X.J. Metabolomics Biotechnology, Applications, and
Future Trends: A Systematic Review. RSC Adv. 2019, 9, 37245–37257. [CrossRef]

30. Li, X.; Liang, D.; Zhang, X.; Li, X.; Sha, M.; Zhang, X.; Guo, L.; Gao, W.; Li, X. Quality Evaluation of Pinelliae Rhizoma Using
Network Pharmacology and Multi-Component Quantitative Analysis. Tradit. Med. Res. 2022, 7, 33. [CrossRef]

31. Sun, L.M.; Zhang, B.; Wang, Y.C.; He, H.K.; Chen, X.G.; Wang, S.J. Metabolomic Analysis of Raw Pinelliae Rhizoma and Its
Alum-Processed Products via UPLC–MS and Their Cytotoxicity. Biomed. Chromatogr. 2019, 33, e4411. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules16065079
https://www.ncbi.nlm.nih.gov/pubmed/21694672
https://doi.org/10.3390/molecules16119480
https://doi.org/10.1038/nrd4510
https://doi.org/10.1016/j.chroma.2011.12.071
https://doi.org/10.1016/j.chroma.2008.08.097
https://doi.org/10.1016/j.jchromb.2006.10.061
https://www.ncbi.nlm.nih.gov/pubmed/17118721
https://doi.org/10.1002/mas.20298
https://doi.org/10.1038/nrm3314
https://doi.org/10.1093/nar/gky310
https://www.ncbi.nlm.nih.gov/pubmed/29762782
https://doi.org/10.1023/A:1013713905833
https://doi.org/10.1016/j.ab.2021.114477
https://www.ncbi.nlm.nih.gov/pubmed/34808106
https://doi.org/10.1016/j.jchromb.2004.09.037
https://www.ncbi.nlm.nih.gov/pubmed/15556485
https://doi.org/10.1002/jssc.202100028
https://www.ncbi.nlm.nih.gov/pubmed/33885223
https://doi.org/10.1002/ptr.1624
https://doi.org/10.1055/s-0030-1250542
https://www.ncbi.nlm.nih.gov/pubmed/21058239
https://doi.org/10.1016/j.jpba.2011.01.042
https://www.ncbi.nlm.nih.gov/pubmed/21353755
https://doi.org/10.1039/c9ra06697g
https://doi.org/10.53388/tmr20220416001
https://doi.org/10.1002/bmc.4411
https://www.ncbi.nlm.nih.gov/pubmed/30357881

	Introduction 
	Results and Analysis 
	Overall Analysis of Metabolite Composition in Pinelliae Rhizoma and Its Adulterants 
	OPLS-DA and Permutation Test Analysis 
	Selection and Analysis of Differential Metabolites between Pinelliae Rhizoma and Its Adulterants 
	Venn Diagram Analysis of Differential Metabolites 
	K-Means Clustering Analysis of Differential Metabolites in Pinelliae Rhizoma and Its Adulterants 
	KEGG Pathway Enrichment Analysis of Differential Metabolites in Pinelliae Rhizoma and Its Adulterants 

	Discussion 
	Materials and Methods 
	Instruments and Reagents 
	Sample Collection 
	Sample Preparation 
	Chromatographic Conditions 
	Mass Spectrometry Conditions 
	Data Analysis Methods 

	Conclusions 
	References

