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Abstract: The quality of traditional Chinese medicine has a direct impact on the effectiveness and safety of its
use, and is the premise necessary to ensure the healthy development of the traditional Chinese medicine industry.
Comprehensive and accurate control and evaluation of the quality of medicinal materials is of great significance
to the traditional Chinese medicine industry, but the complexity and dynamics of the chemical composition of
medicinal materials makes their quality evaluation a challenge. Plant metabolomics provides an integrated and
comprehensive analysis that is consistent with the holistic approach of traditional Chinese medicine. Chemical
information therein promotes the establishment of a traceable system and provides new ideas and methods for the
quality evaluation of medicinal materials. Plant metabolomics in the quality evaluation of medicinal materials is
gradually increasing, and the core is the screening and identification of differential metabolites or specific marker
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compounds by means of stoichiometry. This study focused on the main factors that affect the quality of medicinal
materials, such as origin, environmental adversity, varieties, harvest time, commercial specification and TCM
processing. We describe the research progress in plant metabolomics combined with chemometrics analysis for the
quality control and evaluation of medicinal materials, summarize existing problems, identify trends, and propose
future research directions. Metabolomics plays an increasingly important role in the quality evaluation of medicinal
materials, but the absolute qualitative and quantitative information of metabolomics needs to be further developed,
and a single 'omics' technique is not sufficient for an in-depth analysis of medicinal value. In the future, standardiza-
tion of plant metabolomics methods and a more complete database should be actively promoted, and plant metabo-
lomics should be integrated into quality marker exploration. Plant metabolomics will need to be integrated with
other 'omics' methods to improve the quality and evaluation system of medicinal materials.

Key words: plant metabolomics; traditional Chinese medicinal material; quality evaluation; differential

metabolite; chemometrics; quality marker
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Table 1  Application examples of plant metabolomics in analyzing the influence of origin on the quality of traditional Chinese medicine.

Artemisia rupestris L. was not included in The Chinese Pharmacopoeia, so the Latin name of the medicinal materials was not listed, and the

Latin name of the plant was used instead

Medicinal material Origin AnaIyFlcaI Key result Reference
technique
Gastrodiae Rhizoma  Hubei, Sichuan and LC-MS  Based on the relative intensities of discriminant ions, support vector [42]
Yunnan machines (SVM) was employed to predict the geographical origins of
Gastrodia elata. The obtained SVM model showed excellent prediction
performance with an average prediction accuracy of 100%.
Glycyrrhizae Radix  Jiuquan, Lanzhou and LC-MS 16 potential biomarkers of licorice taproots from different geographical [43]
et Rhizoma Wuwei in Gansu province origins were screened.
Zingiberis Rhizoma  Ghana and China LC-MS 16 differential metabolites were identified between the gingers from the [44]
Recens two geographical locations, six of which were identified as the marker
compounds responsible for the discrimination.
Coptidis Rhizoma Hubei, Sichuan and LC-MS 11 effective marker compounds were screened for discriminating [45]
Chongging Coptidis Rhizoma samples from different geographic origins.
Ophiopogonis Radix  Zhejiang and Sichuan LC-MS  There were many differences between the metabolic profile data of [46]
Ophiopogon japonicas from different producing areas, the samples from
Sichuan showed higher level steroidal saponins and samples from
Zhejiang had higher contents of homoisoflavonoids specifically.
Gentianae Qinghai, Sichuan and LC-MS  Eight characteristic compounds were identified to determine the [47]
Macrophyllae Radix Gansu geographical origin of 42 samples.
Croci Stigma Bozhou, Anhui province LC-MS  The chemical compositions in saffron from these two areas were [48]
and Jiaxing, Zhejiang similar, Saffron produced from Bozhou contained higher quantities of
province safranal, crocetin and picrocrocin than that from Jiaxing.
Pogostemonis Herba Wanning, Hainan GC-MS  Eight differential compounds (s-caryo-phyllene, norpatchoulenol, [49]
province and Zhaoging, globulol, patchouli alcohol, pogostone) were identified, which could be
Yangjiang and Zhanjiang used to classify their chemical types and habitats.
in Guangdong province
Artemisia rupestris  Aletai fuyun and Hami in LC-MS  For artificial varieties, 29 structural category known metabolites were [50]
L. Xinjiang screened out; for wild varieties, 45 structural category known
metabolites were screened out.
Ecliptae Herba Hunan, Hubei and GC-MS  Eight different metabolites were identified, which could be used for [51]

Guangxi

habitats identification.
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Table 2 Application examples of plant metabolomics in analyzing the influence of taxon on the quality of traditional Chinese medicine.

Taxus, Swertia, Fritillaria, Callicarpa, Citrus and flower bud of P. ginseng, P. quinquefolius and P. quinquefolius were not included in The

Chinese Pharmacopoeia, so the Latin names of the medicinal materials were not listed, and the Latin names of its plant were used instead

Medicinal material Taxon AnaIyFlcaI Key result Reference
technique
Fritillaria Fritillaria taipaiensis P. Y. Li LC-MS 21 specific chemical markers were identified from eight [73]
F. unibracteata Hsiao et K. C. Hsia var. fritillaria species. These specific chemical markers can
wabuensis (S. Y. Tanget S. C. Yue) Z. D. not only accurately identify Fritillaria species, but also
Liu, S. Wang et S. C. Chen identify the Fritillaria species in 16 kinds of
F. delavayi Franch. commercially relevant products.
F. unibracteata P. K. Hsiao & K. C. Hsia
F. przewalskii Maxim.
F. cirrhosa D. Don
F. ussuriensis Maxim.
F. thunbergii Migq.
Arecae Semen Areca catechu L. LC-MS Atotal of 791 metabolites were identified, 154 different [74]
A. triandra Roxb. ex Buch.-Ham. metabolites were screened out, but A. catechu and A.
triandra primary and secondary metabolites species
were similar.
Paridis Rhizoma  Paris polyphylla var. chinensis (Franch.) GC-MS 33 different metabolites were screened out, which could [75]
H. Hara be used to discriminate Paris species. The utilization
P. polyphylla var. yunnanensis (Franch.) efficiency of sucrose and protein abundance were higher
Hand.-Mazz. in the sugar metabolic pathway of P. polyphylla var.

P. fargesii var. fargesii

chinensis. The pyruvate content and efficiency of acetyl-
CoA-utilization in saponin biosynthesis were also
higher in P. polyphylla var. chinensis.
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Continued
Medicinal material Taxon AnaIyFlcaI Key result Reference
technique
Siegesbeckiae Siegesbeckia pubescens Makino LC-MS Six specific chemical markers were identified, which [76]
Herba S. orientalis L. could be used to discriminate Siegesbeckiae Herba.
S. glabrescens Makino
Portulacae Herba Portulaca oleracea L. LC-MS 85 metabolites were identified, and four previously [77]
P. rausii Danin undescribed cyclodopa alkaloids were screened out,
P. granulatostellulata (Poelln.) Ricceri & which could be used for varieties identification and
Arrigoni classification.
Crataegi Fructus  Crataegus pinnatifida Bge. LC-MS 47 differential compounds were identified, which were [82]
C. pinnatifida Bge. var. major N. E. Br. then used to build a partial least squares discriminant
analysis model that successfully discriminate two
species.
Curcumae Radix  Curcuma wenyujin Y. H. Chen et C. Ling LC-MS Multivariate statistical analysis confirms that the [83]
C.LongalL. chemical constituents of the four turmeric species were
C. kwangsiensis S. G. Lee et C. F. Liang significantly different. Four chemical markers were
C. phaeocaulis Vai. identified: curcumin, curcumenone, curcumenol and
zederone, which could be used to identify 33 different
batches of Curcumae Radix from four Curcuma species.
Citri Reticulatae  Citrus reticulata Chachi LC-MS 92 compounds were identified, of which 19 differential [84]
Pericarpium C. reticulata Blanco metabolites could be identified as potential markers for
distinguishing between Citri Reticulatae Blanco
Pericarpium and Citri Reticulatae Chachi Pericarpium.
Aconiti Radix Aconitum carmichaelii Debx. LC-MS The metabolites of A. carmichaelii Debx (CHW) and A. [85]
Aconiti A. kusnezoffii Reichb. carmichaelii Debx (SFZ) were the same, but the
Kusnezoffii Radix contents of 22 metabolites were different. 13
Aconiti Lateralis metabolites were identified between the CHW and A.
Radix Praeparata kusnezoffii Reichb (CW), songorine, carmichaeline and
isotalatizidine only did exist in the SFZ and CHW.
Moutan Cortex Paeonia ostii T. Hong & J. X. Zhang LC-MS A total of 384 compounds were identified in nine [86]
P. giui Y. L. Pei & D. Y. Hong species, which were divided into two subgroups by
P. rockii (S. G. Haw & Lauener) T. Hong multivariate statistical analysis: Vaginatae and
& J.J. LiexD. Y. Hong Delavayanae. Procyanidin B-1, 3-O-gallate and
P. jishanensis T. Hong & W. Z. Zhao paeonihybridin were potential chemical markers in
P. decomposita Hand. -Mazz. different wild tree peonies.
P. ludlowii (Stern & G. Taylor) D. Y.
Hong
P. delavayi var. alba Bean
P. delavayi var. lutea (Delavay ex
Franch.) Finet & Gagnep
P. delavayi var. angustiloba Rehder & E.
H. Wilson
Taxus Taxus fuana Nan Li & R. R. Mill LC-MS 4 986 metabolites were identified, of which 1 972 were [87]
T. yunnanensis W. C. Cheng & L. K. Fu differential metabolites. The taxol content of T.
yunnanensis is 3.1 times as much as T. fauna.
Pulsatillae Radix  Pulsatilla chinensis (Bunge) Regel LC-MS 157 triterpenoid saponins were identified, of which 34 [88]
P. dahurica (Fisch. ex DC.) Spreng. constituents were reported in Pulsatilla Adans for the
P. turczaninovii Krylov & Serg. first time, 81 were identified as differential components,
P. cernua (Thunb.) Bercht. & J. Presl| and 12 chemical ingredients were characterized as
potential chemical markers to differentiate the four
officinal Pulsatilla Adans herbs.
Gentianae Radix  Gentiana scabra Bunge. LC-MS 87 compounds were identified, of which 29 were [89]

et Rhizoma

G. rigescens Franch. ex Hemsl.

common to both species. 11 differential metabolites
were screened out, and seven characteristic components
identified as (+)-syringaresinol, lutonarin, trifloroside, 4-
O-p-D-glu-trifloroside, 4"-O-f-D-glucopyranosy1-6'-O-
(4-O-p-D-glucaffeoyl)-linearroside, macrophylloside A
and scabraside were selected as the chemical markers
for the recognition of two Gentiana species.
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Medicinal material Taxon AnaIyFlcaI Key result Reference
technique
Uncariae Uncaria rhynchophylla (Mig.) Mig. ex LC-MS Principal component analysis and chemical [90]
Ramulus Cum Havil. fingerprinting spectra showed that five official species
Uncis U. hirsuta Havil. were differentiated from each other except for U.
U. sinensis (Oliv.) Havil. hirsuta and U. sinensis, and the SVM model could be
U. macrophylla Wall. established to recognize five species 100% accurately
U. sessilifructus Roxb.
Swertia Swertia mussotii Franch. 'MNMR  The metabolites of S. mussotii and S. chirayita were [91]
S. chirayita (Roxb.) H. Karst. significantly different. The contents of gentiopicrin,
isoorientin, glucose, loganic acid, and choline in S.
mussotii were higher, whereas S. chirayita exhibite
higher levels of swertiamarin, oleanolic acid, valine, and
fatty acids.
Callicarpa Callicarpa kwangtungensis Chun LC-MS 34 compounds were identified, including 30 chemical [92]
C. macrophylla Vahl markers, which were identified for the discrimination of
C. nudiflora Hook. & Arn. three officinal Callicarpa herbs.
Citrus Citrus x aurantium L. LC-MS Multivariate statistical analysis showed that primary [93]
C. reticulata Blanco metabolites enable the discrimination of species,
whereas secondary metabolites were associated with
species and the ripening process.
Curcumae Curcuma phaeocaulis Valeton GC-MS Principal component analysis effectively distinguished [94]
Rhizoma C. kwangsiensis S. G. Lee & C. F. Liang the samples from different species, and multivariate
C. wenyujin Y. H. Chen & C. Ling statistical analysis selected curzerenone, germacrone,
curdione and epicurzerenone as chemical markers for
discrimination and quality control among different
groups of samples.
Ginseng Radix et Panax ginseng C. A. Mey. LC-MS Multivariate statistical analysis effectively [95]
Rhizoma P. quinquefolium L. distinguisheed the samples from two species,
Panacis ginsenosides Rf, Rb2 and Rc together with their isomers
Quinquefolii and derivatives were more likely to be present in
Radix Ginseng Radix et Rhizoma, whereas ginsenoside Rb1,
pseudoginsenoside F11 and ginsenoside Rd together
with their isomers and derivatives tended to be present
in Panacis Quinquefolii Radix.
Flower bud of P.  Panax ginseng C. A. Mey. LC-MS A total of 32 components were identified as the potential [96]
ginseng, P. P. quinquefolius L. markers, of which Rb3, Ral, isomer of m-Rc/m-Rb2/m-
quinquefolius and P. notoginseng (Burkill) F. H. Chen Rb3, isomer of Ral/Ra2, Rb1, and isomer of Ra3 were
P. quinquefolius the most important for differentiating among flower bud
of P. ginseng, P. quinquefolius and P. quinquefolius.
Ginseng Radix et Panax ginseng C. A. Mey. GC-MS Multivariate statistical analysis effectively distinguished [97]

Rhizoma P. quinquefolius L.

Panacis P. notoginseng (Burkill) F. H. Chen
Quinquefolii

Radix

Notoginseng
Radix et Rhizoma

the samples from three species, and three unique
chemical markers were screened for species
identification.
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Table 3  Application examples of plant metabolomics in analyzing the influence of harvest period on the quality of traditional Chinese

medicine. Peganum harmala L. and the leaves of Scutellaria baicalensis Georgi were not included in The Chinese Pharmacopoeia, so the

Latin name of the medicinal materials were not listed, and the Latin names of its plant were used instead

Medicinal material AnaIyFlcaI Key result Reference
technique
Citri Reticulatae LC-MS 31 metabolites were identified to distinguish Citri Reticulatae Chachi Pericarpium in different storage [84]
Pericarpium years, and metabolite levels increased in 3-10 years and decreased after 15-30 years.
Leaves of LC-MS 28 differential metabolites were identified, and the relative contents of carthamin-7-O-glucuronide, [104]
Scutellaria isocarthamin-7-O-glucuronide, scutellarin, were higher in May and June, while the relative contents of
baicalensis Georgi L-glutamine, citric acid, baicalin, dihybaicalin and chrysin were higher in July and August.
Polygalae Radix LC-MS A total of 31 species of secondary metabolites were identified from 10 batches of cultivated Polygala [105]
tenuifolia with different phenological periods. The content of secondary metabolites change
dynamically with the phenological periods, and sucrose esters and xanthone decreased first and then
increased. Oligosaccharides esters and saponins decreased firstly, then increased and then decreased,
and the fruit and fruit period reached the peak.
Fritillariae LC-MS Four alkaloid differential metabolites were screened from 42 samples covering growth of cultivated [106]
Cirrhosae Bulbus Fritillariae Cirrhosae Bulbus ranging in age from one to seven years old. The harvest time could be as
early as possible based solely on the Fritillaria alkaloid content. However, considering the yield,
biological activity and nutrient accumulation of different components, it was recommended to harvest
after four years of cultivation.
Epimedii Folium LC-MS The 302 metabolites in Epimedium pubescens leaves were showed the growth/development-dependent [107]

alterations, and most flavonoids, tannins, lignans and coumarins were upregulated with leaf growth and
maturation from full flowering stage to harvest stage.

Aurantii Fructus

LC-MS 44 compounds were identified and Aurantii Fructus was recommended to be harvested from June 11 to [110]

July 7, when the content of bioactive components and antioxidant activity were higher.

Peganum harmala

'H NMR  There were significant differences in the chemical composition of P. harmala L. during the four growth [111]

L. stages of May, August, October and December. The contents of vasicine, choline and sucrose were high
in May, betaine, lysine, 4-hydroxyisoleucine and proline were high in August, and phosphorylcholine,
glucose, acetic acid and vasicinone were the highest in December.

Lonicerae
Japonicae Flos

LC-MS Atotal of 157 metabolites were identified, flavonoids, phenolic acid and iridoid glycosides decreased [112]
significantly with the process of flowering stages. For the primary metabolites, the contents of most

amino acids, nucleosides and oxidized fatty acids decreased significantly, while the contents of most
lysophosphatidylcholine, lysophosphatidylethanolamine and fatty acids increased significantly.
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Table 4 Application examples of plant metabolomics in analyzing the influence of processing on the quality of traditional Chinese medi-

cine. Wikstroemia indica (L.) C. A. Mey. was not included in The Chinese Pharmacopoeia, so the Latin name of the medicinal materials was

not listed, and the Latin name of its plant was used instead

Medicinal material

Analytical
technique

Key result

Reference

Astragali Radix

Schisandrae Chinensis Fructus

Codonopsis Radix

Baizhu Shaoyao San (Atractylodis
Macrocephalae Rhizoma, Paeoniae
Radix Alba, and Citri Reticulatae
Pericarpium)

Glycyrrhizae Radix et Rhizoma

Glycyrrhizae Radix et Rhizoma

Vaccariae Semen

Strychni Semen

Wikstroemia indica (L.) C. A. Mey.

LC-MS

LC-MS

LC-MS

LC-MS

LC-MS

LC-MS

LC-MS

LC-MS

LC-MS

Based on the multivariate statistical analysis of metabolites, the raw and processed
products of Astragalus membranaceus were identified and 15 unique chemical
markers were screened.

Combined with multivariate statistical analysis, the schisantherin D, schisandrin A
and schisandrin B and 5-hydroxymethylfurfural were rapidly determined to be the
most characteristic chemical markers of the crude and vinegar processed Schisandrae
Chinensis Fructus.

The sulfur fumigation decreased 31 compounds and increased 14 compounds, and the
heating desulfurization treatment accelerated the sulfur fumigation-caused content
variations of some non-saccharide small-molecule metabolites but alleviated those of
the free monosaccharides. After the heating desulfurization, the sulfur dioxide content
may be reduced, however, the non-saccharide small-molecule metabolome and the
glycome could not be recovered to the states before the sulfur fumigation.

62 marker compounds with significant differences between crude and processed
Baizhu Shaoyao San were found by multivariate statistical analysis. In the processed
samples, 23 compounds were significantly decreased and 39 compounds are
significantly increased.

The chemical ingredients differed considerably depending on the extent of processing.

Atotal of 57 chemical components were identified in Glycyrrhiza uralensis, and
glycyrrhizic acid, licoricesaponin G2 and licoricesaponin E2 can be regarded as the
chemical markers to differentiate the samples with different degrees of processing.
Atotal of 10 quality differential markers were searched from raw products, roasted
products and honey-roasted products of Glycyrrhizae Radix et Rhizoma. The contents
of 6"-O-acetylliquiritin apioside, 6"-O-acetylliquiritin apioside isomer, 6"-O-
acetylliquiritin, formononetin and 11-deoxo-184-glycyrrhetic acid were the highest in
the raw products, the contents of 6"-O-acetylisoliquiritin apioside, 6"-O-
acetylisoliquiritin, isoliquiritin and glycyrrhetic acid 3-O-glucuronide were the
highest in the roasted products, the content of liquiritin was the lowest in the honey-
roasted products.

Combined with multivariate statistical analysis, 46 kinds of primary metabolites were
confirmed to have significant changes after processing Vaccariae Semen. Among
them, the contents of 16 primary metabolites decreased significantly, and the contents
of 30 primary metabolites increased significantly. Phenylalanine metabolic pathway
was the most correlated metabolic pathway with different metabolites.

A total of 30 chemical components were identified in crude and fryed Strychni
Semen, 12 differential metabolites were screened out by multivariate statistical
analysis, strychnine, maltose, dattelic acid and oleic acid were the most significant
compounds. After processing, the contents of brucine and strychnine decreased
obviously, which met the quality standard of Chinese Pharmacopoeia.

The 20 compounds were identified from the raw product and processed product of
Radix Wikstroemia indica, three diterpenoids (YH-10, YH-12 and YH-15) were
proved to possess the high toxicity and decreased by 48%, 44% and 65%, which
could be regarded as the potential Q-markers for quality/safety assessment of "sweat
soaking method" processed Radix Wikstroemia indica.

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]
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B TRk AR S RIS AR AR SR g s 4 s TR, Wl i
SCHRAR BT 518 8 T A B AR 6 ST SCHR R L B %
R ARG S ; AR BB AR 2 5 & A
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