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Abstract

Atractylodis lancea (Cangzhu) and Atractylodes macrocephala (Baizhu) are two traditional
Chinese medicines with complex chemical compositions. However, a comprehensive
comparative analysis of their constituents remains lacking. In this work, an ultra-high-
performance liquid chromatography coupled with quadrupole-Orbitrap tandem mass spec-
trometry (UPLC-Q-Orbitrap-MS/MS) method was developed for the rapid characterization
and differentiation of chemical components in Cangzhu and Baizhu. Chromatographic
separation was achieved on a C18 column with gradient elution, and compounds were
detected using electrospray ionization in both positive and negative modes. By analyzing
characteristic fragmentation patterns and neutral losses, a total of 111 compounds were
tentatively identified, including 14 common components (present in both species) and
97 differential components (unique to one species). This study presents the first compre-
hensive comparative chemical profiling of the two Atractylodes species, offering valuable
references for pharmacodynamic material basis studies and quality control.

Keywords: UPLC-Q-Orbitrap-MS/MS; Atractylodis lancea; Atractylodes macrocephala;
chemical components; identification

1. Introduction

Atractylodis lancea (Cangzhu) and Atractylodis Macrocephalae (Baizhu), both of which
belong to the Asteraceae family, have a long history of medicinal use in China [1]. Cangzhu
is derived from the dried rhizomes of Atractylodes lancea (Thunb.) DC and is known for its
effects in eliminating dampness, invigorating the spleen, dispelling wind and cold, and
improving eyesight [1,2]. Baizhu is derived from the dried rhizome of Atractylodes macro-
cephala Koidz and effectively invigorates the spleen, replenishes gi, eliminates dampness,
promotes diuresis, checks sweating, and prevents miscarriage [1,3]. Consequently, the
two herbs are not interchangeable in clinical practice, and differences in their chemical
composition account for their distinct therapeutic effects [4-6].

Traditional Chinese medicines are chemically complex, and their components con-
stitute the material basis for their pharmacological activities. Liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) has emerged as a powerful tool for
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characterizing TCM components due to its high sensitivity, high resolution, and ability to
profile complex mixtures without extensive isolation [7-10]. Several studies have applied
LC-MS/MS to analyze Atractylodes species. Xu et al. [11] employed UHPLC-Q-TOF-MS/MS
to rapidly detect and identify the components in Baizhu Shaoyao San (BSS); a total of 186
compounds were ultimately identified in crude and processed BSS, among which 62 marker
compounds showing significant differences between the two forms were identified using
principal component analysis and t-tests. Zhou et al. [12] used UPLC-Q-TOF-MS/MS to
rapidly analyze the chemical components of Atractylodes lancea (Thunb.) DC. and Atracty-
lodes chinensis (DC.) Koidz., identifying 78 chemical components, including 16 terpenoids,
10 polyacetylenes, 25 organic acids, 17 glycosides, and 10 other compounds. Yang et al. [13]
employed UPLC-Q-TOF-MSF to analyze the chemical components of Atractylodes macro-
cephala from three different origins; a total of 53 chemical components were identified, and
21 differential components were characterized through multivariate statistical analysis,
including 18 common differential components and three unique components. However,
a direct and comprehensive comparative analysis of the chemical constituents between
Cangzhu and Baizhu under identical analytical conditions remains lacking. Such a compar-
ison is essential for elucidating the chemical basis of their different pharmacological effects
and for establishing species-specific quality control markers.

In this study, we developed a UPLC-Q-Orbitrap-MS/MS method for the rapid si-
multaneous characterization of chemical constituents in Cangzhu and Baizhu. Using 70%
methanol extracts, components were identified based on retention times, accurate masses,
and MS/MS fragment patterns, and the Compound Discovery (CD) database. The main
objectives were: (1) to establish a reliable analytical method for comprehensive profiling
of the two herbs; (2) to identify common and differential components between them; and
(3) to summarize the fragmentation behaviors of major compound classes (terpenoids,
coumarins, flavonoids, phenylpropanoids, alkaloids, and amino acids). This work provides
a comparative chemical inventory that supports future pharmacodynamic studies and
quality control of different Atractylodes varieties.

2. Materials and Methods
2.1. Chemicals and Materials

HPLC grade methanol and acetonitrile were purchased from Thermo Fisher Scien-
tific Corporation (Milford, MA, USA). Formic acid and acetic acid were purchased from
DIKMA (Milford, MA, USA). Ultra-pure water was prepared by a Milli-Q ultra-pure water
preparation system (Merck, Darmstadt, Germany). Cangzhu and Baizhu were purchased
from Zhang Zhongjing Pharmacy (Zhengzhou, China) and authenticated by Professor
Chengxue Pan (Department of Chinese Materia Medica, School of Pharmaceutical Sciences,
Zhengzhou University). All voucher specimens were deposited in our laboratory.

2.2. Sample Preparation

Dried Cangzhu and Baizhu were ground into powder and passed through a 40-mesh
sieve. One gram of the powder was accurately weighed and placed in a 50 mL flask. Then,
20 mL of 70% methanol-water (v/v) was added, and the mixture was ultrasonicated in a
water bath (power: 250 W; frequency: 40 kHz) for 60 min. After ultrasonication, the extract
was cooled to room temperature. The flask was then reweighed, and the lost mass was
supplemented with 70% methanol-water. The solution was shaken well and centrifuged
at 12,000 rpm for 10 min. The supernatant was collected and filtered through a 0.22 um
microporous membrane to obtain the sample solution for UPLC-Q-Orbitrap-MS analysis.
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2.3. Instrumentation Conditions

The present study was performed on an Ultimate 3000UPLC system coupled with
Orbitrap Exploris mass spectrometer equipped with an electrospray ionization (ESI) source
(Thermo Fisher Scientific). Chromatographic separation was achieved on Waters Xbridge
C18 column (2.1 x 100 mm, 1.7 um) maintained at 35°C. The mobile phases consisted
of H,O containing 0.1% formic acid (phase A) and methanol (phase B). The phases were
delivered at a flow rate of 0.25 mL/min using a linear gradient program as follows: 0-3 min,
10-40% B; 3-8 min, 40-80% B; 8-12 min, 80-100% B; 12-16 min, 100-100% B; 1620 min,
100-10% B; and 20-27 min, 10% B. The injection volume was 2 pL.

High-resolution mass spectrometry data were acquired in ESI modes. In the full-scan
mass spectra, most of the authentic compounds exhibited [M+H]* ions in positive ion mode
or [M-H]~ ions in negative ion mode. A full MS/dd-MS? (TopN) scan method was applied
to the samples. The source parameters were as follows: spray voltage: 3.4 kV (positive) or
—2.5 kV (negative); ion transfer tube temperature: 320 °C; vaporizer temperature: 350 °C;
sheath gas: 50 arb; and auxiliary gas: 10 arb. The Orbitrap analyzer scanned over m/z
70-1000 Da at a resolution of 120,000 FWHM in Full-MS mode. Data-dependent MS?
scans were performed at a resolution of 60,000 FWHM, with four scans per cycle. MS?
fragmentation was carried out using higher-energy collisional dissociation (HCD) with
stepped normalized collision energies of 10%, 20%, 30%, and 40%, and an isolation width
of 2.0 Da. The five most intensive precursor ions were automatically selected for MS?
fragmentation. A dynamic exclusion time of 6 s was set to record the fragmentation
information of minor compounds in cases of co-elution. Data acquisition and processing
were performed using Xcalibur Qual Browser software (Thermo Fisher Scientific, Waltham,
MA, USA).

2.4. Data Acquisition and Analysis

Mass spectrometry data acquisition was performed using Xcalibur software 4.1 (Qual
Browser module), while subsequent processing and analysis were conducted with Com-
pound Discovery (CD) software 3.1. In positive ion mode, quasi-molecular ions were
detected as [M+H]". In negative ion mode, quasi-molecular ions were detected as [M-
H]~. Compound identification was performed by integrating multiple lines of evidence,
including retention times, accurate MS! and MS/MS data, fragmentation patterns, and
comparisons with online databases.

3. Results and Discussion
3.1. Optimization of Chromatographic and Mass Spectrometric Conditions

To achieve satisfactory separation and high responses for most components in Cangzhu
and Baizhu, key chromatographic parameters were systematically optimized. The opti-
mal chromatographic conditions were as follows: column temperature, 35 °C; flow rate,
0.25 mL/min; and the mobile phase of methanol and water (containing 0.1% formic
acid) under gradient elution, which demonstrated good peak distributions and high
signal intensities.

Given the chemical complexity of the two herbal matrices, both positive and negative
ion modes were employed to obtain comprehensive spectral information. Optimization
of collision energy (CE) at normalized values of 10%, 20%, 30%, and 40% showed that
30% CE yielded the most informative fragments for structural identification. Other MS
parameters, such as ion transfer tube temperature, vaporizer temperature, sheath gas, and
auxiliary gas, were further tuned to maximize signal-to-noise ratios for low-abundance
compounds. These optimized conditions ensured reproducible and discriminative profiling
for subsequent analysis.
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3.2. Qualitative Analysis of Compounds in Cangzhu and Baizhu

The optimized UPLC/Q-Orbitrap MS/MS method was applied to analyze the 70%
methanol extracts of Cangzhu and Baizhu in positive and negative ion modes. The
identification procedure consists of four sequential steps: (1) peak detection using Com-
pound Discoverer software from UPLC-Q-Orbitrap-MS/MS data (retention time, accurate
mass <5 ppm, and MS/MS fragments); (2) database matching against mzCloud, Chem-
Spider, and local TCM databases; (3) manual confirmation by comparing fragmentation
patterns and neutral losses; and (4) classification into common components (present in
both species) or differential components (unique to one species). A total of 125 components
were identified in Cangzhu and Baizhu by matching with the CD software database and
with the assistance of published studies [11,14]. Among these, 14 common components
and 97 differential components were identified. These differential components can serve
as a basis for distinguishing between the two varieties. The total ion chromatograms of
Cangzu and Baizu in positive and negative ion modes are shown in Figure 1. Detailed
information for the identified peaks, including retention times, molecular formulas, ion
types, detected masses, mass errors, fragment ions, and sources, is summarized in Table S1.
As shown in Figure 1A-D, the total ion chromatograms of Cangzhu and Baizhu exhibited
distinct profiles in terms of peak intensity and distribution, indicating differences in their
chemical composition. The main mass spectrometry information and retention times of
representative components are provided in Table 1.
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Figure 1. Total ion chromatograms of Cangzu and Baizu extracts in positive ion mode (A,B) and in
negative ion mode (C,D).

Table 1. Main mass spectrometry information and retention times of representative components.

Compound Tr Molecular Detected Ton Type Mass Error Fragment Ions
p (min) Formula Mass (m/z) yp (ppm) (mlz)

Caryophyllene oxide 9.92 Ci5H240 221.18964 [M+H]* —3.88 203.17807, 147.11588, 133.10028
Turmerone 5.33 Ci15Hp0O 217.15829 [M+H]* —4.17 199.14670, 161.09502, 107.08479
Artemisinin 9.24 Ci15H205 283.15325 [M+H]* —4.43 237.14709, 219.13667, 191.14189
la-hydroxy-1-desoxotamirin 8.04 Ci5H20O4 265.14308 [M+H]* —3.48 247.13148, 229.12100, 205.12114
Camphor 5.87 C10H160 153.12731 [M+H]* —3.87 135.11592, 109.10046, 43.05394
Rosiridin 5.70 Ci16H2s07 333.19031 [M+H]* —2.96 279.15726, 135.11592, 85.02778
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Compound Tr Molecular Detected Ton Type Mass Error Fragment Ions

(min) Formula Mass (m/z) (ppm) (ml/z)
Furopinnarin 9.99 C17H1604 285.11168 [M+H]* -3.59 225.08954, 165.06879
7-hydroxy-6-methoxy-2H-chromen-2-one  4.25 C19HgOy4 193.04954 [M+H]* —291 133.02750
Marmesin 6.51 C14H1404 247.09588 [M+H]* —4.55 229.08438, 201.08969
Iristectorin B 6.67  CoHpuOrn 493.13276 [M+H]* —3.74 331.07892, 85.02783
4-Methoxycinnamaldehyde 6.27 CioH1900, 163.07538 [M+H]* -32 131.04823, 103.05423
f:;{lgéiggé-ii-x(glrsp-2-en-1-yl>-2H- 879  CyHpOs  193.08560  [Ms+H]* —468  165.08997, 133.06400
Arginine 0.68 CeH14N4 O, 175.11894 [M+H]* -3.17 116.06982, 60.05523
Isoleucine 1.19 CeH13NO, 132.10216 [M+H]* —2.61 87.09922, 86.09586
Aspartic acid 0.75 C4HyNOy 134.04494 [M+H]* —2.68 87.05478
Lauric acid 12.12 C1pHpOr 199.16799 [M-H]~ —4.99 152.91064, 106.91794, 61.98804
Lactic acid 0.93 C3H¢O3 89.02347 [M-H]~ —4.84 71.01348, 59.01353
Atropine 882  CyyHy;NO; 290.17456 [M+H]* —357 244.16797, 231.13638, 213.12598
Laudanosine 8.94 Co1Ho7NOy 358.20068 [M+H]* -3.12 342.16271, 298.17831, 84.08028

3.2.1. Characterization of Terpenoids

A total of 13 terpenoids, including monoterpenoids, sesquiterpenoids, and diter-
penoids were characterized and identified. Due to structural differences, the fragmentation
pathways of monoterpenoids, sesquiterpenoids, and diterpenoids varied slightly. The par-
ent ion [M+H]* of compound 1 was observed at m/z 221.18964, and the molecular formula
was C15Hp40. It was identified as caryophyllene oxide based on the CD database [15]. The
neutral loss of HyO from m/z 221.18964 yielded the product ion at m/z 203.17807, and
subsequent loss of a C4Hg group from this ion produced the fragment ion at m/z 147.11588.
Compound 2 showed a parent ion [M+H]* at m/z 217.15829, with the molecular formula
C15HpO. It was identified as turmerone according to the CD database [16]. The neutral
loss of HyO and C4Hg from the precursor ion at m/z 217.15829 yielded the product ions at
m/z 199.14670 and m/z 161.09502, respectively. Subsequent loss of a CyHg group from the
ion at m/z 199.14670 gave the fragment ions at m/z 107.08479.

Compound 3 exhibited the parent ion [M+H]* at m/z 283.15325, corresponding to the
molecular formula C;5H,Os. It was identified as artemisinin based on the CD database [17].
The neutral loss of HCOOH from the precursor ion at m/z 283.15325 yielded a product
ion at m/z 237.14709, while loss of HyO produced the fragment ion at m/z 219.13667.
Subsequent loss of CO, produced the fragment ion at 1/z 191.14189. Compound 6 showed
the parent ion [M+H]" at m/z 265.14308, with the molecular formula C15H¢O4. It was
identified as 1o-hydroxy-1-desoxotamirin according to the CD database [18]. The neutral
loss of HpO from the precursor ion at 1m/z 265.14308 yielded a product ion at m/z 247.13148,
and subsequent loss of CO, and HyO produced the fragment ions at m/z 205.12114 and
m/z 229.12100, respectively. The parent ion [M+H]" of compound 10 was observed at
m/z153.12731, and the molecular formula was C19H;40. Compound 10 was identified as
camphor according to the CD database [19]. The neutral loss of H,O from the precursor
ion at m/z 153.12731 yielded the product ion at m/z 135.11592. Additionally, losses of
C,H40 and CgHjy4 from the precursor ion produced the fragment ions at 7/z 109.10046 and
m/z 43.05394, respectively. Compound 13 showed a parent ion [M+H]* at m/z 333.19031,
with the molecular formula Ci4Hp3Oy. It was identified as rosiridin following the CD
database [20]. The loss of three H,O molecules from the precursor ion at m/z 333.19031
yielded a product ion at m/z 279.15726. Subsequent O-glycosidic bond cleavage and sugar
ring breakage from this ion produced fragment ions at m/z 135.11592 and m/z 85.02778,
respectively. The detailed fragmentation pathways of compounds 1, 2, 3, 6, 10, and 13 are
shown in Figure 2.
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Figure 2. Detailed fragmentation pathways of sesquiterpenes (A-D) and monoterpenoids
(EF): (A) compound 1 (caryophyllene oxide); (B) compound 2 (turmerone); (C) compound 3
(artemisinin); (D) compound 6 (1x-hydroxy-1-desoxotamirin); (E) compound 10 (camphor); and
(F) compound 13 (rosiridin).

3.2.2. Characterization of Coumarins and Flavonoids

Five coumarins and two flavonoids were characterized and identified in Cangzhu
and Baizhu. The parent ion [M+H]* of compound 14 was observed at m/z 285.11168. Its
molecular formula was C17H;404, with a mass error of —3.59 parts per million (ppm).
Compound 14 was identified as furopinnarin based on the CD database [21]. The neutral
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loss of CHy and CO; from the precursor ion at 7/z 285.11168 yielded the product ion at
m/z 225.08954. The parent ion [M+H]* of compound 15 was observed at m/z 193.04954,
and its molecular formula was C1pHgO4. Compound 15 was identified as 7-hydroxy-6-
methoxy-2H-chromen-2-one based on the CD database [22]. The neutral loss of CH4 and
CO; from the precursor ion at m/z 193.04954 yielded a product ion at 7/z 133.02750. The
parent ion [M+H]* of compound 16 was observed at m/z 247.09588. Its molecular formula
was C14H1404, with a mass error of —4.55 ppm. Compound 16 was identified as marmesin
based on the CD database [23]. The neutral loss of HO and CO, from the precursor ion at
m/z 247.09588 yielded the product ions at m/z 229.08438 and m/z 201.08969, respectively.
The parent ion [M+H]" of compound 19 was observed at m1/z 493.13276, and the molecular
formula was Cy3H4012. Compound 19 was identified as iristectorin B based on the CD
database [24]. Cleavage of the O-glycosidic bond and neutral loss of C4gH;9Os5 from the
precursor ion at m/z 493.13276 yielded the product ion at m/z 331.07892. The detailed
fragmentation pathways of compounds 14, 15, 16, and 19 are shown in Figure 3.
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Figure 3. Detailed fragmentation pathways of coumarins and flavonoids: (A) compound 14 (furopin-

narin), (B) compound 15 (7-hydroxy-6-methoxy-2H-chromen-2-one), (C) compound 16 (marmesin),
and (D) compound 19 (iristectorin B).

3.2.3. Characterization of Phenylpropanoids and Alkaloids

Four phenylpropanoids and six alkaloids were characterized and identified in
Cangzhu and Baizhu. The parent ion [M+H]" of compound 21 was observed at
m/z 163.07538. Its molecular formula was CioHj9O,, with a mass error of 3.20 ppm.
Compound 21 was identified as 4-methoxycinnamaldehyde based on the CD database [25].
The neutral loss of CH3OH from the precursor ion at m/z 163.07538 yielded the product ion
at m/z 131.04823, and subsequent loss of CO produced the fragment ion at m/z 103.05423.
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The parent ion [M+H]" of compound 22 was observed at m/z 193.08560, and the molecular
formula was C11H17,03. Compound 22 was identified as 4-methoxy-6-(prop-2-en-1-yl)-
2H-1,3-benzodioxole [26]. The neutral loss of CO from the precursor ion at m/z 193.08560
yielded a product ion at m/z 165.08997, and subsequent loss of CHzOH from m/z 165.08997
produced the fragment ion at m/z 133.06400. The parent ion [M+H]* of compound 88 was
observed at m/z 290.17456. The molecular formula was C17H»3NO3, with a mass error of
—3.57 ppm. The neutral loss of CHy and HCOH from the precursor ion at m/z 290.17456
yielded a product ion at m/z 244.16797. Compound 88 was identified as atropine [27]. The
parent ion [M+H]* of compound 92 was observed at m/z 358.20068, and the molecular
formula was Cp1Hp7NOy. The neutral loss of CH, and 4CHj3 from the precursor ion yielded
the product ions at m/z 342.16271 and m/z 298.17831, respectively. Compound 92 was
identified as laudanosine according to the CD database [28]. The detailed fragmentation
pathways of compounds 21, 22, 88, and 92 are shown in Figure 4.

L e, L = O
~° ~A°

C1oH100,: m/z 163.07538

CyH70: m/z 131.04823 CgHy: m/z 103.05423
(B)
~ —I H+ —I .
O, AN
x
-Co -CH;0H
—_—
o e OH -
O\ o\
C1H,03: m/z193.08560 CyoH 1,05 m/2165.08997 CyHyO: m/z133.06400

C,7H3NO5: m/2290.17456

Cy7H,sNO,: m/z298.17831

Figure 4. Detailed fragmentation pathways of phenylpropanoids and alkaloids: (A) compound
21 (4-Methoxycinnamaldehyde), (B) compound 22 (myristicin), (C) compound 88 (atropine), and
(D) compound 92 (laudanosine).

3.2.4. Characterization of Amino Acids, Organic Acids, and Fatty Acids

Amino acids are common components found in animals and plants; thus, almost
every TCM contains this type of compound, which can be detected in the form of [M+H]".
The fragmentation of these components mainly involves the neutral loss of HCOOH
(46.01 Da) and NHj (17.02 Da). Finally, eighteen amino acids, six organic acids and twenty-
six fatty acids were detected in the extracts of Cangzhu and Baizhu. For example, arginine,
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isoleucine, and aspartic acid generated fragment ions at m/z 116.06982, 86.09586, and
97.05478, respectively, through the loss of guanidine (CH5N3) and HCOOH. Therefore,
compounds 25, 26, 27, 28, 29, 30, 31, 32, and 33 could be rapidly identified as amino
acids [29]. In addition, organic acids and fatty acids are predominantly detected in negative
ion mode as [M-H] ™ ions. According to the loss of HCOOH (46.00 Da) and CO, (44.00 Da)
from side-chain groups, compounds 70 and 44 were identified as lactic acid and lauric
acid [30,31], respectively. The detailed fragmentation pathways of compounds 25, 26, 32,
70, and 44 are shown in Figure 5.

(A) H+
o _I H+
NH
- or
)I\ /\/\HJ\ CH5N3 \/\HJ\OH )I\
HoNT NH,
or -C5H9N02 NH,
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NH;
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©) H+ (D)
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®
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Figure 5. Detailed fragmentation pathways of amino acids and fatty acids: (A) compound 25
(arginine), (B) compound 26 (isoleucine), (C) compound 32 (aspartic acid), (D) compound 70 (lactic
acid), (E) compound 44 (lauric acid).

4. Conclusions

In this study, a UHPLC-Q-Orbitrap-MS/MS method was established for the rapid
simultaneous characterization of chemical constituents in Cangzhu and Baizhu. A to-
tal of 125 compounds were identified or tentatively characterized, covering terpenoids,
coumarins, flavonoids, phenylpropanoids, alkaloids, organic acids, amino acids, and fatty
acids. Among the identified compounds, 14 were present in both species, while 97 were
differential components unique to either Cangzhu or Baizhu. These differential compo-
nents can serve as potential chemical markers for quality control and species authentication.
However, a limitation of this method is the difficulty in distinguishing certain isomeric
compounds, which may require reference standards or NMR analysis for unambiguous
identification. Despite this limitation, the present study provides a comprehensive and
comparative chemical inventory of the two Atractylodes species, thereby supporting further
investigation into their differential pharmacodynamics and quality evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations13060164 /s1. Table S1: Details of the identified peaks,
such as retention times, molecular formulas, ion types, detected masses, mass errors, fragment ions,

and sources.
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