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ABSTRACT: Codonopsis pilosula is a major Qi-tonifying medicinal herb, and its active composition is analyzed
systematically. However, the relationship between its production origins and commodity specification grades with the
active composition of C. pilosula lacks systematic research. This study integrates the HPLC and UV-Vis methodologies
to evaluate the quality of C. pilosula from commodity specification grades and different origins, and it explores the
correlation between ecological factors and production origins with active components. Here, network pharmacology
is used to determine that lobetyolin, syringin, and tangshenoside I have potential efficacy in treating pulmonary
fibrosis and oxidative stress. The HPLC and UV-Vis methods were employed to quantitatively analyse the levels of
five active compounds from different origins and commodity specification grades. Ecological factors were collected
from the different production origins with ArcGIS, and correlation analysis was conducted between these factors
and the active components of C. pilosula to identify the key ecological influences that drive the accumulation of
active compounds. Results showed that network pharmacology analyses indicated that the active components of
C. pilosula, including lobetyolin, syringin, and tangshenoside I, bind to targets and exhibit antioxidant and anti-
pulmonary fibrosis effects. Differences in the contents of active components across three commodity specification
grades were not significant. The contents of active components in C. pilosula showed differences with varying origins,
with the most variation observed in soluble sugar content, and notable variations are also observed in the levels of
lobetyolin, syringin, and tangshenoside I, which could serve as potential biomarkers for different origins. Additionally,
ecological factors influenced the accumulation of C. pilosula’s active components. The contents of soluble sugars
and tangshenoside I were positively correlated with temperature and precipitation. Our study evaluated the active
components of C. pilosula, and findings show that lobetyolin, syringin, and tangshenoside I have potential efficacy in
treating pulmonary fibrosis and oxidative stress. The differences in the quality of C. pilosula across varying commodity
specification grades are not significant. The different contents of C. pilosula across varying origins are significant,
with soluble sugars and glycosides serving as potential markers for distinguishing C. pilosula from different origins.
Moreover, ecological factors drove the accumulation of C. pilosula components. Soluble sugars and tangshenoside
I content were particularly influenced by temperature and precipitation. Sand content and electrical conductivity
significantly correlated with syringin, whereas organic carbon negatively influenced total flavonoids. This research
provides a theoretical basis for the selection of the C. pilosula growing area and lays a foundation for the study of the C.
pilosula quality standard.
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1 Introduction

Codonopsis pilosula is a prominent Chinese herbal medicine, renowned for its ability to tonify qi, blood,
spleen, and lung functions [1]. It is commonly referred to as ‘small ginseng’ and has been officially included
in the list of foods and medicines. C. pilosula exhibits dual therapeutic effects in both Qi tonification and
fluid regeneration, demonstrating particular efficacy in managing deficiency-heat syndrome characterized by
chronic thirst, xerostomia, and pharyngeal dryness resulting from prolonged Qi-Yin consumption [2]. Mod-
ern studies have shown that the active components of C. pilosula mainly include flavonoids, alkaloids, sugars,
saponins, steroids, amino acids, etc., which mainly have pharmacological effects such as enhancing immune
system function, improving digestive function, anti-inflammatory, regulating endocrine system, promoting
hematopoietic function, regulating cardiovascular and cerebrovascular system, anti-tumor, lowering blood
lipids and delaying aging [3]. Mechanistically, C. pilosula’s polysaccharides regulate energy homeostasis
through hypothalamic-pituitary-adrenal (HPA) axis modulation, specifically enhancing AMPK/PGC-1la
signaling pathways to restore metabolic equilibrium, as evidenced by recent in vivo studies [4]. Modern
pharmacological studies have demonstrated that C. pilosula exhibits resistance to oxidative stress [5] and
enhances immune function [6,7]. The soluble sugar of C. pilosula has antioxidative properties [1,8], and
the total flavonoid compound of C. pilosula has an anti-hepatocarcinoma effect [9,10], which are active
components for evaluating the quality of C. pilosula. Monomeric components of C. pilosula, such as
lobetyolin, syringin, and tangshenoside I can regulate immunity and improve haematopoietic function [7,11].
C. pilosula is an effective drug for intervention in ulcerative colitis, with lobetyolin and atractylenolide III
being the main active components involved in the treatment [12]. Importantly, decoctions of C. pilosula have
a significant effect on the treatment of pulmonary fibrosis [13], and C. pilosula has many pharmacological
effects, such as anti-hypoxia, anti-stress, and enhancing body immunity [14]. However, few studies have
focused on the function of lobetyolin, syringin, and tangshenoside I as potential active components in the
treatment of pulmonary fibrosis and oxidative stress. The potential function of the three active components
needs to be analysed by using network pharmacology.

The grading standards for the commodity specification grades of Chinese medicinal materials are
an important reference for evaluating the quality of Chinese medicinal materials [15]. The polysaccharide
content of Dendrobii Officinalis Caulis with different specifications varied, and the data were scattered [16].
The total amino acid content of Cornu Cervi Pantotrichum from different specifications showed little
variation [17]. According to the diameter and length of the root head, C. pilosula medicinal materials
are divided into first class, second class, and third class in the circulation situation [18]. Research has
demonstrated that the alcohol-soluble extractives and polysaccharide content in wild C. pilosula align closely
with internal quality parameters and grading criteria. In contrast, for cultivated C. pilosula, the levels of
tangshenoside I, codonopsis saponin, and atractylenolide III exhibit a unique pattern: second-class herbs
contain higher concentrations than first-class herbs, while third-class herbs show lower levels compared to
both first- and second-class herbs [18]. Additionally, the content of codonopsis saponin and atractylenolide
III in white C. pilosula across various commercial specifications exhibits a negative correlation with these
specifications. The grading system for commercial products of white C. pilosula in major production areas
is inconsistent and fails to accurately reflect the true quality of the herb [19,20]. Consequently, further
systematic investigation into the relationship between commercial grading and the intrinsic quality of
C. pilosula is warranted.

The quality of C. pilosula from different origins is highly variable, with genetics and environmental
factors being the primary influences [21]. The complex and diverse terrain and climate lead to differences
in quality of the same Bupleurum species when grown in different locations [22]. The contents of iridoids
in Gentiana scabra are significantly different in different habitats [23]. Ecological factors have a great
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effect on the accumulation of iridoids in G. scabra [24]. Numerous studies have explored the relationship
between medicinal plants and their ecological environments [25,26]; however, published reports specifically
addressing C. pilosula are rare. Researching the differences in the quality of C. pilosula from different origins
is crucial for guiding the standardised cultivation of C. pilosula, improving the quality of C. pilosula, and
ensuring the safety and efficacy of its clinical use.

The study aims to identify the potential active components through network pharmacology analysis,
the content of active components from different origins, and commodity specification grades. Additionally,
the correlation between the active components of C. pilosula and ecological factors is evaluated. This study
provides a scientific basis for explaining geoherbalism and the reasonable production selection of C. pilosula.

2 Methodology
2.1 Collection of C. pilosula

Forty-one batches of C. pilosula were obtained primarily from the main producing origins of Gansu,
Guizhou, Shanxi, and Sichuan provinces in October 2022 (Table 1). All samples were from three-year-old
artificially cultivated C. pilosula according to Good Agricultural Practice. Three batches of samples, each
consisting of 20 plants, were collected from each site as replicates. The samples were immediately transported
to the laboratory, rinsed with deionised water to remove dirt and sand. The medicinal materials were dried
in a dryer [11], with a temperature range of 40°C-60°C being suitable [27]. The dried C. pilosula samples
were crushed in a grinder, passed through a No. 4 sieve (200 mesh), and the resulting powder was stored in
a clean sample bottle, sealed, and labeled [28].

Table 1: Detailed information of C. pilosula samples

No. Breed Growth years/Y Origin (Province) Longitude Latitude
1 C. pilosula 3 Gansu 104°33' E 35°22'N
2 C. pilosula 3 Gansu 103°96' E 35°1' N
3 C. pilosula 3 Gansu 104°62' E 35°58' N
4 C. pilosula 3 Gansu 104°62' E 35°58' N
5 C. pilosula 3 Gansu 104°62' E 35°58' N
6 C. pilosula 3 Gansu 104°04' E 35°41' N
7 C. pilosula 3 Gansu 104°04' E 35°41' N
8 C. pilosula 3 Gansu 104°04' E 35°41' N
9 C. pilosula 3 Gansu 104°54' E 35°23'N
10 C. pilosula 3 Sichuan 102°35" E 31°35' N
11 C. pilosula 3 Guizhou 106°52" E 28°76' N
12 C. pilosula 3 Gansu 104°04' E 34°41' N
13 C. pilosula 3 Sichuan 99°08 E 41°24' N
14 C. pilosula 3 Sichuan 100°25" E 32°54'N
15 C. pilosula 3 Shanxi 112°58' E 37°53' N
16 C. pilosula 3 Gansu 104°01"' E 34°46' N
17 C. pilosula 3 Gansu 104°09" E 34°42'N
18 C. pilosula 3 Gansu 104°38' E 34°32'N
19 C. pilosula 3 Gansu 104°11' E 33°48' N
20 C. pilosula 3 Gansu 104°27"E 34°15' N

(Continued)
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Table 1 (continued)

No. Breed Growth years/Y Origin (Province) Longitude Latitude
21 C. pilosula 3 Gansu 104°31' E 34°17’ N
22 C. pilosula 3 Gansu 104°48 E 34°23' N
23 C. pilosula 3 Gansu 104°02" E 34°26' N
24 C. pilosula 3 Gansu 104°02' E 34°26' N
25 C. pilosula 3 Gansu 104°35" E 34°35' N
26 C. pilosula 3 Gansu 104°04" E 34°41' N
27 C. pilosula 3 Gansu 104°04' E 34°41' N
28 C. pilosula 3 Gansu 104°00" E 34°34'N
29 C. pilosula 3 Gansu 104°14' E 34°28' N
30 C. pilosula 3 Gansu 104°14' E 34°28' N
31 C. pilosula 3 Gansu 104°14' E 34°28' N
32 C. pilosula 3 Gansu 104°07" E 34°54' N
33 C. pilosula 3 Gansu 104°09’ E 34°54' N
34 C. pilosula 3 Gansu 104°09" E 34°36' N
35 C. pilosula 3 Gansu 104°10" E 34°49' N
36 C. pilosula 3 Gansu 104°10" E 34°48' N
37 C. pilosula 3 Gansu 104°11' E 34°47' N
38 C. pilosula 3 Shanxi 113°27"E 35°47'N
39 C. pilosula 3 Shanxi 113°19 E 35°48' N
40 C. pilosula 3 Shanxi 113°51' E 36°06' N
41 C. pilosula 3 Shanxi 113°42'E 36°06' N

2.2 Network Pharmacological Analysis and Molecular Docking

The canonical SMILES formulas of the active glycoside components were obtained from the PubMed
(https://pub-chem.ncbinlm.nih.gov, accessed on 18 February 2025) database and imported into the Swisstar-
get prediction website to predict their protein targets in Homo sapiens. The active glycoside components and
potential target proteins of C. pilosula were retrieved by querying the TCMSP (http://tcmspw.com/tcmsp.
php, accessed on 18 February 2025) database with specific criteria for oral bioavailability (OB > 30%) and
drug likeness (DL > 0.18). The TCMID (http://www.megabionet.org/tcmid/, accessed on 18 February 2025)
database was used with ‘DANG SHEN’ as a keyword, which yielded information on the active components of
C. pilosula, including lobetyolin, syringin, and tangshenoside I. After all identified targets were consolidated
while the duplicates were removed, the components were screened by TCMSP and TCMID databases,
and target proteins were screened after UniProt standardised protein names. PubMed, GeneCards (https://
www.genecards.org, accessed on 18 February 2025), and OMIM (https://www.omim.org, accessed on
18 February 2025) were employed to collect targets related to pulmonary fibrosis and oxidative stress.
Venny 2.10 (https://bioinfogp.cnb.csic.es/tools/venny/index.html, accessed on 18 February 2025) was
employed to identify commonalities between drug-related targets and disease-related targets. The active
glycoside targets were intersected with the pulmonary fibrosis and oxidative stress targets to construct a Venn
diagram of the intersected targets. On the basis of the interaction of the lobetyolin, syringin, tangshenoside
I, molecular targets, pulmonary fibrosis, and oxidative stress, a complex information network was built and
visualised using Cytoscape 3.9.1 software. After these targets were imported into the STRING database to
build a protein interaction network, the structure of the target was molecularly docked with the structure
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of the active glycoside component, and the Vina inside PyRx software was used for the docking. Finally, the
result with the lowest binding energy of each protein was mapped and visualised with Pymol software.

2.3 Commodity Specification Grades of C. pilosula

By the classification standards for C. pilosula stipulated in the Pharmacopoeia of the People’s Republic
of China, the Shanxi Market Supervision Bureau categorizes C. pilosula into three commercial grades [29],
C. pilosula’s first class (the diameter of the root head is greater than 0.8 cm, and the length is greater than
23 cm), second class (0.8 cm > diameter > 0.5 cm, 23 cm > length > 18 cm) and third class (0.5 cm >
diameter > 0.4 cm, 18 cm > length > 10 cm).

2.4 Determination of Active Components of C. pilosula
2.4.1 Determination of Lobetyolin, Syringin, and Tangshenoside I Content

The content of lobetyolin, syringin, and tangshenoside I, and the HPLC fingerprint of C. pilosula samples
were obtained as follows. An appropriate amount of lobetyolin, syringin, and tangshenoside I reference
substances was accurately weighed and diluted with 80% methanol to obtain final concentrations of 0.252,
0.2, and 0.169 mg/mL, respectively. These solutions were used for retention time determination and standard
curve construction (Table 2). The chromatographic column was a C18 reversed phase column (250 x 4.6 mm,
i.d. 5 um, Eclipse XDB; Agilent, Santa Clara, CA, USA); the mobile phase was 0.01% phosphoric acid aqueous
solution (A) acetonitrile (B), gradient elution: 0-10 min for 5% B to 15% B, 10-20 min for 15% B to 20% B,
20-35 min for 20% B to 35%, 35-45 min for 35% B to 70% B, 45-48 min for 70% B to 15% and 48-58 min
for 15% B. The column temperature was 25°C, the flow rate was 1.0 mL/min, the UV detection wavelength
was 267 nm, and the injection volume was 10 uL. The quantitative determination of lobetyolin, syringin, and
tangshenoside I samples and the establishment of HPLC fingerprint (Fig. SI) were accomplished under the
above conditions.

Table 2: Reference standard curve

Reference substance Standard curve r Linear range (pug)
Lobetyolin Y =193,892 x X —22.81  0.9999 0.1030~2.3075
Syringin Y =39,706 » X + 3.8468  0.9999 0.1583~2.4313
Tangshenoside I Y = 316,723 » X - 12.064 1 0.2501~6.2692

2.4.2 Determination of Soluble Sugar Content

With its simplicity, low cost, and rapid analytical speed, the UV-Vis spectrophotometric method
has become an essential screening tool for the quality control of natural drugs. It is widely employed
for the determination of total component content and process optimization. In this experiment, UV-Vis
spectroscopy was combined with HPLC to enable a comprehensive qualitative and quantitative analysis,
ensuring a more accurate and reliable evaluation of the target compounds.

The content detection of soluble sugar of C. pilosula samples was based on the methods in the literature
with slight modifications [30]. The content of soluble sugar was determined by the phenol-sulfuric acid
method. Briefly, 1 mL of C. pilosula was taken for testing, and 1 mL of 50 g/L phenol solution was added.
The mixture was shaken well. Next, 5 mL sulfuric acid was added quickly, and the mixture was cooled in
ice, heated in a 100°C water bath for 10 min, removed, cooled in an ice bath for 20 min, and diluted to
10 mL with water. The detection wavelength of soluble sugar is 490 nm, and an 80% ethanol solution was
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used as a reference. Under the above conditions, the content of soluble sugar was measured. After detection
and calculation, the standard curve of soluble sugar was Y = 0.2437X + 0.1016, R? = 0.9994.

2.4.3 Determination of Total Flavonoid Content

The content detection of total flavonoids of C. pilosula samples was based on the methods in the literature
with slight modifications [30]. The content of total flavone was determined by the AlCl;-NaNO, method.
First, 1 mL of C. pilosula was placed in a 10 mL tube with a plug for testing, 0.3 mL of 50 g/mL sodium nitrite
solution was added successively, and the mixture was shaken. Then, 0.3 mL of 100 g/mL aluminium nitrate
solution was added, and the mixture was shaken well and let stand for 6 min. Next, 5 mL of 40 g/mL sodium
hydroxide solution was added, diluted with 60% ethanol solution to scale, shaken well, and stored for 10 min.
The detection wavelength of total flavonoids is 510 nm, with a 60% ethanol solution as the reference. Under
the above conditions, the content of total flavonoids was determined. After detection and calculation, the
standard curve of total flavonoids was Y = 3.9706X + 0.3846, R = 0.9996.

2.5 Analysis of Multivariate Correlation between Ecological Factors and Active Components
2.5.1 Extraction of Ecological Factors

Geospatial data for all study sites were collected using GIS technology, while microclimatic param-
eters (temperature and humidity) were recorded using portable digital hygrometers at each location.
The ecological factors were extracted from WorldClim (Table S1) and HWSD (Table S2) by GMPGIS
based on geographical coordinates [31,32], including temperature, precipitation, accumulated temperature,
exchangeable sodium salts, and organic carbon content index for further analysis.

2.5.2 Multivariate Correlation Analysis

The data for each climate factor was extracted separately. One layer was then removed after extraction
and imported into the next layer. All the weather data were combined in a spreadsheet and processed using
IBM SPSS Statistics 25. The vegan and psych packages in R version 4.1.0 were used for multivariate correlation
between ecological factors and active components [33]. One-way analysis of variance was conducted using
SPSS, and the ggplot2 packages in R version 4.1.0 were used for the correlation bubble diagram.

3 Results

3.1 Active Components in C. pilosula Showing Anxiolytic Effects of Pulmonary Fibrosis and Oxidative
Stress

To explore the resistance effect of C. pilosula active components on pulmonary fibrosis and oxidative
stress, we used network pharmacology analysis for evaluation and prediction. A total of 271 pharmacological
target genes were identified as related to lobetyolin, syringin, and tangshenoside I through the Swiss Target
Prediction database. A total of 3731 target genes linked to pulmonary fibrosis and oxidative stress were mined
from these online databases, Gene Cards, OMIM, and DrugBank. A total of 114 common genes were found in
both gene groups (Fig. 1A), suggesting that these 114 genes may be the potential targets that resist pulmonary
fibrosis and oxidative stress effects. To further understand the active compound-target-disease interaction
mechanism of C. pilosula, we built a network to visualise the active compound-target-disease correlations
(Fig. 1B). The core genes identified through PPI analysis included SRC, GRB2, HSP90A AL EGFR, FYN, KDR,
MAPKI, CTNNBI, ERBB2 and TNF (Fig. 1C). Molecular docking was performed to visualise the interaction
between these core genes and potent active compounds (Fig. ID-F). Molecular docking analysis revealed
that lobetyolin exhibited strong binding affinity to the key target TNF, tangshenoside I effectively interacted
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with SRC, and syringin was closely associated with HSP90OAA1. These multi-target interactions suggest a
synergistic therapeutic potential in mitigating pulmonary fibrosis and oxidative stress. In the composition
of the binding energy (Tables 3-5), the van der Waals forces are the mutual action play a primary role, the
electrostatic interaction plays a secondary role, and the hydrophobic interaction plays a supplementary role.
These findings suggest that lobetyolin, syringin, and tangshenoside I may be potential active components
with anti-pulmonary fibrosis and antioxidative effects by targeting multiple proteins. As shown in Table 6,
the study on the DPPH radical scavenging activity of the active components in C. pilosula revealed that
the DPPH radical scavenging rate ranged from 49.3% to 97.69%, which indicates that C. pilosula has strong
antioxidant activity.
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Syringin

Figure 1: Network pharmacologic analysis of active components of C. pilosula. (A) Venn diagram of diseases and
targets. (B) Network diagram of C. pilosula-diseases—ingredients—common targets. (C) PPI network of intersecting
target proteins. (D) The molecular docking results of lobetyolin. (E) The molecular docking results of syringin.
(F) The molecular docking results of tangshenoside I

Table 3: TNF-lobetyolin binding energy and its composition in stable state (unit: kJ/mol)

Complex AEvdw AEele AEpol AEnonpol AEMMPBSA -TAS AGbind*
Protein-  -140.359 + -48.905+ 140.627 + -18.864+ -675+4.811 21457 + -46.043 +
ligand 4.028 4.533 8.123 0.183 1.771 6.315

Note: The AEMMPBSA of TNF-Lobetyolin = —67.5 + 4.811 k]/mol, the binding energy and affinity of the two are higher.
*AGbind = AEvdw + AEele + AEpol + AEnonpol — TAS.

Table 4: SRC-tangshenoside I binding energy and its composition in stable state (unit: kJ/mol)

Complex AEvdw AEele AEpol AEnonpol AEMMPBSA -TAS AGbind*
Protein-  -240.415+ -210.886 + 456.763+ -33.479+ -28.016+  29.885+ 1868 +5.921
ligand 3.479 24.152 34.175 0.261 7.326 2.261

Note: The AEMMPBSA of SRC-Tangshenoside I = —28.016 + 7.326 kJ/mol, the binding energy and affinity of the two
are better. *AGbind = AEvdw + AEele + AEpol + AEnonpol — TAS.

Table 5: HSP90A Al-syringin binding energy and its composition in stable state (unit: kJ/mol)

Complex AEvdw AEele AEpol AEnonpol AEMMPBSA -TAS AGbind*
Protein-  -191.648 + -—121.258 + 288.001+ —-24.611+ —49.517 + 20.179 + -29.338 +
ligand 1.724 4.999 7735 0.135 4.344 1.103 4.756

Note: The AEMMPBSA of HSP90AA1-Syringin = —49.517 + 4.344 kJ/mol, the binding energy and affinity of the two
are higher. *AGbind = AEvdw + AEele + AEpol + AEnonpol — TAS.

Table 6: DPPH free radical scavenging rate (D%) of active components of C. pilosula

No. D% No. D% No. D% No. D%

93.77% 12 92.65% 23  93.77% 34  59.54%
79.56% 13 83.82% 24  8724% 35 63.50%
80.35% 14 9310% 25 76.63% 36  55.41%
89.60% 15 94.96% 26 7762% 37  68.54%

(Continued)
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Table 6 (continued)

No. D% No. D% No. D% No. D%

5 86.54% 16 89.14% 27 80.18% 38  68.66%
6 87.53% 17 9315% 28  63.09% 39 69.32%
7 97.69% 18 92.28% 29  53.88% 40  63.34%
8
9

83.40% 19 7539% 30 53.88% 41 65.98%
65.65% 20 84.35% 31 57.60%

10 87.16% 21 96.24% 32 49.30%

11 7213% 22 83.48% 33 49.83%

3.2 Analysis of the Active Components Content of C. pilosula among Different Specifications

The correlation between commodity specification grades and the quality of C. pilosula was studied. In
terms of soluble sugar content, the first-class herb of C. pilosula exhibited higher levels than the second-
class herb did, while the second-class herb showed higher levels than the third-class herb did (Fig. 2A). With
regard to total flavonoid content, the third-class herb displayed higher levels than the second-class herb did,
and the second-class herb had higher levels than the first-class herb did (Fig. 2B). The lobetyolin content in
the third-class herb was comparable to that in the first-class herb but lower than in both first- and second-
class herbs (Fig. 2C). The highest syringin content was found in the first-class herb, with comparable levels
observed in both second- and third-class herbs (Fig. 2D). Furthermore, tangshenoside I content in the third-
class herb surpassed that in both first- and second-class herbs, while its level in the second-class herb was
similar to that of the first-class herb (Fig. 2E). These results indicate that the disparity of the composition of
C. pilosula is not statistically significant among different specifications.

3.3 Analysis of Active Components of C. pilosula from Different Origins

Significant differences were found in the content of active components of C. pilosula among different
origins. The soluble sugar content ranged from 10.78 to 49.51 mg-g™', with an average of 24.29 mg-g’
(Fig. 3A). The content of total flavonoids ranged from 1.33 to 4.57 mg-g™!, with an average of 2.09 mg-g™!
(Fig. 3B). The contents of lobetyolin ranged from 0.35 to 5.21 mg-g!, with an average of 2.47 mg-g"". The
content of tangshenoside I ranged from 0.95 to 31.73 mg-g~!, with an average of 12.37 mg-g"". The content of
syringin ranged from 0.06 to 0.66 mg-g™', with an average of 0.27 mg-g! (Fig. 3C).

Principal component analysis (PCA) was employed to achieve a comprehensive differentiation. Distinct
separation trends were discernible in the PCA model score plot (Fig. 3D). The samples from Gansu and
Shanxi were classified into different clusters by cluster tree analysis (Fig. 3E), and a robust classification result
was obtained. VIP analysis based on active components was conducted to identify potential biomarkers
for distinguishing C. pilosula of different origins (Fig. 3F). Potential markers across diverse origins were
selected by screening for VIP values >1 (p < 0.05). Notably, soluble sugar and three glycoside components—
tangshenoside I, syringin, and lobetyolin all exhibited VIP values exceeding 1.0, indicating their potential
role as markers for the quality disparities among geographically distinct varieties of C. pilosula.
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Figure 2: Analysis of the active components in C. pilosula from different specifications in Gansu Province. (A) Boxplot
illustrating the soluble sugar content. (B) Boxplot illustrating the total flavonoid content. (C) Boxplot illustrating the
lobetyolin content. (D) Boxplot illustrating the syringin content. (E) Boxplot illustrating the tangshenoside I content.
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Figure 3: Analysis of the active components in C. pilosula from different origins. (A) Boxplot illustrating the soluble
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3.4 Ecological Factors Contributing to the Accumulation of Active Components in C. pilosula

A total of 19 climatic factors (Table S3) were extracted from WorldClim based on latitude and longitude
for conducting correlation analysis with the quality indicators of C. pilosula. These factors mainly include
annual mean temperature, mean diurnal range, isothermality, and temperature seasonality.

Ecological factors such as temperature, rainfall, humidity, light, and soil composition index affected
the accumulation of the main components of C. pilosula. The primary influencing factors are temperature
and precipitation. Mantel tests revealed significant correlations of climatic factors with soluble sugar (p <
0.05) and tangshenoside I contents (p < 0.05) (Fig. 4A), while soil factors significantly affected syringin and
total flavonoid levels (p < 0.05) (Fig. 4C). Further visualization of the relationship between climatic factors
and the content of each active component was showed (Fig. 4B) temperature-related parameters demon-
strated significant positive correlations with soluble sugar content. Conversely, precipitation metrics showed
pronounced negative correlations with soluble sugar content. Annual precipitation exhibited a negative
correlation with the accumulation of tangshenoside I content. Sand content and electric conductivity showed
a significant correlation with syringin. Organic carbon content exhibited a significant negative correlation
with total flavonoid levels (Fig. 4D and Table S4).
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4 Discussion

Lobetyolin, syringin, and tangshenoside I are potential active components of C. pilosula in the treat-
ment of pulmonary fibrosis and oxidative stress [6]. Lobetyolin is the primary active component in the
pharmacopoeia, while syringin and tangshenoside I are essential indicators for assessing the quality of C.
pilosula [7,34]. Network pharmacology contributes to the exploration of the relationships among herbs,
diseases, and molecular targets [35]. Modern studies suggest that C. pilosula has various pharmacological
activities, including enhancing immunity, antioxidation, anti-tumour effects, anti—inﬂammatory properties,
and regulation of gastrointestinal function [36,37]. This study explores the resistance effects of the active
components of C. pilosula on pulmonary fibrosis and oxidative stress by using network pharmacology
and molecular docking techniques. The literature indicates that the flavonoids in C. pilosula can not
only inhibit pulmonary inflammatory responses but also have anti-pulmonary fibrosis effects [38]. The
soluble sugar in C. pilosula can improve gastric mucosal injury in CAG rats and inhibit oxidative stress,
inflammatory response, and cell apoptosis [1,39]. The lobetyolin and syringin in C. pilosula can mitigate
oxidative damage by regulating immune inflammation [7]. These results indicate that soluble sugar, total
flavonoids, tangshenoside I, syringin, and lobetyolin are active components of C. pilosula.

No significant difference was found in the content of active components of C. pilosula between different
specifications. Over the long history of traditional Chinese medicine development, a unique standard for
evaluating drug quality has gradually emerged, known as ‘visual inspection for grading and pricing’ [40].
The intrinsic quality of Scale ginseng medicinal materials is related to the commodity specification grades
of market segmentation [41]. A certain correlation exists between the commercial specifications and the
content of ingredients in Salvia miltiorrhiza, but using this result as a conclusion is one-sided [42]. The results
indicated that the intrinsic quality of cultivated C. pilosula varieties across different specifications and grades
was generally consistent with the current classification standards based on morphological characteristics and
origin. Notably, first- and second-class herbs exhibited higher levels of key index components, categorizing
them as high-quality medicinal materials [18]. However, the contents of lobetyolin and atractylodes III in dif-
ferent specifications of C. pilosula sinensis were negatively correlated with the commodity grade [19]. While
the study states that differences in the contents of active components across three commodity specification
grades were not significant, the implication of this result has not been fully explored in previous studies. The
existing grading standards for C. pilosula primarily rely on subjective morphological characteristics of the
medicinal materials, while insufficiently accounting for variations in active components [43]. Furthermore,
inconsistent classification criteria for major production origins have resulted in a weak correlation between
commodity specification grades and actual medicinal quality [44]. This suggests that quality control based
on commodity grades is insufficient for ensuring consistent bioactivity, and it reflects the robustness of the
active components across grades. Therefore, it is urgent to construct a C. pilosula quality evaluation index
based on core quality elements.

Notable differences were observed in the content of active components in C. pilosula from different
origins. Soluble sugars, lobetyolin, syringin, and tangshenoside I serve as potential markers that distinguish
the quality of C. pilosula from different origins. Significant differences exist in the content of lobetyolin
across different origins [45]. The flavonoid content of C. pilosula varies significantly with different origins [1].
The content of soluble sugar, lobetyolin, atractylenolide III, and amino acids of C. pilosula from different
production origins was significantly different [1,46]. Previous studies indicated that the content of soluble
sugars and total flavonoids can serve as marker components for C. pilosula from different origins [47,48].
Lobetyolin and syringin serve as index components of C. pilosula [7]. Tangshenoside I and lobetyolin were
identified as important differential components of C. pilosula from different origins [46,49]. These results
provide valuable data for the selection of optimal production areas for C. pilosula.
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Ecological factors were correlated to the accumulation of active components in C. pilosula. Ecological
factors, including temperature and precipitation, exhibit distinct seasonal variations. Moreover, geographical
heterogeneity significantly influences these environmental parameters, resulting in substantial variations
in the quality of medicinal materials across different regions [24]. Notably, even within the same geo-
graphical location, micro-environmental differences can lead to discernible variations in medicinal material
quality [50]. Among them, temperature significantly impacts the accumulation of soluble sugars, while
precipitation notably affects the accumulation of tangshenoside I. Temperature fluctuations directly impact
associated ecological factors such as humidity, evaporation, and soil moisture, which collectively influence
plant growth, development, and yield [51]. Similarly, variations in precipitation levels alter physiological
and biochemical processes in plants, modulating secondary metabolic pathways and, consequently, the
accumulation of bioactive compounds [52]. Key ecological factors, including precipitation and altitude, exert
significant influences on the accumulation of specific metabolites such as lobetyolin, atractylenolide III,
and polysaccharides in C. pilosula plants. Consequently, pronounced regional variations in these phyto-
chemical constituents have been observed among C. pilosula samples collected from different geographical
locations [21]. The appropriate temperature range and precipitation are conducive to the normal growth
of C. pilosula and to the synthesis and accumulation of its active components [32,53]. Different ecological
factors had varying influences on the accumulation of active components in medicinal plants. These findings
indicate that ecological factors acted as driving factors for the accumulation of active components, and they
provide valuable guidance for selecting authentic production areas of C. pilosula.

5 Conclusion

The results illustrated that lobetyolin, syringin, and tangshenoside I are potential agents with anti-
pulmonary fibrosis and antioxidation effects based on network pharmacological analysis. The content of
active components in different specifications of C. pilosula was different but not significant. Significant
differences were observed in the active component content of C. pilosula from different origins. Soluble
sugars, lobetyolin, syringin, and tangshenoside I can serve as potential biomarkers for distinguishing
between C. pilosula from different origins. Additionally, temperature significantly influences the accumula-
tion of soluble sugar content, while precipitation notably affects the accumulation of tangshenoside I. Sand
content and electrical conductivity were significantly correlated with syringin levels, while organic carbon
content negatively influenced the association with total flavonoid concentrations. Taking climate and soil
data as the core basis for planting decisions, precision and sustainability in C. pilosula cultivation can be
achieved through variety adaptation, soil improvement, application of ecological technologies, and dynamic
monitoring. This study can further refine regional cultivation models by integrating artificial intelligence
and big data analytics, thereby driving the C. pilosula industry toward high-quality production and higher
added value. Nevertheless, the sample of this study is confined to major producing areas, and its findings may
not fully capture the broader regional variability. Future research should aim to elucidate the mechanisms
by which additional ecological factors influence the biosynthesis of active components in C. pilosula by
incorporating a larger and more diverse sample set (including wild-type specimens) and by expanding the
geographical coverage. These findings demonstrate the relationship between the geographical distribution
of C. pilosula herbs and their intrinsic active components, offering evidence for the traditional Chinese
medicine concept of ‘Dao-di.
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