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Objective

Ephedra, widely used in clinical practice as a medicinal herb, belongs to the genus Ephedra in the family Ephedraceae. However, the presence of numerous Ephedra varieties and variants requires differentiation for accurate identification.





Methods

In this study, we employed headspace gas chromatography mass spectrometry (HS-GC-MS), ultra-high performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS), and global natural products social molecular networking (GNPS) for chemical component identification. Chemometric analysis was used to analyze the differential components. Metabolic analysis and Kyoto encyclopedia of genes and genomes (KEGG) enrichment were utilized to explore the synthesis pathways of different components.





Result

A total of 83 volatile and 79 non-volatile components were identified in Ephedra species. Differential analysis revealed that among the eight Ephedra stems, 18 volatile and 19 non-volatile differential compounds were discovered, whereas Ephedra roots exhibited 21 volatile and 17 non-volatile markers. Volatile compounds were enriched in four synthetic pathways, while non-volatile components were enriched in five pathways among the differentiated components.





Conclusion

This study is the first to conduct a comparative analysis of chemical components in different Ephedra species and parts. It provides a foundational reference for authenticating Ephedra herbs, evaluating medicinal resources, and comparing quality in future studies.
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1 Introduction

The Ephedra genus (Ephedraceae) comprises 69 species, four subspecies, and two accepted varieties, all widely distributed in arid and semi-arid regions of Asia, Europe, Northern Africa (Sahara), southwestern North America and South America (González-Juárez et al., 2020). Traditionally, Ephedra species have been employed to alleviate various ailments such as allergies, bronchial asthma, chills, colds, coughs, edema, fever, flu, headaches, and nasal congestion (Abourashed et al., 2003). In China, there are 12 species and 4 varieties of Ephedra distributed throughout the country, except in provinces and regions in the lower reaches of the Yangtze River and the Pearl River Basin. These species are more abundant in the northwest provinces and regions, as well as in the high mountain areas of Yunnan and Sichuan. Records indicate the following species: Ephedra praewalskii Stapf, E. intermedia Schrenk ex Mey, E. sinica Stapf, E. equisetina Bunge, E. saxatilis Royle ex Florin, E. likiangensis Florin, E. lepidosperma C. Y. Cheng, E. minuta Florin, E. gerardiana Wall, E. monosperma Gmel. ex Mey, E. regeliana Florin, and E. fedtschenkoae Pauls (Editorial Committee of Flora of China, C. A. o. S, 1979), et al.

E. sinica Stapf, known as “Mahuang” in China, has been utilized as a stimulant and antiasthmatic for over 5,000 years and continues to be employed in Ephedra preparations and extracts worldwide. The 2020 edition of the Pharmacopoeia of the People’s Republic of China categorizes Ephedrae herba as the dried straw stems of E. sinica Stapf, E. intermedia Schrenk et C. A. Mey., or E. equisetina Bge. Ephedrae radix et rhizoma comprise the roots and rhizome of E. sinica Stapf, E. intermedia Schrenk et C. A. Mey (Commission, 2020). To date, approximately 300 components spanning eight categories (alkaloids, volatile oils, flavonoids, polysaccharides, simple phenylpropanoids, condensed tannins, organic acids, and sterols) have been identified from the three legally recognized species of Ephedra (E. sinica, E. intermedia, E. equisetina). Despite originating from the same plant, Ephedrae herba and Ephedrae radix et rhizoma contain distinct types of alkaloids, resulting in differences in clinical applications (Tian et al., 2022). Phenylpropanoid alkaloids constitute the alkaloid component of Ephedra stem, whereas macrocyclic spermine alkaloids are found in Ephedra root.

The chemical components of Ephedra species vary not only between its medicinal parts but also among different species, leading to variations in the types and contents of chemical components (Sun et al., 2018). However, the chemical components and their corresponding pharmacological effects across different species and parts of Ephedra remain unexplored. Further comprehensive investigations are warranted, especially regarding the chemical compositions of Ephedra species in Chinese ethnomedicine, which could potentially serve as a resource for alternative medicinal species. Given the frequent use of Ephedra as a medicinal plant in China and worldwide, it is imperative to enhance our understanding of its traditional uses and chemical characteristics. Previous studies have compared different species of Ephedra, such as E. monosperma Gmel. ex Mey, E. alata, and E. gerardiana Wall, in terms of their total alkaloids, phenolic acids, and flavonoids content. It was observed that E. alata exhibited higher levels of phenolic acids and flavonoids (Ibragic and Sofić, 2015) These findings underscore significant differences in the chemical compositions of various Ephedra species, highlighting the importance of comparing and identifying Ephedra species based on their chemical constituents. Geographically, it has been observed that the total alkaloid content of E. sinica and E. equisetina in eastern and central Mongolia is 1.43% higher than that in Ephedra from other regions (Kitani et al., 2009). Additionally, ephedrine levels increase with altitude, while pseudoephedrine levels decrease with altitude (Lu et al., 2023). Thus, variations in the contents and proportions of primary and secondary metabolites among different regions and species of Ephedra reflect differences in their metabolic activities (Loera et al., 2012).

In this study, eight common plants from the Ephedra genus in China, namely, E. sinica Stapf, E. intermedia Schrenk et C. A. Mey, E. equisetina Bge., E. gerardiana Wall, E. likiangensis Florin, E. przewalskii Stapf, E. saxatilis Royle ex Florin, E. monosperma Gmel. Ex Mey., were selected for chemical composition evaluation. HS-GC-MS, UPLC-Q-TOF-MS combined with GNPS technology were used to analyze extracted samples from various parts of Ephedra species, acquire metabolite information, and elucidate the similarities and differences in chemical compositions among these Ephedra plants. Finally, KEGG enrichment analysis was conducted to investigate differential components and their associated synthetic pathways. Based on these findings, the differences and similarities in metabolite profiles among the eight Ephedra species were analyzed and compared, thereby establishing a foundation for the comprehensive utilization and further research of Ephedra plants.




2 Materials and methods



2.1 Reagents and materials

Methanol, acetonitrile, and formic acid of LC-MS grade were obtained from Fisher Scientific (Pittsburgh, PA, USA), while ultrapure water was generated using a synergy water purification system (Millipore, Billerica, MA, USA). The internal standard hyperoside (≥ 98.0%, Lot no. Y20A9X59340) was procured from Chengdu Push-Biotechnology Co. Ltd. (Chengdu, China). All other chemicals and reagents were of analytical grade.

E. sinica Stapf, E. intermedia Schrenk et C. A. Mey, E. equisetina Bge., E. gerardiana Wall, E. likiangensis Florin, E. przewalskii Stapf, E. saxatilis Royle ex Florin, E. monosperma Gmel. Ex Mey. were collected from different regions of China and authenticated by Professor Dan Zhang of Hebei University of Chinese Medicine. Detailed information of each sample can be found in Table 1 and Supplementary Figure S1. Specimens were stored at Hebei University of Chinese Medicine (Shijiazhuang, Hebei, China).


Table 1 | Sample information of MHS and MHR.






2.2 Sample preparation

HS-GC-MS sample preparation involved crushing the Ephedra samples to a uniform size (sieved through a 20 mesh sieve) and sealing them at room temperature before further experiments. Each Ephedra plant powder (1.5 g) was accurately weighed and sealed in a 10 mL headspace bottle. Equal amounts of each sample were thoroughly mixed to prepare a quality control (QC) sample. The QC sample was inserted every five samples to ensure the stability, repeatability, and reproducibility of the GC-MS method.

For UPLC-Q-TOF-MS sample preparation, 0.5 g of each Ephedra powder was accurately weighed and placed in 65% methanol (v/v) comprising 15 mL of methanol. The mixture underwent sonication for 30 minutes to achieve appropriate dilution, followed by centrifugation at 13,000 rpm for 10 minutes. For the positive ionic mode, concentrations of 3.3 mg/mL and 6.6 mg/mL were utilized for MHS and MHR, respectively, with an internal standard content of 0.01 mg/mL. For the negative ionic mode, a concentration of 16.5 mg/mL was utilized for both stem and root of Ephedra, with an internal standard content of 0.04 mg/mL. The resulting solution was filtered through a 0.22 μm microporous membrane. To evaluate the LC–MS reproducibility during analysis, 100 μL of each sample solution was thoroughly mixed well to prepare a QC sample. QC samples were inserted in every five sample to ensure the stability, repeatability, and reproducibility of the LC–MS method.




2.3 Analysis of volatile components of Ephedra based on HS-GC-MS

GC-MS analysis was conducted using an Agilent 7890–5977B gas chromatography-mass spectrometry system (Agilent Technologies, Santa Clara, CA, USA) with an HP-5MS fused silica capillary column (30 m × 0.25 mm, 0.25 µm film thickness; Agilent Technologies, Santa Clara, CA, USA) utilizing an electron impact (EI) ionization chamber and operating in full scan mode.

Headspace injection was carried out on an Agilent 7697A autosampler (Agilent Technologies, Santa Clara, CA, USA) with 10 mL HS vials. The headspace operating conditions were as follows: sample equilibration temperature, 120°C; sample loop temperature, 130°C; transfer line temperature, 140°C; sample bottle pressurization pressure, 15 psi; vial pressurization time, 12 s; sample loop fill time, 12 s; and transfer time, 20 s. Prior to GC analysis, the sample vial (20 mL) was vigorously shaken for 15 min during equilibration.

For the MHS protocol, the injector temperature was set to 250°C in a split mode (20:1), and the carrier gas used was helium (99.999% pure) with a flow rate of 1.0 ml/min. The initial temperature was maintained at 60°C for 5 minutes, then raised to 80°C at a rate of 1°C/min, where it was held for 5 minutes. Subsequently, a ramp to 200°C was initiated at a rate of 10°C/min, which was maintained for 2 minutes, resulting in a total analysis time of 44 minutes.

For the MHR protocol, the injector temperature was set to 250°C in a split mode (20:1), and the carrier gas used was helium (99.999% pure) with a flow rate of 1.0 ml/min. The initial temperature was set to 60°C for 7 minutes, then increased to 75°C at a rate of 1°C/min, where it was held for 2 minutes. Subsequently, a ramp to 180°C was initiated at a rate of 5°C/min, which was maintained for 2 minutes, resulting in a total analysis time of 47 minutes.

For MS conditions, the EI source temperature was set to 230°C, quadrupole temperature to 150°C, and electron energy to 70 eV. The solvent delay time was 3 minutes, and the mass scan range was from m/z 50 to 500 in the full scan mode.

Total ion flow chromatograms of Ephedra obtained via GC-MS were analyzed to acquire mass spectra of chromatographic peaks. Data were analyzed and processed using Agilent MassHunter Qualitative Analysis Navigator software (version B.08.00, Agilent Technologies, Inc., Santa Clara, CA, USA), with the peak filter set to a relative peak area of 5000. The mass spectral data of the measured components were compared with the National Institute of Standards and Technology (NIST) 17.0 L standard mass spectral search database (match >80%) to determine the chemical components, and volatile components in the samples were qualitatively analyzed. Relative quantification of the components was conducted using Agilent MassHunter Quantitative Analysis software (version B.09.00, Agilent Technologies, Inc., Santa Clara, CA, USA) based on peak area normalization method.




2.4 Analysis of non-volatile components of Ephedra based on UPLC-Q-TOF-MS with molecular network

UPLC-MS analysis was conducted using an Agilent 1290 Infinity II system coupled with an Agilent 6545 quadrupole time-of-flight mass spectrometer (Q-TOF-MS) system equipped with an electrospray ionization interface (Agilent Technologies, Santa Clara, CA, USA).

Sample separation was performed using a Waters Acquity UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm) with a flow rate of 0.3 mL/min and a column temperature of 30°C. The binary gradient elution system comprised acetonitrile (B) and water with 0.1% formic acid (A). The gradient elution protocol for MHS and MHR was optimized as follows: 0–3 min, 5% B; 3–6 min, 5–10% B; 6–20 min, 10–14% B; 20–23 min, 14–20% B; 23–25 min, 20–30% B; 25–28 min, 30–40% B; 28–30 min, 44–55% B; 30–40 min, 55–85% B. The injection volume was set to 1.0 µL.

The MS acquisition parameters were configured as follows: drying gas (N2) temperature, 320°C; sheath gas temperature, 350°C; drying gas (N2) flow rate, 10.0 L/min; sheath gas flow (N2) rate, 11 L/min; nebulizer gas pressure, 35 psi; capillary voltage, 3500 V; fragmentor voltage, 135 V; collision energy, 40 eV. The analysis was conducted in both positive and negative modes with a mass range of m/z 50–1000 Da. Data was analyzed using Agilent MassHunter Qualitative Analysis Software (version B.10.00, Agilent Technologies, Palo Alto, CA, USA). All components were identified utilizing MS data and MS/MS fragment patterns from the MN chemical composition database, TCMSP (http://lsp.nwu.edu.cn/tcmsp.php), MassBank (https://massbank.eu/MassBank/Search), Agilent herbal library-v20–04-17, Chemspider (http://www.chemspider.com/), secondary mass spectrometry debris ion speculation, and published literature.

The data, which included molecular ion peak mass-to-charge ratios for determining possible molecular formulas of components, were analyzed using Agilent MassHunter qualitative software (version B.10.00, Agilent Technologies, Palo Alto, CA, USA). Additionally, molecular networking (MN) was constructed from UPLC-MS/MS data of MHS and MHR. All MS/MS data files were converted to 32-bit mzXML format using MSconvert software and subsequently uploaded to the GNPS platform (https://gnps.ucsd.edu) via WinSCP (https://winscp.net). The MN was then generated according to the online workflow (https://ccms-ucsd.github.io/GNPSDocumentation/quickstart) with specific parameters: minimum cosine value of 0.70, minimum matching peak of 6, parent mass and fragmentation tolerance of 0.02 Da, maximum connected component size of 100, and minimum cluster size of 1. MScluster was not executed. Finally, the results were exported to Cytoscape 3.9.1 software for visualization.




2.5 MetaboAnalyst and kyoto encyclopedia of genes and genomes enrichment analysis

Differential components were subjected to pathway enrichment analysis, annotation, visualization, and integrated discovery using the MetaboAnalyst database (MetaboAnalyst) (https://www.metaboanalyst.ca/), with the “Chemical structures” option selected. This process generated an automatic visualization bubble diagram, where dot color corresponds to different p-values, and dot size indicates expression levels in enriched types. Additionally, the synthesis pathways of the identified differential compounds were explored using relevant literature and the KEGG database (https://www.genome.jp/kegg/compound/) (Li et al., 2023).




2.6 Data analytics

The data were analyzed using IBM SPSS Statistics 23.0 for statistical analysis and presented as mean ± SD. Chemical structure formulae and synthetic pathway diagrams were generated using ChemDraw 20.0 software, while graphs were generated and analyzed with GraphPad Prism 9 and Origin 2021 software. Principal component analysis (PCA), Partial Least Squares-Discrimination Analysis (PLS-DA), and Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA) models were performed using Simca-p 14.1 software (SIMCA Imola s. c., Imola, Bologna, Italy).





3 Results



3.1 Comparison of volatile components of eight Ephedra species using HS-GC-MS



3.1.1 Comparison of volatile component types and their relative contents

Relative to the MHS of eight Ephedra species, MG, NMG, SX, and WQC exhibited higher levels of alkenes and alcohols. LJ, NMG, SX, and GS showed higher levels of aldehydes, while MG, WQZ, GS, and XZ showed higher levels of ketones. Among the MHR, LJ, GS, and WQZ exhibited higher relative content of aldehydes, while MG and XZ showed higher content of alcohols. Additionally, LJ, XZ, and GS exhibited higher levels of alkenes. WQC and WQZ had lower contents of alcohols, aldehydes, and terpenoids. Detailed information on the relative percentage content of each volatile component of MHS and MHR is presented in Table 2 and Table 3, as illustrated in Figure 1 and Figure 2.


Table 2 | Relative percentage content of each volatile component in MHS.




Table 3 | Relative percentage content of each volatile component in MHR.






Figure 1 | Distribution of different categories of volatile components in MHS (A) and MHR (B), and comparison of volatile components in MHS (C) and MHR (D) from eight Ephedra species.






Figure 2 | Total ion flow diagrams of MHS (A) and MHR (B) for various species.






3.1.2 Chemometric analyses

PCA was performed on the samples, revealing a clear separation between the varieties. Subsequently, a supervised OPLS-DA with a confidence interval of 95% was conducted based on PCA, demonstrating a significant separation between the varieties. The model exhibited robustness, with parameter indexes R2X > 0.5, R2Y > 0.5. The volatile compositional differences among Ephedra species were observed to be distributed across distinct regions, highlighting their notable variability. Furthermore, a comparison of volatile components between stems and roots indicated substantial disparities among these Ephedra species, as depicted in Figure 3. Eighteen distinct components were identified in 8 species of MHS, and twenty-one distinct components were identified in MHR, with VIP > 1 and P < 0.05, as shown in Supplementary Table S1.




Figure 3 | Multivariate statistical analysis of volatile components in MHS and MHR using PCA and OPLS-DA. (A) PCA and OPLS-DA with R2X, R2Y values of 0.970, 0.944 for MHS. (B) PCA and OPLS-DA with R2X, R2Y values of 0.887, 0.760 for MHR. (C) PCA and OPLS-DA with R2X, R2Y values of 0.784, 0.989 for MHS and MHR.






3.1.3 Analysis of differential components

Higher levels of volatile components, including SX, NMG, WQC, GS, WQZ, QYZ, and WQM, were observed in MHS, while MG, LJ, and XZ exhibited slightly lower levels. These components mainly consist of alkenes and alcohols. Styrene and heptanal groups, especially in XZ, MG, SL, LJ, and Ephedrae herba (as listed in the Chinese Pharmacopoeia), were more abundant among the volatile components. LJ, GS, WQZ, QYZ, and WQM had high levels of benzene, 1-ethenyl-4-methoxy-, 1,2-propanedione, 1-phenyl, α-bisabolol, cis-α-bergamotene, and alloaromadendrene. Bicyclo[2.2.1]hept-2-ene, 2,3-dimethyl- had higher percentages in WQM and XZ, but lower in WQZ, NMG, SX and WQC. The content of styrene group is higher in MG, SX, NMG, WQC, and SL, and lower in WQD, XZ, and QYZ. The heptanal group exhibited the highest percentage in LJ and WQZ. MG had the highest percentage of the 2-heptanone, 6-methyl- group, while other Ephedra species had similar percentages. The benzaldehyde group had the lowest content in WQD, with other Ephedra species showing similar levels. The 2H-pyran, 2-ethenyltetrahydro-2,6,6-trimethyl- group varied most, with MG having the highest content, followed by SX and NMG. The furan, tetrahydro-2,2-dimethyl-5-(1-methyl-1-propenyl)- group was more prominent in MG, SX, and NMG. Ethyl 2-(5-methyl-5-vinyltetrahydrofuran-2-yl) propan-2-yl carbonate had higher relative content in XZ, SL, and MG, but lower in QYZ, LJ, and DZ. The relative content of cis-α-bergamotene was more pronounced in WQZ, SL, and LJ than in WQD and WQC, while WQM, WQC, and QYZ showed similar levels without significant differences. This analysis is shown in Figure 4A and detailed in Supplementary Table S2.




Figure 4 | Relative content of differential components in MHS (A) and MHR (B).



WQC, LJ, and GS exhibited higher overall volatile constituent levels among the 8 species of MHR, with notable components including alkenes, aldehydes, and alcohols. In terms of specific differential components, the carvone group showed elevated relative levels in LJ, WQM, WQD, and WQC, while displaying lower levels in MG, LJ, and SL. Conversely, LJ and SL exhibited higher levels of the 2-methoxy-5-methylphenol group compared to other Ephedra species. Benzene, 1-methoxy-4-methyl-2-(1-methylethyl)- groups were identified in LJ, MG, SL, WQZ, and XZ, while WQM, WQD, WQC, and GS formed two distinct groups, with the latter showing higher content. Bicyclo[3.1.1]hept-2-ene, 3,6,6-trimethyl-group content varied significantly across all Ephedra species, with WQC having the highest relative percentage. Groups such as (E)-β-famesene, benzenezaldhyde, 1-methoxy-4-methyl-2-(1-methylethyl)-, and cyclohexanone, 5-methyl-2-(1-methylethyl)-, trans- exhibited higher levels in the WQC, WQZ, GS, NMG, especially GS. A comprehensive comparison of other groups revealed WQD, WQC, LJ, XZ, and GS as the primary varieties with higher content levels. This analysis is illustrated in Figure 4B and detailed in Supplementary Table S3.





3.2 Analysis of non-volatile components of Ephedra using UPLC-Q-TOF-MS



3.2.1 Identification and classification of chemical components via UPLC-MS/MS combined with MN

A total of 79 chemical components were identified in 8 species of MHS and MHR, with 42 chemical components present in each species. These components primarily comprised alkaloids, flavonoids, glycosides, carboxylic acids, and fatty acids. MHS contained coumarins, lignans, and monoterpenes, while MHR contained lignans, coumarins, and steroidal compounds. Additionally, alkaloid and flavonoid clusters were predominantly identified in the MN. The distribution of these components is illustrated in Figure 5 and Figure 6, with detailed information provided in Table 4 and Table 5.




Figure 5 | Distribution of chemical component types and total ion flow diagrams in MHS (A) and MHR (B).






Figure 6 | Chemical components identified through molecular networking. (A) MHS, (B) MHR.




Table 4 | Non-volatile components in MHS.




Table 5 | Non-volatile components in MHR.





3.2.1.1 Identification of alkaloids

Alkaloids in MHS encompass methamphetamine alkaloids, benzoylisoquinoline alkaloids and benzylisoquinoline alkaloids. Methamphetamine alkaloids (17,18,19) include norephedrine (m/z 152.1070, [M+H]+), l-norpseudoephedrine (m/z 152.1070, [M+H]+), ephedrine (m/z 166.1223, [M+H]+), methylephedrine (m/z 180.1383, [M+H]+), and pseudoephedrine (m/z 166.1223, [M+H]+). These typically undergo cleavage individually through the loss of groups like -H2O, -NH2, and -CH3, or through paired cleavage forming a stable conjugated double-bonded state (Supplementary Figure S2). Isoquinoline alkaloids include benproperine (m/z 310.1496, [M+H]+), inferred from secondary fragment ions at m/z 310.1488 and 168.1015, and (-)-β-hydrastine (m/z 384.185, [M+H]+), deduced from secondary fragment ions at m/z 384.1849, 289.0912, and 153.0742.

Alkaloids in MHR consist of macrocyclic spermine alkaloids, tyramine alkaloids, and alcoholamine alkaloids. Macrocyclic arginine alkaloids (Lv et al., 2015) include ephedradine B/D (m/z 523.2902, [M+H]+) and ephedradine A (Guo, 2021) (m/z 493.2809, [M+H]+), typically undergoing cleavage either individually or in pairs through groups such as -H2O, -NH2, -CH3. Compared to alkaloids in MHS, MHR alkaloids can eliminate the side-chain moiety during cleavage, as shown in Supplementary Figure S3. Tyramine alkaloids include cis-N-feruloylputrescine (m/z 553.3007, [M+H]+), inferred from secondary fragment ions at m/z 177.0542, 117.0334, and m/z 145.0278, 117.0334, and feruloylhistamine (m/z 288.1343, [M+H]+) (Lv et al., 2015). Alcoholamine alkaloids include lauryldiethanolamine (m/z 274.2741, [M+H]+), tetradecyldiethanolamine (m/z 302.3054, [M+H]+), and diphenhydramine (m/z 256.2635, [M+H]+), identified through MN and comparison of their secondary fragment ions.




3.2.1.2 Identification of flavonoids

Ten flavonoids were tentatively identified in MHS, including (+)-catechin (m/z 291.0863, [M+H]+) (Lv et al., 2015) and (-)-epicatechin (m/z 289.0747 [M-H]-) (Khattabi et al., 2022). Cleavage of these compounds typically involves the removal of groups such as -H2O and -CO2. Additionally, bilobalide (m/z 291.0863, [M+H]+), formononetin (m/z 327.0887, [M-H]-), and byakangelicin (m/z 379.1035, [M-H]-) were identified using the Agilent herbal library-v20–04-17. Other components include schaftoside (m/z 565.1552, [M+H]+) (Li et al., 2022) and 5,7-dihydroxy-3’,4’-dimethoxyflavanone (m/z 315.0748, [M-H]-), deduced from secondary fragment ions at m/z 315.0771, 164.8337, 152.012, and 108.0227. (-)-Epigallocatechin (m/z 305.0694, [M-H]-) (Khattabi et al., 2022) and cyanidanol (m/z 289.0747, [M-H]-) were identified, with secondary fragment ions observed at m/z 289.076, 245.0850, 221.0867, 203.0733, 179.0362, 151.0427, 125.0265, 125.0257, and 109.0305. Finally, 2’-hydroxy-α-naphthoflavone (m/z 287.0700, [M-H]-) was deduced from secondary fragment ions at m/z 287.0720, 271.0669, and 245.0849.

Flavonoids were also tentatively identified in MHR, including gallocatechin- (4 → 6″; 2 → O → 7″)-(epi)gallocatechin (m/z 609.1225, [M+H]+), (+)-catechin (m/z 291.0863, [M+H]+), phloretin (m/z 275.0914, [M+H]+), catechina/(epi)gallocatechin (m/z 291.0975, [M+H]+), methylophiopogonanone A (m/z 343.1176, [M+H]+), mahuangnin A/B/C1, 2, 3 (m/z 545.1429, [M+H]+), mahuannin F (m/z 543.1286 [M+H]+), and mahuannin D (m/z 529.148 [M+H]+) (Al-Rimawi et al., 2017; Li et al., 2017; Guo, 2021; Li et al., 2022).




3.2.1.3 Identification of fatty acids

Fatty acids tentatively identified in MHS include hexadecanoic acid (m/z 274.2741, [M+H]+) and (10E,15E)-9,12,13-trihydroxyoctadeca-10,15-dienoic acid (m/z 327.1112, [M-H]-), determined through MN analysis and comparison of secondary fragment ions. Additionally, stearic acid (m/z 302.304, [M+H]+) was identified based on secondary fragment ions at m/z 302.3042, 284.2879, 240.2616, 106.0861, 88.0750, and 70.0648. Erucylamide (m/z 330.3367, [M+H]+), phytol (m/z 295.0486, [M-H]-), and octacosane (m/z 393.2804, [M-H]-) were also identified through comparison using TCMSP.

In MHR, two fatty acids were tentatively identified: 1-hexadecanoyl-sn-glycerol (m/z 331.2843, [M+H]+) and 10E, 12Z-linoleic acid (m/z 279.2388, [M-H]-), determined through MN and comparison of their secondary fragment ions.




3.2.1.4 Identification of flavonoids glycosides

Flavonoids glycosides identified in MHS include nebrodenside A (m/z 358.1847, [M+H]+) (Cottiglia et al., 2005), vicenin-2 (m/z 593.1373, [M-H]-) (Qi et al., 2014; Guo, 2021; Li et al., 2022), linalool 3-O-β-D-glucopyranoside (m/z 315.0748, [M-H]-), with secondary fragment ions observed at m/z 315.0771, 153.0218, and 109.0306. Aditionally, apigenin-6,8-C-dihexoside (m/z 593.1584, [M-H]-) (Xia et al., 2017; Li et al., 2022), vitexin-2 (m/z 593.1584, [M-H]-) (Guo, 2021; Li et al., 2022), vitexin-2-O-rhamnoside (m/z 577.1635, [M+H]+) (Guo, 2021; Li et al., 2022), and quercetin-4’-O-glucoside (m/z 463.0954, [M-H]-) (Li et al., 2022).

The flavonoid glycosides identified in MHR include cyanidin-3-O-galactoside (m/z 450.1871, [M+H]+) and kaempferol-3-O-glucoside-7-O-rhamnoside (m/z 609.1225, [M+H]+), determined through MN and comparison of their secondary fragment ions. Curculigoside (m/z 467.1548, [M+H]+) was inferred from the secondary fragment ions observed at m/z 467.1538 and 305.0999.





3.2.2 Chemometric analyses

PCA was initially conducted on the samples, revealing a distinct separation between the varieties. Subsequently, supervised OPLS-DA with a confidence interval of 95% was performed based on the PCA results. This analysis indicated a significant separation among the varieties, supported by parameter indices R2X > 0.5 and R2Y > 0.5, demonstrating the robustness and reliability of the OPLS-DA model. Moreover, the distribution of non-volatile components among different varieties of Ephedra plants exhibited considerable variability, as they were dispersed in distinct regions. Furthermore, a comparison of non-volatile components between stems and roots revealed substantial differences between these two parts. In total, 18 and 21 differential components were identified in 8 species of MHS and MHR, respectively, with variable importance in projection (VIP) scores > 1 and significance level (P) < 0.05, as illustrated in Figure 7 and Supplementary Table S4.




Figure 7 | Multivariate statistical analysis, including PCA and OPLS-DA, was conducted on the UPLC-MS data of non-volatile components. (A, B) represent the analysis of MHS and MHR, respectively, with R2X and R2Y values of 0.937, 0.727 for MHS, and 0.887 and 0.761 for MHR. (C) displays PCA and OPLS-DA results (R2X, R2Y values of 0.916, 0.991) for MHS and MHR.






3.2.3 Comparative analysis of the relative abundance of major chemical constituents and differentiated components

UPLC-MS analysis detected five phenylpropane alkaloids—norephedrine, l-norpseudoephedrine, ephedrine, pseudoephedrine, and methylephedrine—in the extracts of 8 species of MHS. Relative abundance analysis revealed elevated levels of these alkaloids in SX, NMG, GS, WQ, and QYZ, whereas SL, LJ, XZ, WQD, and MG exhibited lower contents. Additionally, cordycepin, damascenone, formononetin, and 5,7-dihydroxy-3’,4’-dimethoxyflavanone were identified as differential components in the non-alkaloidal fraction. Comparative analysis of the total content across the four species indicated that SL, WQD, and LJ were predominant, with the remaining Ephedra species showing relatively lower levels, as depicted in Figure 8A.




Figure 8 | Relative abundance of major chemical constituents and differentiated components in MHS (A) and MHR (B).



Macrocyclic spermine alkaloids, including ephedradine A, B, D, and feruloylhistamine, were identified in MHR. The alkaloidal fraction of the eight MHR species contained differential components such as pseudoephedrine, ephedrine B/D, and ephedrine A. Regarding total relative abundance, WQZ, GS, WQD, and WQC exhibited the highest levels, followed by MG, XZ, and SL. Non-alkaloidal differential components included cyanidin-3-O-galactoside, (+)-catechin, phloretin, and mahuannin F. Comparisons revealed dominance by WQZ, GS, WQC, MG, and SL, while the relative abundances in other Ephedra species ranged more evenly between 0.3 and 0.4. Interestingly, cyanidin-3-O-galactoside was most abundant in MG, along with WQZ, GS and XZ, which not only had higher total amounts but also higher content of each component within them, as shown in Figure 8B.





3.3 MetaboAnalyst and kyoto encyclopedia of genes and genomes enrichment analysis



3.3.1 Biogenic synthesis pathway of volatile components

The analysis of the differential components was conducted using MetaboAnalyst, revealing enriched synthetic pathways such as fatty acyl synthesis, phenylpropane synthesis (including lignan and flavonoid pathways), terpene and steroid biosynthesis, lipids and lipoidal synthesis, and organic oxygen component synthesis pathways, as illustrated in Figure 9A. These pathways predominantly involve enrichment to olefins, acids, alcohols, and terpenoids. The fatty acids pathways mainly involve map 01120 (microbial metabolism in diverse environments) and map 01062 (biosynthesis of terpenoids and steroids). In addition, the KEGG pathway was enriched with heptanal, caproic acid, (R)-1-octen-3-ol, α-bisabolol, (E)-β-famesene, and nonanal, with higher content observed in the stems and roots of LJ and GS, compared to SL roots. Additionally, in the monoterpene biosynthetic pathway, KEGG annotation to Carvone was identified, belonging to isoprenoid (monoterpene alkene) synthesis.




Figure 9 | Synthetic pathways enriched with differential components.






3.3.2 Biogenic synthesis pathway of non-volatile components

The analysis of non-volatile differential components identified enriched synthetic pathways, such as lipid synthesis, isoprene (diterpene) synthesis, benzene synthesis, and sugar metabolism pathways, as depicted in Figure 9B. These pathways were primarily enriched with alkaloids, flavonoids, and terpenoids. Alkaloids were notably involved in map 00996 (biosynthesis of various alkaloids), map 01063 (biosynthesis of alkaloids derived from the shikimate pathway), map 01100 (metabolic pathways), and map 01110 (biosynthesis of secondary metabolites), with KEGG annotations to norephedrine and pseudoephedrine. These alkaloids were found higher levels in WQC, WQZ, WQM, and SX. Flavonoids were predominantly involved in map 00941 (flavonoid biosynthesis), map 01061 (biosynthesis of phenylpropanoids), map 01100 (metabolic pathways), and map 01110 (biosynthesis of secondary metabolites), with KEGG annotations to 5,7-dihydroxy-3’,4’-dimethoxyflavanone, epicatechin, and cyanidin-3-galactoside. These flavonoids were found in higher amounts in WQC, WQM, SL, and MG.






4 Discussion

Ephedra is widely used in clinical applications, with E. sinica Stapf, E. intermedia Schrenk et C. A. Mey, and E. equisetina Bge. recognized as official varieties in the Chinese Pharmacopoeia. Despite originating from the same botanical source, MHS and MHR exhibit distinct pharmacological effects, known as “Same source, Different effect.” This variation is attributed to differences in their chemical components, notably the presence of methamphetamine alkaloids predominantly in MHS and macrocyclic arginine alkaloids in MHR. China boasts abundant medicinal resources of Ephedra plants, making it a significant commodity in the import and export of Chinese herbal medicine.

In this study, significant differences in chemical components among different parts of Ephedra plants were observed. Volatile components in Ephedra stems primarily include aldehydes, olefins, and alcohols. In contrast, Ephedra roots contain olefins, terpenes, and aldehydes. The relative content of volatile components is higher in Ephedra stems than in roots. Non-volatile components in Ephedra stems mainly consist of isoquinoline alkaloids, phenylpropanoid alkaloids, flavonoids, flavonoid glycosides, and organic acids, whereas Ephedra roots predominantly contain macrocyclic arginine alkaloids, tyramine alkaloids, alcohol amine alkaloids, bis-flavonoids, and a small amount of amino acids and lignans. These differences in chemical constituents contribute to distinct medicinal effects.

Ephedra alkaloids exert sympathomimetic effects, dilate bronchioles, induce vasoconstriction, and stimulate the central nervous system (Chen et al., 2010). Ephedra stems are traditionally used to dispel wind-cold, elevate blood pressure, promote lung function, and relieve asthma symptoms, treating conditions such as influenza, cough, and chest oppression. On the other hand, Ephedra root are employed to regulate sweating, secure the exterior, and lower blood pressure, commonly prescribed for conditions characterized by spontaneous perspiration and night sweats (Hui; Li et al., 2018). The diverse therapeutic effects of Ephedra stem and root arise from the presence of alkaloids, flavonoids, and volatile oils. Ephedrine in Ephedra stems induces sweating (Liao et al., 2015), mahuannin B in roots have the opposite effect (Wang et al., 2017).

In addition to the legally recognized medicinal MHS, SL, XZ, MG, and LJ exhibited relatively high content compared to other varieties in this study. Although their sweating effect may be slightly weaker than that of legally recognized Ephedra stems, their use can be considered with dosage adjustment. Macrocyclic arginine alkaloids in Ephedra root, such as ephedradine B and epicatechin, exhibit antihypertensive effects, significantly reducing both systolic and diastolic blood pressure (Yanfang et al., 2010). Besides the legally recognized Ephedra root, species such as XZ, MG, WQM, and LJ could also serve as medicinal alternatives based on the comparison of their primary chemical components. Notably, the relative content of ephedrine in species WQM is higher than that of the legally recognized variety. The “Same Source, Different Effects” phenomenon in Ephedra primarily arises from variations in the chemical composition of alkaloids and flavonoids.

Phylogenetically closely related species often share similar chemical profiles and clinical efficacy, making them valuable medicinal herbs. This study compared the volatile and non-volatile components of eight Ephedra species. It identified olefins, alcohols, aldehydes, and ketones as volatile compounds, and alkaloids, flavonoids, carboxylic acids, and fatty acids as non-volatile compounds. Variations in chemical composition were attributed to differences in species and origins. The legally recognized Ephedra exhibited the highest content, followed by MG, XZ, and LJ. These differences in content ultimately lead to variations in their biosynthetic pathways.

Differential volatile components are enriched in pathways like fatty acyl synthesis, phenylpropane synthesis, terpenoid and steroid biosynthesis, lipid and lipid-like component synthesis, and organic oxygen species synthesis. Fatty acyl synthesis, a crucial pathway in fatty acid production, serves as a primary energy source for organisms. The structure and properties of biological membranes are linked to the cold tolerance of plants. Low temperatures enhance fatty acid desaturase enzyme activity, increasing levels of unsaturated fatty acids. This reduces membrane lipid saturation and enhances membrane fluidity, stabilizing plant growth in cold conditions and ultimately improving cold tolerance (Sun et al., 2023). The fatty acid synthesis pathway is enriched with differential metabolites of MHS (heptanal) and MHR (heptanal, caproic acid, (R)-1-octen-3-ol). Heptanal and (R)-1-octen-3-ol are more abundant in LJ and GS stems and roots, mainly distributed in Yunnan, Gansu, and Tibet of China, regions characterized by lower average annual temperatures and higher altitudes. These low-temperature conditions may enhance the synthesis of heptanal and (R)-1-octen-3-ol, promoting stable growth in cold environments. Benzaldehyde, found in Ephedra stem and root, is part of the phenylpropane metabolic synthesis pathway. Benzaldehyde synthesis involves three metabolic pathways: toluene degradation, aminotoluic acid degradation, and aromatic component degradation. The lignan and flavonoid pathways play crucial roles in phenylpropane metabolism. Lignan primarily accumulating in plant secondary cell walls, providing mechanical support, conduits for water and mineral transport, participating in other development processes, resisting pathogenic, and enhancing resistance to abiotic stresses. The isopentenol ester synthesis pathway is also involved in fatty acid synthesis (Sun et al., 2023).

The enriched synthetic pathways for non-volatile differential components encompass lipid synthesis, isoprene (diterpene) synthesis, benzene synthesis, and sugar metabolism pathways. The diverse structures of lipids contribute to various crucial biological functions. Lipids are the primary constituents of biological membranes and participate in signaling, regulation of cell growth, differentiation, senescence, programmed cell death, and other cellular processes. Additionally, they provide energy for growth and support vital activities. Polyketide synthesis is part of lipid synthesis (Sun et al., 2023). For example, formononetin and 5,7-dihydroxy-3’,4’-dimethoxyflavanone from MHS, and epicatechin and phloretin from the root, participate in the synthesis of isoflavones, flavonoids, and phenylpropanoids. Formononetin, known for its antioxidant, antihypertensive, antitumour, and anti-infection properties (Yang et al., 2021), and epicatechin, recognized for its antioxidant activity and hypolipidemic effects, as well as its potential to mitigate oxidative stress damage (Yanagimoto et al., 2023), are flavonoid compounds. Studies have demonstrated their efficacy in antitumor, anti-inflammatory, hypolipidemic, and antihypertensive effects. The benzene synthesis pathway is enriched with norephedrine and pseudoephedrine in Ephedra stems, and ephedrine and cyanidin-3-galactoside in roots. This pathway contributes to the biosynthesis of alkaloids, such as mangiferic acid derivatives. Therefore, the pathways for the biogenic synthesis of differential components in Ephedra stems and roots may vary depending on the variety, origin, and harvest time. This variability in pathways may be influenced by factors such as origin, variety, and harvest time (Cui et al., 2020), as shown in Supplementary Figure S5. Consequently, differential synthesis is observed. According to the Chinese Pharmacopoeia (2020 edition), the roots of E. sinica Stapf and E. intermedia Schrenk et C. A. Mey are designated as medicinal parts. In terms of alkaloid abundance, E. sinica Stapf and E. intermedia Schrenk et C. A. Mey have higher contents, while MG, XZ, and SL have the second-highest contents. Therefore, these three Ephedra varieties can be considered as extension varieties. Additionally, higher altitudes correspond to higher total alkaloid content. In individual alkaloid content comparison, WQM, WQZ, MG, NMG, and XZ have higher levels, indicating greater alkaloid content in regions with higher altitudes. However, higher content is also observed in the Hebei Plain region. For pseudoephedrine content, WQD and WQC exhibit lower levels, corresponding to lower altitudes among the eight Ephedra species. For methylephedrine content, higher levels are observed in XZ, NMG, SL, SX, WQC, WQM, and WQZ, indicating greater levels in Ephedra from higher altitude areas. Consequently, it is hypothesized that the content of ephedrine, pseudoephedrine, and alkaloids increases with altitude gradient (Kitani et al., 2009; Guo et al., 2022; Lu et al., 2023), as illustrated in Supplementary Figures S6 and S7.

In conclusion, E. gerardiana Wall, E. likiangensis Florin, E. przewalskii Stapf, and E. saxatilis Royle ex Florin are recommended for extended medicinal use of Ephedra due to their legal recognition. Although E. przewalskii Stapf and E. monosperma Gmel. ex Mey do not meet the Pharmacopoeia’s criteria for specified alkaloid content in MHS, their medicinal value remains noteworthy. In recent years, with the expansion of cultivated Ephedra and the decrease in the use of wild resources, substitutes for Ephedra have not been thoroughly considered. The current study indicates that although they share similar main chemical components, differences exist in the types of components and the relative content of the main active ingredients. Therefore, attention should be paid to potential differences in efficacy. Further research is needed to explore the similarities and differences in their pharmacological activities to ensure the effectiveness and consistency of herbal quality.




5 Conclusion

HS-GC-MS and UPLC-Q-TOF-MS techniques were employed to investigate the chemical components of eight Ephedra species across different plant parts. The analysis revealed 37 volatile components in MHS and 46 in MHR, including alkenes, terpenoids, aldehydes, and alcohols. Additionally, 42 non-volatile components were identified in both MHS and MHR, including alkaloids, flavonoids, glycosides, carboxylic acids, and fatty acids. The primary differentiating factors between species are alkaloids and flavonoids. Differences between plant parts also involve these compounds, contributing to both similarities and distinctions. Distinctive compounds were further analyzed using biogenic synthesis pathways, including fatty acyl synthesis, phenylpropane synthesis, terpenoid and steroid biosynthesis, lipid synthesis, isoprenoid synthesis, and benzene synthesis. E. gerardiana Wall, E. likiangensis Florin, E. przewalskii Stapf, and E. saxatilis Royle ex Florin should be considered as supplements to medicinal Ephedra resources. This study provides insights for verifying and safely applying Ephedra herbs through differential analysis and comparison of various Ephedra species and plant parts. It also provides a scientific foundation for further exploring the medicinal value and resource utilization of Ephedra herbs.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

DZ: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – review & editing. BG: Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. LY: Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. HL: Data curation, Formal analysis, Methodology, Resources, Writing – review & editing. QA: Data curation, Formal analysis, Methodology, Resources, Writing – review & editing. YL: Data curation, Formal analysis, Methodology, Resources, Writing – review & editing. JC: Data curation, Formal analysis, Methodology, Resources, Writing – review & editing. FH: Conceptualization, Funding acquisition, Project administration, Resources, Writing – review & editing. LG: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Natural Science Foundation of Hebei Province (H2021423017, H2022418001), the Key R&D plan of Hebei Province (23372503D, 22372503D), the Science and Technology Project of National Administration of Traditional Chinese Medicine (gzy-kjs-2023-029), S&T Program of Hebei (223777127D, 226Z7714G), and the Innovation Team of Hebei Province Modern Agricultural Industry Technology System (HBCT2023080201、HBCT2023080205).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1421008/full#supplementary-material



Abbreviations

MHS, Ephedra stem; MHR, Ephedra root; MN, Molecular networking; HS-GC-MS, Headspace Gas Chromatography Mass Spectrometry; UPLC-Q-TOF-MS, UPLC-MS, Ultra-high performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry.




References

 Abourashed, E. A., El-Alfy, A. T., Khan, I. A., and Walker, L. (2003). Ephedra in perspective–a current review. Phytotherapy Res. 17, 703–712. doi: 10.1002/ptr.1337

 Al-Rimawi, F., Abu-Lafi, S., Abbadi, J., Alamarneh, A. A., Sawahreh, R. A., and Odeh, I. (2017). Analysis of phenolic and flavonoids of wild Ephedra alata plant extracts by LC/PDA and LC/MS and their antioxidant activity. Afr. J. Traditional Complementary Altern. Medicines 14, 130–141. doi: 10.21010/ajtcam.v14i2.14

 Chen, W.-L., Tsai, T.-H., Yang, C. C., and Kuo, T. B. (2010). Effects of ephedra on autonomic nervous modulation in healthy young adults. J. ethnopharmacology 130, 563–568. doi: 10.1016/j.jep.2010.05.056

 Commission, C. P. (2020). Pharmacopoeia of the people's Republic of China (Beijing: China Medical Science Press).

 Cottiglia, F., Bonsignore, L., Casu, L., Deidda, D., Pompei, R., Casu, M., et al. (2005). Phenolic constituents from Ephedra nebrodensis. Natural Product Res. 19, 117–123. doi: 10.1080/14786410410001704714

 Cui, J. L., Gao, X. Y., Vijayakumar, V., Guo, Z. X., Wang, M. L., Wang, J. H., et al. (2020). Regulation by fungal endophyte of Rhodiola crenulata from enzyme genes to metabolites based on combination of transcriptome and metabolome. J. Sci. Food Agric. 100, 4483–4494. doi: 10.1002/jsfa.10489

 Editorial Committee of Flora of China, C. A. o. S (1979). Flora of China (Beijing: Science Press), 468.

 González-Juárez, D. E., Escobedo-Moratilla, A., Flores, J., Hidalgo-Figueroa, S., Martínez-Tagüeña, N., Morales-Jiménez, J., et al. (2020). A review of the Ephedra genus: distribution, ecology, ethnobotany, phytochemistry and pharmacological properties. Molecules 25, 3283. doi: 10.3390/molecules25143283

 Guo, Z. (2021). Difference of gene expression during the process of differential biosynthesis of main active metabolites in roots and stems of Ephedra Sinica (Taiyuan: Shanxi University).

 Guo, Z.-X., Li, X.-K., Cui, J.-L., Miao, S.-M., Wang, M.-L., Wang, J.-H., et al. (2022). Transcriptional regulatory mechanism of differential metabolite formation in root and stem of ephedra sinica. Appl. Biochem. Biotechnol. 194, 5506–5521. doi: 10.1007/s12010-022-04039-8

 Ibragic, S., and Sofić, E. (2015). Chemical composition of various Ephedra species. Bosnian J. basic Med. Sci. 15, 21. doi: 10.17305/bjbms.2015.539

 Khattabi, L., Boudiar, T., Bouhenna, M. M., Chettoum, A., Chebrouk, F., Chader, H., et al. (2022). RP-HPLC-ESI-QTOF-MS qualitative profiling, antioxidant, anti-enzymatic, anti-inflammatory, and non-cytotoxic properties of Ephedra alata monjauzeana. Foods 11, 145. doi: 10.3390/foods11020145

 Kitani, Y., Zhu, S., Omote, T., Tanaka, K., Batkhuu, J., Sanchir, C., et al. (2009). Molecular analysis and chemical evaluation of Ephedra plants in Mongolia. Biol. Pharm. Bull. 32, 1235–1243. doi: 10.1248/bpb.32.1235

 Li, H., Su, D., Bu, A., Wu, S., Liu, K., Peng, M., et al. (2017). Chemical constituent changes in four processing procedures of herbal ephedra based on UPLC-Q TOF MSE and mirror image contrast analysis. J. Chin. Mass Spectrometry Soc. 38, 630–639. doi: 10.7538/zpxb.2016.0157

 Li, H., Yang, H., Song, K., Bai, Y., and Nie, B. (2018). Brief discussion on the similarities and differences between ephedra and ephedra root. Modern Chin. Med. 20, 1165–1178. doi: 10.13313/j.issn.1673-4890.20180510003

 Li, H., Guo, L., Ding, X., An, Q., Wang, L., Hao, S., et al. (2022). Molecular networking, network pharmacology, and molecular docking approaches employed to investigate the changes in Ephedrae Herba before and after honey-processing. Molecules 27, 4057. doi: 10.3390/molecules27134057

 Li, L., Wang, D., Li, Z., Shen, S., Tian, H., and Niu, Y. (2023). Second metabolites comparative analysis of Codonopsis pilosula (Franch.) Nannf. from different origins based on extensively targeted metabolomics. Acta Pharm. Sin. 58, 3421–3427. doi: 10.16438/j.0513-4870.2023-0724

 Liao, F., Zhang, D., Lan, M., and Li, C. (2015). Exploration on influencing mechanism of different processing methods on main function of Mahuang. Western J. Tradit. Chin. Med 28, 12–15.

 Loera, I., Sosa, V., and Ickert-Bond, S. M. (2012). Diversification in North American arid lands: Niche conservatism, divergence and expansion of habitat explain speciation in the genus Ephedra. Mol. Phylogenet. Evol. 65, 437–450. doi: 10.1016/j.ympev.2012.06.025

 Lu, M., Zhang, Y., Wang, S., Wang, X., Zhang, S., and De, J. (2023). Ephedrine and pseudoephedrine in Ephedra saxatilis on the vertical altitude gradient changed in southern Tibet Plateau, China. PLoS One 18, e0290696. doi: 10.1371/journal.pone.0290696

 Lv, M., Chen, J., Gao, Y., Sun, J., Zhang, Q., Zhang, M., et al. (2015). Metabolomics based on liquid chromatography with mass spectrometry reveals the chemical difference in the stems and roots derived from Ephedra sinica. J. Separation Sci. 38, 3331–3336. doi: 10.1002/jssc.201500529

 Qi, Y., Li, S., Pi, Z., Song, F., Lin, N., Liu, S., et al. (2014). Chemical profiling of Wu-tou decoction by UPLC–Q-TOF-MS. Talanta 118, 21–29. doi: 10.1016/j.talanta.2013.09.054

 Sun, X., Li, H., Liu, T., and Li, X. (2018). Reasarch progress on chemical constituents and clinical application of ephedra plants. Chin. Pharm. Affairs 32, 201–209.

 Sun, Y., Yuan, X., Luo, Z., Cao, Y., Liu, S., and Liu, Y. (2023). Metabolomic and transcriptomic analyses reveal comparisons against liquid-state fermentation of primary dark tea, green tea and white tea by Aspergillus cristatus. Food Res. International 172 113115. doi: 10.1016/j.foodres.2023.113115

 Tian, N., Yang, X., Zhu, Y., Zeng, X., Yuan, J., Yang, J., et al. (2022). Mahuang (herbaceous stem of Ephedra spp. ): chemistry, pharmacodynamics, and pharmacokinetics. China J. Chin. Materia Med. 47, 3409–3424. doi: 10.19540/j.cnki.cjcmm.20220425.601

 Wang, Z., Cui, Y., Ding, G., Zhou, M., Ma, X., Hou, Y., et al. (2017). Mahuannin B an adenylate cyclase inhibitor attenuates hyperhidrosis via suppressing β2-adrenoceptor/cAMP signaling pathway. Phytomedicine 30, 18–27. doi: 10.1016/j.phymed.2017.03.002

 Xia, Y.-G., Wang, T.-L., Sun, L.-M., Liang, J., Yang, B.-Y., and Kuang, H.-X. (2017). A new UPLC-MS/MS method for the characterization and discrimination of polysaccharides from genus Ephedra based on enzymatic digestions. Molecules 22, 1992. doi: 10.3390/molecules22111992

 Yanagimoto, A., Matsui, Y., Yamaguchi, T., Saito, S., Hanada, R., and Hibi, M. (2023). Acute dose–response effectiveness of combined catechins and chlorogenic acids on postprandial glycemic responses in healthy men: results from two randomized studies. Nutrients 15, 777. doi: 10.3390/nu15030777

 Yanfang, Y., Yi, L., Gaofeng, W., Mengyuan, X., Lizhan, L., and Hezhen, W. (2010). Experimental study on the hypotensive effect of Ephedra root extracts on the spontaneously hypertensive rats. Chin. J. Hosp. Pharmacy 30, 1434–1436.

 Yang, X., Feng, Y., Liu, Y., Ye, X., Ji, X., Sun, L., et al. (2021). Fuzheng Jiedu Xiaoji formulation inhibits hepatocellular carcinoma progression in patients by targeting the AKT/CyclinD1/p21/p27 pathway. Phytomedicine 87, 153575. doi: 10.1016/j.phymed.2021.153575




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Guo, Yang, Li, An, Liu, Cheng, Hou, Guo and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1421008-g002.jpg
Z
C

WQM
wQD
wQ

] SR o —

Xz
wQ

1

SL
QY.

Z
NMG
MG

LJ
GS

b ST

BEENNEERE
R EERRECER|

40

35

31

27

23

19

15

11

T/min

20.5 25 29.5 24 295 34 40

16

115

25

T/min





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Exploration of chemical components and metabolite synthesis pathways in eight Ephedra species based on HS-GC-MS and UPLC-Q-TOF-MS

      

        		

          Objective

        



        		

          Methods

        



        		

          Result

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Reagents and materials

          



          		

            2.2 Sample preparation

          



          		

            2.3 Analysis of volatile components of Ephedra based on HS-GC-MS

          



          		

            2.4 Analysis of non-volatile components of Ephedra based on UPLC-Q-TOF-MS with molecular network

          



          		

            2.5 MetaboAnalyst and kyoto encyclopedia of genes and genomes enrichment analysis

          



          		

            2.6 Data analytics

          



        



        



        		

          3 Results

        

          		

            3.1 Comparison of volatile components of eight Ephedra species using HS-GC-MS

          

            		

              3.1.1 Comparison of volatile component types and their relative contents

            



            		

              3.1.2 Chemometric analyses

            



            		

              3.1.3 Analysis of differential components

            



          



          



          		

            3.2 Analysis of non-volatile components of Ephedra using UPLC-Q-TOF-MS

          

            		

              3.2.1 Identification and classification of chemical components via UPLC-MS/MS combined with MN

            

              		

                3.2.1.1 Identification of alkaloids

              



              		

                3.2.1.2 Identification of flavonoids

              



              		

                3.2.1.3 Identification of fatty acids

              



              		

                3.2.1.4 Identification of flavonoids glycosides

              



            



            



            		

              3.2.2 Chemometric analyses

            



            		

              3.2.3 Comparative analysis of the relative abundance of major chemical constituents and differentiated components

            



          



          



          		

            3.3 MetaboAnalyst and kyoto encyclopedia of genes and genomes enrichment analysis

          

            		

              3.3.1 Biogenic synthesis pathway of volatile components

            



            		

              3.3.2 Biogenic synthesis pathway of non-volatile components

            



          



          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1421008-g003.jpg
U
E1lipse: Hotelling's T2 (95%)

PCA
A
6
o
2
o
.24
4
6
8+ - -
-10 -5 0 s
w
Ellipse: Hotelling's T2 (95%)
PCA
A
653
@cs2
4
xz
owan
/ i waz2@ \
2 xz2 ® \
wazs |
MGZ' ®su
o ® ou!
b owav: (@ues g2
L2
wam1 MG @ |
st /
wac
o @wac3Wacz ou: /,/
wav2® | @yaot
4
waos@Weo2
6 T e
-10 -5 0 s 10
1)
Ellipse: Hotelling's T2 (95%)
PCA
)
8- —
o
4
| K
go %
2
ol
6
8-
-10 T -
20 -15 -10 -5 0 5 10 15

OPLS-DA

@z
6+ -
-10 -5 0 s
100052 * t[1)
E1lipse: Hotelling's T2 (95%)
OPLS-DA
) —
~
6
@®cs3
@cs2
4
x23| waz1@
@cs1 s
waz2® @
wazs |

g
< 13
0
% wams@ MG1 -l"
- woc@WM! su@,
o2

100117 * (1)
€1lipse: Hotelling's T2 (95%)

1.21057 * to(1]

Wistem

-10 T T T
2 5 -0 5 [ 5
) 1.00009 * (1]
E1lipse: Hotelling's T2 (95%)





OEBPS/Images/fpls-15-1421008-g009.jpg
MHS

MHR

A

Metabolite Sets Enrichment Overview
o -
Palue
2e-02
- -

Te-02

le-01

Fatty Acyls

[ e e—
10 20 30 40

°

Enrichment Ratio

Metabolite Sets Enrichment Overview

Prenci Upds
Palue
Fatty Acyls 2e-03
Organc axygen compounds 5e-01
Benzenods U 1e+00
s and ke molecuies.
T T T T T

0 20 40 60 80 100 140

Ennchment Rato

Metabolite Sets Enrichment Overview
Prencl Lpds
Pvalue
Cabonyars 1e03
Poiyecces 1e01

Benzenods I
FazyAcys I
S S .

Enrichment Ratio

Metabolite Sets Enrichment Overview

o -

Pvalue
6e-07
Polykecdes.
4e-01
FaryAcys |
Il
= ge01

Gycarotpds

0 10 20 30 40 50

Enrichment Ratio





OEBPS/Images/table2.jpg
CAS WQM  Qyz XZ WQD SX SL NMG  WQC LJ GS MG wWQz

Metatolt=s number: | <25 | e | e | | | oo | ea | ee | el | o) e | e |
1| 3517 Furfural 98-01-1 Aldehyde 850 380 1628 439 329 1143 509 365 749 | 2384 | 743 481
2 3677 1,6-Dimethylhepta-1,3,5-triene 139705-56-9 Alkene 9.16 1067 7.30 7.23 7.66 648 651 731 1007 | 7.46 8.80 1136
3 4215 1-Pentanol, 3-methyl- 589-35-5 Alcohol 422 574 9.96 8.41 1051 6.62 14.00 639 778 9.64 11.07 5.66
4 4618 Bicyclo[2.2.1]hept-2-ene.2,3-dimethyl- 529-16-8 Alkene 2658 917 243 342 366 | 627 | 406 329 660 | 542 | 473 536
5 4.808 Styrene 100-42-5 Alkene 524 466 6.89 0.05 527 1486 1172 18.14 246 1.88 2565 3.16
6 | 508 Heptanal 11717 Aldehyde  3.61 426 647 | 627 477 | 561 | 769 647 2700 | 1497 | 642 636
7 7.080 2-Heptanone,6-methyl- 928-68-7 Ketone 15.11 732 11.65 211 341 661 1049 595 675 12.82 15.01 278
8 | 7323 | Benzaldehyde 100-527 Aldehyde | 7.81 737 992 178 116 | 882 | 7.92 622 1037 | 1372 62 | 869
»: 7.796 2H-Pyran,2-ethenyltetrahydro-2,6,6-trimethyl- 7392-19-0 Pyan 149 0.00 334 0.00 3068 279 1445 523 0.00 0.17 39.75 2.10
10 8.147 2-Methyl-1-octen-3-yne 17603-76-8 Alkyne 2153 183 18.84 1.50 282 6.87 390 275 061 21.80 9.38 8.17
1 8663 5-Hepten-2-one,6-methyl- 110-93-0 Ketone 692 445 2749 430 709 | 496 | 764 761 592 | 437 | 1042 | 883
12 8.836 Furan,2-pentyl- 3777-69-3 Pyan 378 373 10.59 375 1168 | 7.08 1261 1046 9.11 877 11.90 656
13 9473 o-Phellandrene 99-83-2 Alkene 276 210 6.92 125 1292 | 597 2051 1439 171 361 16.28 11.58

7-Oxabicyclo[22.1]heptane, 1-methyl-4-

IR A 470-677 Alcohol  0.80 007 080 009 118 051 2150 3080 001 019 | 2417 989
15 10679 O-Cymene 527-84-4 Alkene 200 061 455 077 leds | 389 | 2534 1336 056 179 292 776
16 10917 | D-Limonenc 5989275 Akene | 067 013 o 01s 1563 071 | 2735 1901 020 047 2105 1362
17 1047 Eucalyptol 470-82:6 Phenolic 174 082 156 224 1687 | 226 | 1764 2735 041 | 204 | 1685 1022
18 12265 | Forantetrahydro-2.2-dimethyl-5-(1-methyl- 7416355 Pyan 226 000 115 000 62 397 1285 | 635 000 168 3527 | 186
L-propenyl)-
19 12994 yTerpinene 99-85.4 Alkene  0.42 001 773 00 lo74 | 226 | 2491 2127 002 | 062 2043 | 1047
20 | 1aoqy | 2(Smethyl-Sevinyhetrahydrofuran-2-y1) 1000373~ Pyan 23 042 2627 000 1051 | 2360 | 1063 | 521 139 261 146 | 223
propan-2-ylcarbonate 8032
21 15369 35-Dimethylanisole 874-635 Ether 012 000 214 000 2017 431 25 1740 000 000 | 1576 | 853
22 15365 P(1-Propeny)-toluene 1000429-54-9  Alkene | 057 000 231 000 1259 | 288 | 2686 2048 001 016 2406 1004
23 16839  34-Dimethyleyclohexanol 5715231 Alohol | 485 479 1401 628 826 | 691 | 854 771 685 | 1175 | 1149 | 816
u | 17229 i:f:s;:ﬂ:‘_‘;xf’m'mﬂpmp'1'°"'l'yn 3033-236 Pyan 199 273 968 | 687 3423 453 | 221 300 1554 | 1749 | 149 025
25 19289 3-Cyclohexen-1-ol,I-methyl-4-(1-methylethy))- 586823 Alcohol 063 000 041 000 187 | 059 | 265 2906 | 009 018 2410 | 1039
2 20221 Cydohexanol1-methyl-4-(1-methylethenyl)- 138-87-4 Alcohol  0.44 000 017 000 258 |02 2z 20 005 en | 27 727
27 20984 Benzene,l-cthenyl-4-methoxy- 637-69-4 Alkene 3543 7 385 000 1558 | 168 | 1326 | 1475 | 000 | 448 474 475
28 22531 12-Propancdione,l-phenyl 579-077 Ketone 463 1809 008 000 546 | 1037 484 698 1623 | 2730 180 421
29 23208 3-Cyclohexen-l-old-Methyl-1-(I-methylethyl)-(R)- 20126765 Aleohol 132 0s8 370 161 968 288 1354 188 058 ld6 1334 703
30 24734 oTerpincol 98555 Alcohol 061 000 057 ox2 1736 | 0% | 2473 2226 | 026 | 033 2238 1041
31 25484 | a-Terpinyl acetate 80-262 Salts 052 000 232 0o 1351 016 2498 2859 005 007 2300 676
32 32772 | 1-Cyclohexene-l-carboxaldehyde,d-(I-methylethy)- 21391980 Aldehyde 091 000 65 000 286 013 2736 1923 000 028 1421 850
33 34146  Cycohexanemethanol, 4-hydroxy-cid-trimethyl-  80-53-5 Alcohol 539 531 218 | 288 1097 | 765 1409 1619 | 667 | 619 1271 | 977
34 36751 Octane, 6-cthyl-2-methyl- 62016197 Alkane 653 1559 41 811 794 767 752 898 8IS 713 1007
35 37415 | oeBisabolol 515-69-5 Alcohol 257 506 6ds 077 sal 208 717 308 1448 2090 685 339
36 37419 | Cis-oBergamotene 18252465 Alkene | 239 a4 816 067 603 2195 544 324 182 | 208 708 271

37 37857  Alloaromadendrene 25246279  Alkene 711 1795 904 078 1743 514 1126 875 802 | 453 540 458
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- M . "
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LJ MG SL WQzZ Xz waQM WQD waQcC

Metabolites
(%) (%) () (%) (%) (VA) (%)
1 2921 Hexanal 66-25-1 Aldehyde | 1433 848 1046 1483 | 1093 979 1134 | 989 | 994
2 3021 23-Butanediol 513-85-9 | Alcohol | 487 3099 | 9.11 177 | 2368 1143 481 853 | 481
3 3485 Furfural 98-01-1 Aldehyde | 1242 437 | 1028 1100 | 1367 736 1071 84l | 2177
Cyclopentanecarboxylic )
4 3615 j 5217-05-0 | Amide 3613 | 049 | 2387 262 | 1093 805 823 440 | 528
acid,1-methyl-
5 4178 1-Hexanol 111-27-3 | Alcohol | 988 1309 | 994 | 1097 1308 1027 1577 | 849 | 851
o 29783~
6 4889 4-Cyclopentene-1,3-diol,cis- ) Alkenol | 3398 | 046 | 2150 438 1381 668 8.89 44 6l6
7 5045  Heptanal 111-717 | Aldehyde | 2080 594 | 1509 1L13 | 970 880 1016 | 899 | 939
) ) 42123~
8 5912 136-Heptatriene256-rimethyl- o' Alkene 802 931 | 791 245 | 994 1396 1645 | 1703 | 1493
9 6173 | Diovclol3.Ljbept2- 4889-83-2 | Alkene 1095 1111 953 190 944 1172 1452 | 2305 | 778
ene,3,6,6-trimethyl-
10 6775 | Camphene 79-925 | Terpene | 800 1173 | 1033 | 212 | 1025 1359 | 1744 | 1635 | 10.8
11 7131 2-Heptanone, 6-methyl- 928-68-7 | Ketone 787 991 | 1003 2358 | 1893 827 7.38 608 | 7.94
12 7378 Benzaldehyde 100-52-7 | Aldehyde | 1239 938 | 1194 1500 | 1363 9.87 8.02 967 10.10
13 | 7651 | 2Furancarbosaldehyde, 620-02-0 | Aldehyde | 702 510 | 827 551 | 1240 591 629 711 | 4238
5-methyl-
Bicyclo[3.1.1]heptane, 6,6- 18172-
14 8003 ! Alkene | 2323 342 979 107 | 656 849 569 | 3871 | 303
dimethyl-2-methylene-,(15)- 67-3
15 8405 | 1-Octen-3-ol 3391-86-4 | Alkenol | 852 903 | 7.88 = 856 | 1557 1326 9582 1034 | 1703
16 8799  5-Hepten-2-one,6-methyl- 110-93-0 | Ketene 996 1059 850 996 | 1269 1341 9.46 174 | 1368
17 9017 | Furan2-pentyl- 3777-69-3 | Pran 1260 1258 1026 1239 | 975 1125 882 1061 | 1165
18 | 9216  Hexanoic acid 142-62-1 | Acid 1605 | 1104 | 1278 966 | 958 775 858 1262 | 1193
3,6-Heptadien-2-01,2,5,5- 26127~
19 9576 i HEP B aRe Alcohol | 901 | 870 | 805 308 | 1316 1393 1161 | 1429 | 1817
trimethyl-,(E)- 98-0
20 9671 | cPhellandrene 99-832 | Alkeme | 1009 1105 837 412 | 1172 1108 | 1053 | 1489 | 1815
2 104ag  LCyclohexadienelmethyld- oo oo o Alkene 949 1128 819 385 | 1209 1054 1084 1494 | 1878
(1-methylethyl)-
22 10984  O-Cymene 527-84-4 | Alkane 805 990 874 361 | 1097 1594 | 1609 | 1431 | 1238
23 |11203 | Cyclohemnelmethylene-d. 499-97-8 | Alkene 1009 1092 898 377 | 1L67 1190 | 1139 | 1493 | 1635
(1-methylethenyl)-
24 11353 | Eucalyptol 470-82-6 | Terpene | 992 1168 | 921 | 244 1202 1144 | 1405 | 1536 | 1387
25 13469  pTerpinene 99-85-4 | Terpene | 960 1202 | 9.1 | 287 | 1132 1L77 | 1307 1460 | 1564
2 15671 L-Heptadien-d- 27644~ Alkene 882 1213 886 405 | 1257 966 717 1638 | 2036
ol,3,3,6-trimethyl- 04-8
27 15792 24,6-Octatriene,2,6-dimethyl- 673-847 | Alkene | 1009 1170 | 884 349 | 1184 1173 1197 | 1526 | 1500
28 15987  Benzene(2-methyl-l-propenyl)-  768-49-0 | Alkene 767 | 766 | 755 | 673 | 1255 1492 | 1702 | 1303 | 1286
29 17548  Nonanal 124-196 | Aldehyde | 1130 497 | 961 = 2090 1315 942 9.39 994 | 1131
30 20609  (+)-2-Bornanone 464-49-3 | Terpene | 1018 1109 983 = 430 | 1163 1120 109 | 1539 | 1533 ‘
Cycloh ,5-methyl-2-(1-
3 |y |[CydchesuoneSmethyl o 89-80-5 | Ketone | 1204 605 851 1174 | 1000 1449 | 1833 | 1113 | 7.69
methylethyl)- trans-
Cyclen
th
32 22967  Endo-Borneol 507-70-0 :e ;': . 9% 1057 923 520 | 1188 1041 9.29 1347 | 2076
rpen
glycoside
31 |2asey | CyelohemnolS-methyl-2-(1- 12256= Alcohol 834 1046 754 392 | 1433 1365 166 | 1427 | 1582
methylethyl)-,(10,28,50)-(+/-.)- 70-4
34 25724 o-Terpineol 98-55-5 Alkenol | 911 | 905 805 488 1287 1420 1160 | 1346 | 1678
35 26063  2-Methoxy-5-methylphenol 1195-09-1 | Phenol | 2480 1200 | 2661 = 693 | 358 630 123 1521 | 334
36 |86y | Benzenelmethorydmetyl2- | 31574 Aromatic | g7 lo1 | 1183 398 | 1046 1574 | 1391 | 1335 | 1155
(1-methylethyl)- 44-4 ether
37 29284 Carvone 99-49-0 erpene o9 658 | 1116 857 | 1022 1352 | 1383 | 1179 | 683
ketone
Bicyclo[2.2.1]heptan-2-0L1,7,7-
8 31369 | 5655-61-8 | Salts 889 1121 1055 508 | 1239 1237 9.83 1406 | 1561
trimethyl-,acetate,(15-endo)-
39 32167 | Tridecane 620-50-5 | Alkame | 1170 1136 | 1106 = 682 | 1057 1134 | 1147 | 1446 | 1120
14912-
40 34621  Ylangene s Alkene 802 | 1146 | 1095 463 | 1243 1274 893 1435 | 1648
41 36168  Caryophyllene 87-44-5 Ether 1225 1152 | 1021 476 | 1259 | 1200 8.15 1286 | 1565
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