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Abstract: Chemical composition is a critical factor for determining the efficacy of any traditional
Chinese medicine (TCM) and can be used as an indicator of commercial quality. To develop a
new strategy for discovering potential quality markers (Q-markers) of TCM by integrating ultra-
performance liquid chromatography-Q-extractive orbitrap/mass spectrometry (UPLC-Q-Extractive
Orbitrap/MS), chemometric analysis, and network pharmacology, using Schisandra chinensis (Turcz.)
Baill. (S. chinensis) as an example. The chemical profiling of S. chinensis was performed using
UPLC-Q-Extractive Orbitrap/MS, followed by identification of hepatoprotective Q-markers through
a comprehensive understanding of chemometric analysis and virtual target prediction of network
pharmacology. Six compounds were considered potent candidates for Q-markers, which were
identified as schisandrol A (6), angeloylgomisin H (10), schisantherin A (17), schisantherin B (18),
schisandrin A (23), and schisandrin C (26). All Q-markers exhibited significant hepatoprotective
activity, as evidenced by in vitro experiments. Subsequently, a method for simultaneous quantification
was established and employed to analyse seven batches of S. chinensis. Therefore, the integrated
approach of UPLC-Q-Extractive Orbitrap/MS, chemometrics, and network pharmacology proved to
be an effective strategy for the discovery of Q-markers that can assist in assessing the overall chemical
consistency of samples and provide a basis for quality evaluation of the material basis of S. chinensis.

Keywords: Schisandra chinensis (Turcz.) Baill.; quality marker; chemometric analysis; network
pharmacology; hepatoprotective activity

1. Introduction

Schisandra chinensis (Turcz.) Baill. (S. chinensis) is a member of the Schisandraceae
family. Its fruits are typically harvested in autumn and have been wildly used in traditional
Chinese medicine (TCM) for the treatment of liver and neurological disorders, as well
as for immune regulation [1–3]. S. chinensis is mainly distributed in northeastern China,
including Liaoning, Heilongjiang, Jilin, and Inner Mongolia, and is cultivated in Russia,
Japan, and Korea [4,5]. Modern phytochemical and pharmacological studies have revealed
that S. chinensis is abundant in lignans with diverse therapeutic properties, such as anti-
oxidative, anti-inflammatory, and anti-fibrotic activities [4,6,7]. According to the Chinese
Pharmacopoeia (2020), schisandrol A has been defined as a quantitative component of
S. chinensis [8]. However, TCM is a natural “combinatorial chemical sample library”, and
relying on one or two detection indicators may not adequately reflect the complexity of the
chemical profiles [9,10]. The issue of adulteration with non-medicinal ingredients remains
a severe concern in ensuring the current quality of TCM [11]. Moreover, biosynthetic
processes occur throughout plant growth, and the different stages of the life cycle affect the
composition and content of any active constituent [12–14]. Therefore, it became imperative
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to devise a more comprehensive strategy to access the holistic chemical features of samples
collected across various batches.

To date, a variety of analytical methods have been developed for determining the compo-
nents of S. chinensis, including high-performance liquid chromatography (HPLC), ultra-high-
performance liquid chromatography-mass spectrometry (UPLC-MS), gas chromatography-
mass spectrometry, and supercritical fluid chromatography [13,15–17]. However, con-
ventional analytical strategies merely provide information on components and fail to
objectively express the correlation between efficacy and quality [4,18]. Furthermore, the
limited research on the material basis of S. chinensis efficacy has led to a weak correlation
between quality control markers and clinical effectiveness. Therefore, it is imperative to
develop a method to identify the markers of S. chinensis and find a correlation between its
chemical features and efficacy.

The concept of quality markers (Q-markers) has been proposed to improve the quality
control of TCM. In contrast to conventional markers, Q-markers are chemical substances
intricately linked to the functional properties of raw materials and plant-derived products,
including effectiveness, specificity, and measurability, which reflect not only the correla-
tion of components and efficacy but also the difference and specificity of ingredients in
TCM [19]. The targeted selection of Q-markers, the main factors influencing material qual-
ity, is crucial for any qualitative and quantitative analysis. Chemometric analyses based on
chromatographic and spectroscopic data may employ various statistical methods to screen
candidate Q-markers and have proven effective in assessing the authenticity of natural
products and commercial herbal medicines [20,21]. Additionally, network pharmacology is
increasingly utilised to reveal the mechanisms of action between active compounds and
disease treatment targets [22,23]. Therefore, this study was aimed at evaluating the overall
chemical consistency of S. chinensis and identifying potential Q-markers through a combina-
tion of ultra-performance liquid chromatography-Q-extractive orbitrap/mass spectrometry
(UPLC-Q-Extractive Orbitrap/MS), chemometric analysis, and network pharmacology
studies (Figure 1).
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2. Materials and Methods
2.1. Chemicals, Reagents, and Materials

S. chinensis, identified by Prof. Jingbo Zhu (Dalian Polytechnic University, Dalian,
China) using the Chinese Pharmacopoeia (2020) [8], was collected from Baoshan Town
(Liaoning Province, China), located at latitudes between 40.37◦ N and 123.87◦ E. Certified
specimens of S. chinensis were deposited in the herbarium of the Institute of Plant Resources
and Chemical Applications, Dalian Polytechnic University, and numbered as listed in Table
S1. Seven batches were harvested from 21 July to 26 September 2021, with collections made
every 10 days. After harvesting, the fruits of S. chinensis were freeze-dried, crushed into
powder, and stored at −40 ◦C. Three independent biological replicates were analysed at
each time point for various indices.

Schisandrin A was procured from the National Institutes for Food and Drug Control
(Beijing, China). Schisandrol A, angeloylgomisin H, schisantherin A, schisantherin B,
schisandrin C, and citric acid were purchased from Push Biotechnology (Chengdu, China).
The purity of all analytes was >98%. Ultrapure water was processed using a Milli-Q
system (Bedford, MA, USA). HPLC-grade acetonitrile and methanol were purchased
from Concord (Tianjin, China). All other chemicals were of analytical reagent grade and
were provided by Kermel (Tianjin, China). The BRA-3L cell line was purchased from
iCell Bioscience (Shanghai, China). Fetal bovine serum (FBS), phosphate-buffered saline
(PBS), and minimum essential medium (MEM) were purchased from SolarBio (Beijing,
China). Cell counting kit-8 (CCK-8), calcein-AM, propidium iodide (PI), 4′,6-diamidino-2′-
phenylindole (DAPI), and tetramethylrhodamine (TRITC)-phalloidin were obtained from
Yeasen (Shanghai, China).

2.2. Analysis of UPLC-Q-Extractive Orbitrap/MS
2.2.1. Sample Preparation

For sample preparation, 30 mg of S. chinensis powder was mixed with 1 mL methanol
and vortexed for 1 min. The mixture was extracted using ultrasonication for 30 min. After
centrifugation at 13,000 rpm for 5 min at 4 ◦C, 2 µL of the supernatant was injected into the
UPLC-Q-Extractive Orbitrap/MS (Thermo Fisher Scientific, Waltham, MA, USA). An equal
amount of solution from each sample was combined to create a quality control (QC) sample.

2.2.2. Data Acquisition

UPLC Q-Extractive Orbitrap MS analysis was conducted using the Ultimate 3000 ultra-
performance liquid chromatography (UPLC) system coupled with a Q Extractive™ Orbitrap
mass spectrometer equipped with an electrospray ionisation source interface. Separation of
the samples occurred on a HSS T3 column (100 × 2.1 mm, 1.8 µm, Waters, Milford, MA,
USA) maintained at 35 ◦C and an injection volume of 2 µL. The mobile phase consisted
of acetonitrile with 0.1% formic acid (solvent A) and pure water with 0.1% formic acid
(solvent B) at a 0.3 mL/min flow rate. The gradient elution profile was as follows: initial,
10% A; 0–3 min, 10–55% A; 3–15 min, 55–80% A; 15–16 min, 80–95% A; and 16–20 min,
95% A. The mass spectrometer operated in both positive and negative modes, and the
acquisition range was m/z 100–1500. The sheath gas flow rate was set to 40 arb. Capillary
and auxiliary gas heater temperatures were 300 and 350 ◦C, respectively. The scan mode
was full MS/dd-MS2 with resolutions of 70,000 and 17,500 FWHM. The spray voltages
were set to 3.8 (positive ion mode) and 3.2 kV (negative ion mode), and the S-lens RF level
was set to 50 V. The measured masses were within 5 ppm of the theoretical values. Data
acquisition and processing were performed using Xcalibur version 4.1 (Thermo Fisher
Scientific, Waltham, MA, USA).

2.2.3. Data Analysis

All samples were analysed in triplicate, and the UPLC-Q-Extractive Orbitrap/MS data
were processed with SIMCA 14.1 (Umetrics, Umeå, Sweden) with principal component
analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA). PCA
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was performed to estimate the preliminary correlations of the data matrices. Subsequently,
differences in the compounds present in S. chinensis at different time points were identified
using OPLS-DA based on the value of variable importance in the projection (VIP) in the
test mode.

2.3. Network Pharmacology

Given the costs, length, and complexity of pharmacophore discovery, it is critical
to recognise the bioavailability of the ingredients and their potential to be drugs. While
bioavailability is highly multifactorial, it is primarily determined by gastrointestinal (GI)
absorption [24]. In the present study, using the SwissADME database (http://www.
swissadme.ch/; accessed on 1 April 2023), gastrointestinal absorption parameters for the
compounds from S. chinensis were predicted [25]. Furthermore, oral bioavailability (OB)
determines the speed at which a drug becomes available to the body and the eventually
absorbed extent of the oral dose. Drug-likeness (DL) is also a valuable parameter in
drug discovery to evaluate whether or not a compound functions as a drug. Therefore,
two predictive methods, the OBioavail 1.1 system (predicted oral bioavailability) and the
Tanimoto coefficient (computed drug-likeness properties), were used to screen for potential
active components in S. chinensis [26].

For target network analysis, the targets were searched for on the target prediction
platform TCMSP (https://old.tcmsp-e.com/tcmsp.php; accessed on 9 April 2023) and
the SwissTargetPrediction (http:// www.swisstargetprediction.ch/; accessed on 9 April
2023) databases [27,28]. The disease-related targets were explored in the Therapeutic Target
Database (TTD; http://db.idrblab.net/ttd/; accessed on 10 April 2023) and Genecards
Database (https://www.genecards.org/; accessed on 10 April 2023) [29,30]. The repeat
targets in the two sets of target information were compared and removed using Venn
diagrams (http://jvenn.toulouse. inra.fr/; accessed on 16 April 2023) [31]. Intersection
targets were selected as targets of S. chinensis for preventing and treating liver injury.
To facilitate biological interpretation, Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) signaling pathway enrichment analyses were performed
using Metascape (http://metascape.org; accessed on 22 April 2023) [32]. As networks
provide a global view of the relationships between nodes, a compound–target–disease
(C-T-D) network of S. chinensis was generated to describe the active mechanism using
Cytoscape 3.7.1 [33].

2.4. Molecular Docking

The top targets and compounds in the C-T-D network served as receptors and ligands,
respectively. Dimethyl dicarboxylate biphenyl (DDB) was used as a positive control for
ligands, which was a hepatoprotector and has been clinically found to be effective in
improving liver function [34,35]. The crystal structure of the targets was downloaded from
the PDB protein database (https://www.rcsb.org/; accessed on 30 December 2023), and
molecular docking between the ligand and the receptor was performed using AutoDock
vian 1.1.2 (Scripps Research, La Jolla, CA, USA) [36]. The possibility and stability of docking
were assessed based on the space site and binding ability following the standard operations
of dehydrogenation and water addition of the compound.

2.5. Impact of Predicted Compounds on Hepatoprotective Activity

The rat liver BRL-3A cell line was chosen as a model to measure the hepatoprotective
effect. BRL-3A cells were cultured in MEM supplemented with 10% FBS and 1% penicillin–
streptomycin solution at 37 ◦C under a humidified atmosphere of 5% CO2. The CCK-8
assay was used for the determination of cell viability. BRL-3A cells (5 × 104 cells/well)
were incubated for 24 h in a 40 µM CCl4 solution, and samples with different compound
concentrations were added to 96-well plates and incubated for 24 h. After that, the culture
medium was replaced by 100 µL of MEM and 10 µL of CCK-8 reagent, and absorbance
was measured at 450 nm using a microplate reader (BIO-RAD, Hercules, CA, USA) after

http://www.swissadme.ch/
http://www.swissadme.ch/
https://old.tcmsp-e.com/tcmsp.php
www.swisstargetprediction.ch/
http://db.idrblab.net/ttd/
https://www.genecards.org/
http://jvenn.toulouse
http://metascape.org
https://www.rcsb.org/
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incubation for 1 h. Culture plates were mixed with 100 µL of the staining solution of calcein-
AM/PI and incubated at 37 ◦C for 1 min. Under a fluorescence microscope (OLYMPUS,
Tokyo, Japan), an excitation filter was used to detect live (green fluorescence) and dead (red
fluorescence) cells.

The morphology of the cells after treatment with the reference standard solutions was
observed through cell staining [37]. Briefly, cells were fixed with 4% paraformaldehyde,
and 100 µL of TRITC-phalloidin solution was added to each well for 30 min at 37 ◦C in the
dark. After washing the cells three times with PBS, the nuclei were stained with DAPI for
30 s and identified using fluorescence microscopy.

2.6. Quantitative Analysis of Q-Markers

Samples for quantitative analysis were prepared: 100 mg of the powder was ultrason-
icated in 10 mL of methanol for 30 min. All extracts were brought to a constant volume
(10 mL) and then filtered using a 0.22 µm filter for analysis with a ACChrom S6000 high-
performance liquid chromatography-diode array detector (HPLC-DAD; ACChrom Tech,
Beijing, China). The analysis was performed using a C18 column (250 × 4.6 mm, 5 µm,
Bomex, China) at 30 ◦C. The mobile phase consisted of acetonitrile (solvent A) and pure
water (solvent B). The following gradient programme was used: 10–50% A at 0–10 min
and 50–100% A at 10–60 min. The samples (20 µL) were eluted at 1 mL/min at a detection
wavelength of 250 nm. The EmpowerTM 3 software (Waters, Milford, MA, USA) was used
for data collection, integration, and analysis.

3. Results
3.1. Potential Chemical Markers of S. chinensis Fruit Maturation
3.1.1. Characterization of Chemical Components in S. chinensis

The fruits of S. chinensis are formed in July and harvested from late August until
after the frost, which falls at the end of September (Figure 2). However, whether the
chemical composition of fruits can help distinguish those harvested at different times
remains unclear. In this study, UPLC Q-Extractive Orbitrap MS combined with multivariate
data analysis was used to evaluate the content of seven batches of S. chinensis obtained
at different maturation stages. The total ion current (TIC) curves of different QC samples
had a high overlap ratio, suggesting that the obtained results were reproducible and
reliable (Figure S1). Moreover, 36 compounds were detected: 23 lignans, 4 flavonoids, 3
triterpenoids, 3 phenolic acids, 2 organic acids, and 1 nitrogenous compound, which were
categorized into six classes. The detailed information is presented in Figure 3 and Table 1.
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Figure 3. Representative base peak intensity chromatograms of the extract of S. chinensis derived
from UPLC-Q-Extractive Orbitrap/MS.

Table 1. Identification of the chemical constituents of S. chinensis using UPLC-Q-Extractive Orbi-
trap/MS.

No. tR (min) Ion Mode Formula Detected (m/z) Fragment Ions Identification

1 1.66 [M + H]+ C9H11NO2 166.0862 120.0810 Phenprobamate [15]
2 4.38 [M + NH4]+ C29H37O11 578.2590 437.1958, 419.1843 Micrandilactone D [38]
3 4.44 [M + NH4]+ C29H36O10 562.2643 527.2226 Henridilactone D [15]

4 5.38 [M + NH4]+ C23H30O7 436.2325 401.1953, 386.1714,
370.1767, 369.1691 Gomisin H [15]

5 6.06 [M + NH4]+ C29H34O9 544.2539 467.2049, 449.1954 Lancifodilactone D [38]

6 6.50 [M + H]+ C24H32O7 433.2106 415.2111, 384.1926,
369.1691, 353.1743, Schisandrol A [39]

7 6.74 [M + H]+ C28H34O10 531.2219 485.2157, 401.1588,
383.1483 Gomisin D [39]

8 6.85 [M + H]+ C22H28O6 389.1951 357.1690, 287.0912,
227.0699, 199.0752 Gomisin J [39]

9 7.09 [M + NH4]+ C23H28O7 434.2169 399.1795, 368.1614,
353.1376, 330.1093 Schisandrol B [39]

10 7.60 [M + H]+ C28H36O8 501.2476 483.2371, 401.1953 Angeloylgomisin H [38]

11 8.09 [M + H]+ C28H36O8 501.2476 483.2373, 401.1953,
370.1764 Tigloylgomisin H [38]

12 8.39 [M + NH4]+ C31H36O9 570.2692 431.2058, 387.1794,
356.1611 Benzoylgomisin Q [15]

13 8.68 [M + NH4]+ C30H32O9 554.2379 415.1745, 371.1483,
340.1301, 325.1064 Gomisin G [39,40]

14 8.91 [M + NH4]+ C28H34O9 532.2537 415.1745, 371.1483,
340.1300, 325.1065 Angeloylgomisin P [41]

15 9.18 [M + H]+ C23H30O6 403.2111 371.1842, 340.1655 Gomisin K1 [40]

16 9.31 [M + NH4]+ C28H34O9 532.2535 415.1746, 371.1484,
340.1300, 325.1065 Gomisin F [42]

17 9.42 [M + NH4]+ C30H32O9 554.2378 415.1747,371.1485,
340.1303, 325.1067 Schisantherin A 1 [39,40]

18 9.60 [M + NH4]+ C28H34O9 532.2535 415.1746, 371.1484,
340.1299, 325.1068 Schisantherin B [41]
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Table 1. Cont.

No. tR (min) Ion Mode Formula Detected (m/z) Fragment Ions Identification

19 10.07 [M + H]+ C23H30O6 403.2110 371.1848, 340.1666 Schisanhenol [40]

20 10.26 [M + H]+ C22H26O6 387.1796 355.1529, 325.1426,
285.0753 Gomisin M2 [39]

21 10.68 [M + H]+ C28H34O9 515.2267 469.2222, 385.1638,
355.1531 Gomisin E [15]

22 11.14 [M + H]+ C20H24O4 387.1798 355.1540, 227.0699 Gomisin L1/L2 [15]

23 12.31 [M + H]+ C24H32O6 417.2262 402.2232, 386.2072,
316.1302 Schisandrin A [15]

24 13.23 [M + H]+ C23H28O6 401.1952 386.1717, 331.1169,
300.0989, 285.0754 Gomisin N [42]

25 13.58 [M + H]+ C23H28O6 401.1951 386.1716, 331.1170,
300.0988, 285.0754 Schisandrin B 1 [15,42]

26 14.25 [M + H]+ C22H24O6 385.1642 355.1533, 315.0857,
285.0755 Schisandrin C [15]

27 14.77 [M + NH4]+ C30H32O8 538.2434
399.1796, 368.1613,
353.1372, 337.1426,
330.1092, 299.0907

Benzoylgomisin O [40]

28 0.84 [M − H]− C6H8O7 191.0186 129.0180, 111.0074 Quinic acid [43,44]
29 1.25 [M − H]− C7H12O6 191.0187 129.0180, 111.0074 Citric acid 1 [44,45]

30 2.51 [M − H]− C16H18O9 353.0876 191.0553, 179.0341,
135.0439, 85.0280

1-O-caffeoylquinic
acid [46]

31 2.81 [M − H]− C30H26O12 577.1350 451.1034, 425.0880,
407,0769, 289.0719 Procyanidin B1 [47]

32 2.90 [M − H]− C16H18O8 337.0928 191.0553, 163.0390 3-O-p-coumaroylquinic
acid [42]

33 3.21 [M − H]− C16H18O8 337.0926 191.0553, 173.0445 5-O-p-coumaroylquinic
acid [42]

34 3.33 [M − H]− C27H30O16 609.1456 301.0352, 300.0274 Rutin [42]

35 3.48 [M − H]− C21H20O12 463.0881 300.0275 Quercetin-3-O-glucoside
[42]

36 3.66 [M − H]− C21H20O11 447.0931 284.0328 Kaempferol-3-O-
gloucoside [42]

1 These compounds were confirmed by standard references.

3.1.2. Chemometric Analysis of S. chinensis

PCA was employed to investigate differences in the chemical constituents of S. chinen-
sis fruit samples during maturation. The samples within the same groups clustered together
and separated from those in other groups, indicating significant differences among the
groups (Figure 4A). The contributions of PC1 and PC2 were 48.6% and 21.9%, respectively,
with a cumulative contribution of 70.5%. Notably, on the PC2 axis, the R1, R2, and DR
groups were distributed in the positive direction, while the other groups were primarily
distributed in the negative direction, suggesting that the R1 group represented the key
time node for the compositional changes in S. chinensis. The OPLS-DA model maximised
the differentiation of groups and facilitated the screening for differentiated compounds.
Based on PCA results, the samples of S. chinensis were categorised into group one (G,
GP1, LR, and GP2) and group two (R1, R2, and DR). These groups were further subjected
to OPLS-DA analysis to identify the core ingredients responsible for these differences.
In the OPLS-DA model score plot (Figure 4B), the chemical profiles of groups one and
two exhibited clear distinctions, indicating remarkable differences in the components of
S. chinensis obtained at different times. Two hundred rounds of random permutations
were performed to validate the established OPLS-DA model (Figure 4C), confirming its
reliability (R2Y = 0.937, Q2 = 0.891). Subsequently, differential compounds were screened
according to the combination of the VIP value (≥1). As shown in Figure 4D, the contents
of five compounds (6, 10, 17, 23, and 29) contributed to distinguishing herbs harvested at
different times. As the extensively studied ingredient in S. chinensis, lignans were confirmed
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to have exciting hepatoprotective activity. Specifically, compounds 6 (schisandrol A), 17
(schisantherin A), and 23 (schisandrin A) exhibited significant protective effects against
acetaminophen-induced liver injury, partly attributed to their inhibition of cytochrome
P 450-mediated bioactivation of acetaminophen [1]. Compound 10 (angeloylgomisin H)
was found to induce quinone reductase activity in murine hepatoma cells and exhibited a
relatively high chemoprevention index [48]. Consequently, four compounds (6, 10, 17, and
23) could potentially serve as chemical markers to identify samples of S. chinensis harvested
at various times.
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3.2. Hepatoprotective Biomarkers of S. chinensis
3.2.1. Target Network Analysis

The 36 compounds identified in S. chinensis extract (Table 1) were submitted to compute
GI absorption parameters (Table S2). Initially, 26 compounds (23 lignans, 2 triterpenoids,
and 1 nitrogenous compound) with well-absorbed GI absorption were screened and further
analysed by network pharmacology. With the systematic literature search, OB ≥ 30% and
DL ≥ 0.18 have been used as generic parameters for network pharmacology to screen the
active compounds capable of exerting strong pharmacodynamic effects at low doses [22,49].
In this study, four compounds (13, 14, 18, and 26) meeting the criteria of OB and DL
were identified as potential active compounds. A total of 88 targets for the four active
compounds were screened from the TCMSP and SwissTargetPrediction databases, and
550 disease targets associated with hepatoprotection were extracted from the TTD and
Genecards databases. Through Venn mapping (Figure 5A), 13 overlapping targets were
identified between the constituent-related targets and those associated with liver diseases
(Table S3). Furthermore, GO and KEGG pathway enrichment analyses were performed
on 13 potential targets with a p-value < 0.01. A total of 346 GO items were screened,
of which the ones with the highest correlation are shown in Figure 5B. In addition, 101
KEGG pathways were obtained through the annotation analysis, and the top 15 pathways
are displayed in Figure 5C. The results showed that the chemical carcinogenesis-reactive
oxygen pathway and the hepatitis B pathway may be the primary pathways for S. chinensis
to treat liver injury.
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To further analyse the relationships among the compounds, potential targets, and liver
diseases, a C-T-D network was constructed. As shown in Figure 5D, 13 target proteins were
validated from four active compounds (13, 14, 18, and 26), with only compound, compound
13, hitting no target. Phosphatidylinositol 4, 5-bisphosphate 3-kinase catalytic subunit alpha
isoform (PIK3CA) was identified in three connected components and was associated with
five diseases. PIK3CA expression activates the PI3K/AKT pathway, which is closely related
to oxidative stress and promotes apoptosis induced by drug injury [50,51]. The network
also showed that diseases related to these constituents and potential targets were concen-
trated in oxidative and alcoholic livers. Furthermore, in vitro and in vivo studies have
confirmed the significant biological activity of lignans from S. chinensis in liver injury pro-
tection and cellular oxidative damage protection. Compound 18 (schisantherin B) has been
proven to inhibit cytochrome P450 3A4 efficiently, which can improve the bioavailability of
compounds [52]. Compound 26 (schisandrin C) could alleviate acetaminophen-induced
liver injury in mouse models by improving the inflammatory response and activating the
nuclear factor erythroid 2-related factor 2 to inhibit oxidative stress [53]. In particular,
compounds 18 (schisantherin B) and 26 (schisandrin C) exerted hepatoprotective effects
against lithocholic acid-induced cholestasis through the activation of the pregnane X re-
ceptor [54]. Therefore, compounds 18 and 26 with hepatoprotective activity were selected
as biomarkers.
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3.2.2. Molecular Docking Verification

Molecular docking was performed on the top target (PIK3CA) and correlated com-
pounds (18 and 26). The lower the molecular docking energy, the higher the binding rate
between ligand and receptor. The lignans, as a typical example of TCM, exhibited good
affinity modes with PIK3CA, some even better than the positive control (Table S4). More-
over, due to the conformational homology of the lignan compounds, the binding effects
between the lignans and proteins were similar. For instance (Figure 6A), compound 18
combined with PIK3CA showed an oxygen bond in the methoxy group, forming hydrogen
bonds with residues of ARG-818, while the compound also exhibited hydrophobic inter-
actions with MET811, ILE633, PHE666, LEU755, ASN756, GLU849, TYR836, and PRO835.
The interactions between PIK3CA and the other compounds are depicted in Figure 6B,C.
These relationships enhanced the stable binding of lignan molecules to their active sites,
which inhibited protein activity.
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3.3. Hepatoprotective Effects of Predicted Q-Markers

In contrast to traditional chemical analysis, Q-markers used to evaluate the quality
of TCM not only reflect the specificity and difference of chemical components but also
their pharmacodynamic activity. Therefore, in the present study, the hepatoprotective
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effects of six compounds, including four chemical markers (6, 10, 17, and 23), together
with two biomarkers (18 and 26), were validated using CCl4-induced injury in BRL-3A
cells. Compared to the normal control group, the cell viability rate (%) in the model
group treated with CCl4 was 52.77%, indicating the successful establishment of the cell
model (Figure 7A). All compounds, except for compound 17 at a concentration of 12.5 µM,
promoted cell viability within a concentration range of 12.5 to 50 µM (p < 0.05). Among
them, compounds 23 and 26 exhibited potent cell viability (>90%) at a concentration of
50 µM. Additionally, BRL-3A cells were stained with calcein-AM/PI and observed using
fluorescence microscopy. Compared to the normal control group, more dead cells (red
fluorescent cells) appeared in the model group (Figure 7B). In contrast, after the compound
treatment, the number of live (green fluorescent cells) and dead cells increased and de-
creased significantly. Our microscopic results were consistent with those obtained using the
CCK-8 assay. Next, the morphology of cells treated with various compounds was observed
using TRITC-phalloidin staining and scanning electron microscopy, in which the nucleus
and actin cytoskeleton were stained with DAPI (blue fluorescence) and TRITC-phalloidin
(red fluorescence), respectively. The model group exhibited a significant decrease in red
fluorescence staining, indicating that CCl4 caused damage to the cells, including a reduced
skeleton, with some cells not showing a visible cytoskeleton (Figure 8). Cells incubated with
the compound solutions showed a significant increase in red fluorescence compared to the
model group, suggesting that all six compounds promoted cell proliferation and improved
cell morphology. In summary, the results of CCK-8, calcein-AM/PI, and TRITC-phalloidin
staining demonstrated that the six compounds strengthened cell viability and played a
crucial role in the hepatoprotective effects of S. chinensis.
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Figure 7. Effect of the six compounds on the protective effect in CCl4-induced BRL-3A cells (the red
fluorescence represents dead cells and the green fluorescence represents live cells). (A) Results of
cell viability. The results represent the mean ± SD (n = 3), vs. normal control ### p < 0.001.vs. model
** p < 0.01, *** p < 0.0001. (B) The Calcein-AM/PI staining results of BRL-3A cells. (6) schisandrol A,
(10) angeloylgomisin H, (17) schisantherin A, (18) schisantherin B, and (23) schisandrin C.
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Figure 8. Fluorescence staining results of TRITC-phalloidin. Cells are displayed using DAPI (nuclear,
blue) and phalloidin (fibrin filament, red) staining. The scale bar is 100 µm. (6) Schisandrol A,
(10) angeloylgomisin H, (17) schisantherin A, (18) schisantherin B, and (23) schisandrin C.

3.4. Simultaneous Quantitative Analysis of Q-Markers in S. chinensis

A simultaneous quantification method was established using HPLC-DAD (Table S5).
The calibration curves of the six standards with wide dynamic ranges showed acceptable
linear correlation coefficients (R2), which were more than 0.9980 in the test range. The lower
limit of detection (LOD) and limit of quantitation (LOQ) ranged from 0.14 to 0.45 µg/mL
and 0.70 to 1.35 µg/mL, respectively. The precision and repeatability were evaluated
using the relative standard deviation (RSD) value. The RSD values were less than 0.84%
for intra-day precision, whereas the inter-day variations were less than 2.30% for the six
standard solutions. The repeatability of the method was assessed by taking the same batch
of samples and extracting them five times in parallel. The RSD (%) of the six analytes was
less than 2.74%, suggesting satisfactory repeatability of the procedure. All these results
were acceptable, indicating that the HPLC-DAD method was suitable for the simultaneous
quantitative determination of the six Q-markers in S. chinensis.

The concentrations of the six Q-markers in seven batches of S. chinensis obtained at
different fruit harvest times are presented in Figure 9 and Table 2. The total amount of
the six Q-markers ranged from 8.71 to 11.99 mg/g, exhibiting a decreasing and then an
increasing tendency with fruit harvest time. Specifically, the content was highest at the
final stage of maturation (DR group, 11.99 mg/g), followed by the early stage of the fruit
set (G group, 11.62 mg/g). Additionally, the samples collected in late August had relatively
low amounts of lignans compared to those contained in other periods. Since the content
of each Q-marker varies according to the stage of maturity, determining the appropriate
harvest time is critical for the activity and quality control of S. chinensis.

Table 2. Content of the six Q-markers of S. chinensis obtained based on different harvest times.

Group

Q-Markers (mg/g) Total Content
of Q-Markers

(mg/g)Schisandrol A Angeloyl-
gomisin H Schisantherin A Schisantherin B Schisandrin A Schisandrin C

G 6.32 ± 0.03 1.64 ± 0.01 1.01 ± 0.01 0.88 ± 0.01 1.07 ± 0.01 0.71 ± 0.01 11.62 ± 0.05
GP1 6.28 ± 0.17 1.57 ± 0.02 1.01 ± 0.04 0.87 ± 0.02 1.06 ± 0.02 0.71 ± 0.01 11.50 ± 0.28
GP2 5.50 ± 0.05 1.31 ± 0.01 0.75 ± 0.01 0.67 ± 0.01 0.80 ± 0.01 0.71 ± 0.01 9.74 ± 0.10
LR 4.78 ± 0.11 1.28 ± 0.02 0.60 ± 0.01 0.65 ± 0.03 0.86 ± 0.02 0.55 ± 0.02 8.71 ± 0.22
R1 4.75 ± 0.05 1.42 ± 0.01 1.03 ± 0.01 0.91 ± 0.01 1.20 ± 0.01 0.52 ± 0.01 9.83 ± 0.12
R2 5.72 ± 0.03 1.48 ± 0.02 0.82 ± 0.01 0.63 ± 0.01 1.20 ± 0.01 0.50 ± 0.01 10.36 ± 0.02
DR 6.29 ± 0.03 1.72 ± 0.02 1.06 ± 0.04 1.25 ± 0.11 0.94 ± 0.01 0.73 ± 0.02 11.99 ± 0.20
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4. Discussion

S. chinensis, first described in “Shen Nong Ben Cao Jing”, has significant hepatopro-
tective activity, as the fruits and extracts are widely used to treat chemical liver injuries in
China. Given its importance, current studies have proposed several dependable methods
for the quality evaluation of S. chinensis. UPLC coupled with triple quadrupole-linear
ion trap mass spectrometry was developed to detect active components, and five chem-
ical markers (i.e., quinic acid, malic acid, protocatechuic acid, and schisandrol B) were
related to the identification of cultivated and wild S. chinensis [43]. UPLC coupled with
quadrupole time-of-flight mass spectrometry was established to evaluate the quality of
S. chinensis through the simultaneous quantification of 15 lignans [55]. Under the HPLC
analysis method, malic acid, citric acid, and protocatechuic acid, as the main components,
were utilized to distinguish S. chinensis and Schisandra sphenanthera [56]. However, quality
evaluation based on compositional information often finds it difficult to truly reflect the
relationship between quality and therapeutic efficacy [57]. Therefore, a strategy combin-
ing UPLC-Q-Extractive Orbitrap/MS, chemometric analysis, network pharmacology, and
experimental validation was proposed and applied to the quality evaluation of TCM.

S. chinensis is a deciduous lianan with red berries harvested from August to September.
The fruits of S. chinensis obtained at different times exhibit great similarities in chemical
composition but vary in contents. Till now, there were few reports on chemical markers to
distinguish these samples of S. chinensis. Multi-component determination combined with
chemometrics could facilitate visualizing the authenticity and quality assessment [58]. In
the present study, the UPLC-Q-Extractive Orbitrap/MS analysis of the chemical composi-
tions of S. chinensis harvested from July to September identified 36 compounds. Subsequent
chemometric analysis revealed that different samples could be significantly separated un-
der the unsupervised PCA model. Moreover, the VIP parameters generated from OPLS-DA
intuitively represented the differential compounds, which greatly contributed to distin-
guishing herbs harvested at different times. Compared to conventional analytical methods
such as HPLC and UPLC-MS for identifying S. chinensis, the combination of chemometrics
not only analyses the composition differences but also accurately classifies samples with
similar compositions based on the variations in the content of characteristic substances,
which provides a scientific basis for the discovery of chemical markers [13,15]. In addition,
further effectiveness should be considered for the characterised components to discern
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which ones are Q-markers. Network pharmacology has become an effective tool for dis-
covering active substances in TCM [22]. Targets related to the identified components were
mapped to those associated with liver diseases, and a C-T-D network map was constructed
after eliminating redundancies. By analysing the network and KEGG pathway, it is evident
that lignans such as schisantherin B and schisandrin C serve as potential biomarkers for the
hepatoprotective effect of S. chinensis. Furthermore, oxidative stress emerges as an essential
factor in the progression of liver injury [52,59]. Based on chemical and pharmacological
findings, as well as previous reports [1,48,52–54], we deduced that schisandrol A, angeloyl-
gomisin H, schisantherin A, schisantherin B, schisandrin A, and schisandrin C might be the
potential Q-markers of S. chinensis for the hepatoprotective activity, which were verified by
in vitro experiments.

Analysing the structural properties reveals that the six Q-markers belong to unique
dibenzocy-clooctadiene lignans. The skeletal structure of these compounds consists of
two C-6/C-3 units linked by a bond between positions 8 and 8′ (Figure 9A). The varying
substituents (e.g., hydroxyl, methylenedioxy, angeloyl, and benzoyl) attached to the cy-
clooctadiene in different lignan monomers result in differing levels of hepatoprotective
effects. Compared with other compounds, compounds 23 and 26 without the hydroxyl and
ester groups at the C-6 and C-7, exhibited a higher cell viability effect (>90%), suggesting
that the substituents on cyclooctadiene may attenuate the protective effect of lignans on
hepatocytes. The reduced bioactivity observed is likely attributed to the substituent groups
in the cyclooctadiene ring. Particularly, the large substituents (e.g., benzoyl substituent
in terms of schisantherin A) may cause steric hindrance, thereby impeding the binding of
molecules to their targets [60]. Finally, the development of the HPLC-DAD method for
simultaneous quantitative analysis enabled the measurability of the Q-markers from S.
chinensis. This method was applied to analyse the six Q-markers in seven batches of S.
chinensis, revealing significant variations in the lignan content in fruits obtained at different
harvest times. These chemical changes, occurring during the maturation of the herb, lay
the foundation for the quality evaluation of S. chinensis.

5. Conclusions

In the present study, a comprehensive strategy for discovering potential Q-markers
was developed by integrating UPLC-Q-Extractive Orbitrap/MS, chemometric analysis, and
network pharmacology. Following the principles of specificity and effectiveness, six com-
pounds (schisandrol A, angeloylgomisin H, schisantherin A, schisantherin B, schisandrin
A, and schisandrin C) were identified as the Q-markers for S. chinensis, which not only re-
flected the specificity and variability of the chemical composition, but was also verified to be
closely related to the hepatoprotective activity. The established HPLC-DAD simultaneous
quantification method demonstrated satisfied linearity, precision, and repeatability levels
for the six Q-markers. Variations in the contents of these compounds were observed among
the seven batches of S. chinensis harvested at different times. Notably, samples harvested
in late September showed the highest content, suggesting a correlation between plant
content and the life cycle stage. However, further studies on efficacy evaluation in vitro
and in vivo still need to be performed to analyse the influence of Q-markers. This study
also demonstrates that combining UPLC-Q-Extractive Orbitrap/MS, chemometric analysis,
and network pharmacology can serve as an effective method for exploring Q-markers,
facilitating a comprehensive and systematic evaluation of the quality of TCMs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/separations11030088/s1, Figure S1: TIC overlapping map of
QC samples mass spectrometry results. (A) positive ion mode; (B) negative ion mode; Figure S2:
Representative base peak intensity chromatograms of samples of S chinensis derived from UPLC-
Q-Extractive Orbitrap/MS. Diagram of samples with different harvesting times in positive (A) and
negative (B) modes; Table S1: Collecting information of seven batches of S. chinensis; Table S2:
Adsorption, distribution, metabolism, and exclusion characteristic information of 36 identified
compounds from S. chinensis; Table S3: Characteristic information of 13 potential targets of S chinensis
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energy; Table S5: Regression equation, linear range, LOD, LOQ, precision, and repeatability of
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