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ABSTRACT

Angelica radix (Danggui in Chinese) used in China and Japan is derived from two species of
Angelica, namely Angelica sinensis and Angelica acutiloba, respectively. The differences in
quality between A. sinensis radix (ASR) and A. acutiloba radix (AAR) should be therefore
investigated to guide the medicinal and dietary applications of these two species. Sec-
ondary metabolites and carbohydrates have been demonstrated to be the two major kinds
of bioactive components of Danggui. However, previously, quality comparison between ASR
and AAR intensively concerned secondary metabolites but largely overlooked carbohy-
drates, thus failing to include or take into consideration an important aspect of the holistic
quality of Danggui. In this study, untargeted/targeted metabolomics and glycomics were
integrated by multiple chromatography-based analytical techniques for qualitative and
quantitative characterization of secondary metabolites and carbohydrates in Danggui so as
to comprehensively evaluate and compare the quality of ASR and AAR. The results
revealed that not only secondary metabolites but also carbohydrates in ASR and AAR were
different in type and amount, which should collectively contribute to their quality differ-
ence. By providing more comprehensive chemical information, the research results high-
lighted the need to assess characteristics of both carbohydrates and secondary metabolites
for overall quality evaluation and comparison of ASR and AAR.
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1. Introduction

Angelica radix (Danggui in Chinese) is one of the most common
traditional herbal medicines used in Asian countries, espe-
cially in China and Japan. According to classical document
records, 70 herbal formulae in China and 56 herbal formulae in
Japan contain Danggui. Danggui has been traditionally pre-
scribed in the treatment of gynecological diseases due to its
ability to “replenish and invigorate the blood”, in traditional
Chinese medical terms [1]. Besides its medicinal usage,
Danggui is also used by women worldwide as a health food
supplement. Danggui used in China and Japan is derived from
two species of the genus Angelica, namely Angelica sinensis and
Angelica acutiloba, respectively. If and how A. sinensis radix
(ASR) and A. acutiloba radix (AAR) differ in quality is a topic of
intense interest. The answers would be helpful to guide their
medicinal and dietary applications, such as whether they can
be used alternatively or they should be employed for treating
different diseases. To achieve this, systematic chemical
comparison between ASR and AAR is essential.

Thus far, many studies have been performed comparing
the chemical components of ASR and AAR in order to char-
acterize their quality differences [2—4]. However, these studies
focused on secondary metabolites and largely overlooked
carbohydrates. It is well-recognized that secondary metabo-
lites and carbohydrates are the two major kinds of bioactive
chemicals in medicinal/dietary herbs, and Danggui is no
exception [5-9]. Accumulated phytochemical and biological
experiments have demonstrated that, in addition to such
secondary metabolites as phthalides and organic acids [10,11],
Danggui also contains abundant carbohydrates (poly-/oligo-/
mono-saccharides) with multifaceted bioactivities including
anti-oxidant, anti-tumor, and immune-regulatory effects
[12—14]. Thus, in order to characterize and compare the ho-
listic quality of ASR and ARR, carbohydrates should be
adequately taken into account for overall chemical profiling.

Metabolomics aims to collectively and dynamically char-
acterize a set of small biomolecules (metabolome) in an or-
ganism, and is being widely employed for the “overall”
chemical characterization of herbal medicines [15,16]. Hy-
phenated liquid chromatography and mass spectrometry
(LC-MS)-based metabolomics is a particularly powerful
method to provide global profiles of complex (up to hundreds
of) secondary metabolites by determining their presence,
amount and sometimes their structures [17,18]. In contrast to
secondary metabolites, the chemical characterization of
carbohydrates is a challenge due to their different chemical
properties, for example, macromolecular mass and intricate
multidimensional structures of polysaccharides [19]. The
recently-coined glycomics seeks to explore the qualitative
and quantitative information of a certain glycome (the entire
carbohydrate components), for which the combined deploy-
ment of various analytical approaches to determine multiple
chemical parameters of different carbohydrates is essential
[20,21]. For example, chemical modifications such as hydro-
lysis and/or derivative formation are always needed prior
to chromatographic or mass spectrometric analysis of car-
bohydrates to decompose their advanced structures and
thereby improve their analytical adaptability. Similar with

metabolomics, glycomics is a promising approach for delin-
eating carbohydrate components in herbal medicines from a
holistic perspective.

In this study, metabolomics and glycomics were integrated
to comprehensively characterize the chemical components of
ASR and AAR so as to holistically compare the quality of the
two Angelica cultivars. The experimental procedure was
designed as follows. First, batches of ASR and AAR samples
were collected. Since ASR is mainly grown in China but AARis
grown in Japan, Taiwan and China, ASR samples were
collected only from China while AAR samples were collected
from the three regions to additionally investigate the effects of
cultivation regions on AAR quality. Then, untargeted/targeted
metabolomics approaches by ultra-performance liquid
chromatography-quadrupole time-of-flight mass spectrom-
etry (UPLC-QTOF-MS/MS) and ultra-performance liquid
chromatography-triple quadrupole mass spectrometry (UPLC-
TQ-MS/MS) were developed to qualitatively and quantitatively
determine secondary metabolites in the samples. Meanwhile,
targeted glycomics that combined analytical techniques
including UPLC-TQ-MS/MS, high performance gel permeation
chromatography coupled with evaporative light scattering
detector (HPGPC-ELSD) and high performance liquid chro-
matography coupled with evaporative light scattering detec-
tor (HPLC-ELSD) were applied to characterize polysaccharides,
oligosaccharides and monosaccharides in the samples.
Finally, the obtained data were integrated and processed by
multivariable statistical analysis for holistic quality compari-
son of all ASR and AAR samples.

2. Materials and methods
2.1. Chemicals and materials

MS-grade acetonitrile, formic acid, ammonium acetate and
methanol were purchased from Merck (Darmstadt, Germany).
Trifluoroacetic acid (TFA) used for acid hydrolysis of poly-
saccharides was from Riedel-de Haén (Seelze, Germany). 1-
Phenyl-3-methyl-5-pyrazolone (PMP) for monosaccharide
and oligosaccharide derivatization was bought from Sigma
(St. Louis, USA). Ultra-pure water was produced by a Milli-Q
water purification system (Millipore, Bedford, USA).

The reference substances of dextrans with known mo-
lecular sizes (1-670 kDa), together with D-galacturonic acid
monohydrate (GalA), D-glucuronic acid (GlcA), L-arabinose
(Ara), D-mannose (Man), D-galactose (Gal), D-glucose (Glc),
L-rhamnose monohydrate (Rha), D-fucose (Fuc), D-fructose
(Fru), maltose (Mal), maltotriose (Tri), maltopentaose (Pen),
maltohexaose (Hex), maltoheptaose (Hep), cellobiose (Cel),
melibiose (Meli) and sucrose (Suc) were purchased from
Sigma. The reference substances of coniferyl ferulate (CF),
senkyunolide H (SH) and senkyunolide I (SI) were provided
by Phytomarker Ltd (Tianjin, China); ferulic acid (FA), sen-
kyunolide A (SA), Z-ligustilide (Z-lig), butylphthalide (BP) and
levistolide A (LA) were obtained from Chengdu Must Bio-
Technology Co., Ltd (Chengdu, China); Z-butylideneph-
thalide (BDP) was bought from Sigma. The purity of these
references was higher than 95.0% as indicated by HPLC
analysis.
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Details of the collected ASR and AAR samples are sum-
marized in Supplementary Table 1. All the Danggui samples
were authenticated by Prof. H.-B. Chen according to the
monographs on Danggui documented in China Pharmaco-
poeia (2015 Version) and Japanese Pharmacopoeia (2016
Version). The voucher specimens were deposited at the School
of Chinese Medicine, Hong Kong Baptist University, Hong
Kong.

2.2.  Sample preparation for secondary metabolites
analysis

Dried powder of sample (0.1 g) was ultrasonic-extracted with
5 mL 70% methanol at room temperature for 30 min. The
extracted solutions were then centrifuged at 4500 rpm for
10 min. The supernatant was centrifuged again (14000 rpm for
10 min) for UPLC-TQ-MS/MS and UPLC-QTOF-MS/MS analysis,
respectively.

2.3. Sample preparation for polysaccharides analysis

Dried powder of sample (0.25 g) was extracted with water at
100 °C (5 mL x 1 h x 2 times). The extracts were centrifuged at
4500 rpm for 10 min, and the supernatants were then collected
and combined. A portion of the supernatant (2.5 mL) was
precipitated by adding ethanol to make a final concentration
of 95% (v/v), and left overnight (12 h) under 4 °C. After
centrifugation (4500 rpm) for 10 min, the precipitate was
washed with ethanol three times and dried in a water bath at
60 °C to remove residual ethanol. The dried extract was then
re-dissolved in 1 mL hot water (60 °C) for further analysis. For
the determination of molecular weight distribution, the
polysaccharide solution was directly injected into HPGPC-
ELSD; for the analysis of monosaccharide composition, the
solution was subjected to acid hydrolysis and then PMP
derivatization.

2.4. Sample pretreatment for analysis of
monosaccharides and oligosaccharides

The supernatant of ethanol precipitation prepared as
described above was collected and evaporated at 55 °C on a
rotary evaporator until dry. Then 2.5 mL water was added to
dissolve the residue. The solution was centrifuged at
14000 rpm for 10 min, and the supernatant was employed for
further analysis. For non-reducing monosaccharide and
oligosaccharide analysis, the obtained supernatant was
analyzed by HPLC-ELSD; for reducing monosaccharide and
oligosaccharide determination, PMP derivatization was per-
formed prior to UPLC-TQ-MS/MS analysis.

2.5.  Acid hydrolysis of polysaccharides

Acid hydrolysis of polysaccharides was performed as
described in our previous research [22]. Specifically, 0.5 mL
crude polysaccharide solution was mixed with 2.5 mL of 2 M
TFA solution, and then hydrolyzed for 2 h at 120 °C. After
cooling, the hydrolysate was evaporated at 55 °C on a rotary
evaporator until dry. Then 1.0 mL water was added to dissolve
the hydrolysate, and the precipitate was removed after

centrifugation (14000 rpm, 5 min). Finally, the supernatant
was subjected to PMP derivatization.

2.6. PMP derivatization of reducing monosaccharides
and oligosaccharides

0.1 mL acid hydrolysate was mixed with 0.1 mL NH; solution
and 0.2 mL 0.5 M PMP methanolic solution. The mixture was
allowed to react at 70 °C for 30 min and then was cooled to room
temperature. Afterwards, 0.1 mL glacial acetic acid and 0.5 mL
chloroform were successively added to neutralize the reaction
solution and remove the excess PMP reagents, respectively.
After vigorous shaking followed by centrifugation at 14000 rpm
for 5 min, the organic phase was discarded. The operation was
performed five times, and finally the aqueous layer was diluted
and centrifuged at 14000 rpm for 10 min before UPLC-TQ-MS/
MS analysis. The standard solution was also treated in this way.

2.7.  Secondary metabolites analysis

2.7.1. UPLC-TQ-MS/MS analysis

UPLC was performed on an Agilent system (Agilent Technol-
ogies, Palo Alto, USA) equipped with a binary solvent delivery
system and auto-sampler. The chromatographic separa-
tion was performed with a Waters ACQUITY HSS C18
(2.1 mm x 100 mm, i.d. 1.8 pm). The mobile phase consisted of
(A) water (0.1% formic acid) and (B) acetonitrile (0.1% formic
acid). The elution condition was optimized as follows: 20—35%
B (0—2 min), 35-75% B (2—12 min), 75—100% B (13—15 min). The
flow rate was 0.35 mL/min. The column was maintained at
35 °C. The injection volume was 2 pL.

Mass spectrometry was performed on an Agilent 6460 TQ/
MS system equipped with electrospray ionization (ESI) source.
The conditions of the ESI source were as follows: drying gas
(N,) flow rate, 10.0 L/min; drying gas temperature, 300 °C;
nebulizer pressure, 45 psi; capillary voltage, 3500 V. The
analysis was performed using MRM mode, and the mass range
was set at 100—1700 Da in the positive mode. Agilent Mass
Hunter Quantitative Analysis Software B.04.00 was used to
collect and process mass data.

2.7.2.  UPLC-QTOF-MS/MS analysis

UPLC was performed on an Agilent system equipped with a
binary solvent delivery system and auto-sampler. The chro-
matographic separation was performed with a Waters ACQ-
UITY HSS C18 (2.1 mm x 100 mm, i.d. 1.8 um). The mobile
phase consisted of (A) water (0.1% formic acid) and (B) aceto-
nitrile (0.1% formic acid). The elution condition was optimized
as follows: 5% B (0—1 min), 5%—33% B (1-10 min), 33—75% B
(1020 min), 75-100% B (20—22 min). The flow rate was
0.35 mL/min. The column was maintained at 40 °C. The in-
jection volume was 2 pL.

Mass spectrometry was performed on an Agilent 6540
QTOF/MS system equipped with electrospray ionization (ESI)
source. The conditions of the ESI source were as follows:
drying gas (N,) flow rate, 8.0 L/min; drying gas temperature,
300 °C; nebulizer pressure, 40 psi; capillary voltage, 3500 V;
fragmentor voltage, 150 V. The analysis was performed using
full scan mode, and the mass range was set at 100—1700 Da in
both negative and positive modes. The secondary collision
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energy was set between 25 and 45 V. Agilent MassHunter
Workstation Software Version B.06.00 process was used to
collect and process mass data.

2.8. Carbohydrates analysis

2.8.1. UPLC-TQ-MS/MS for analysis of reducing
monosaccharides and oligosaccharides

UPLC was performed on an Agilent 1200 system equipped with
a binary solvent delivery system and auto-sampler. The
chromatographic separation was achieved with a Waters
ACQUITY HSS C18 (2.1 mm x 100 mm, i.d. 1.8 pm). The mobile
phase consisted of (A) 20 mM ammonium acetate in water and
(B) acetonitrile. The elution condition was optimized as fol-
lows: 19% B (0—9 min), 19%—30% B (9—14 min). The flow rate
was 0.3 mL/min. The column was maintained at 35 °C. The
injection volume was 2 plL.

Mass spectrometry was performed on an Agilent 6460 TQ/
MS system equipped with electrospray ionization (ESI) source.
The conditions of the ESI source were as follows: drying gas
(N,) flow rate, 10.0 L/min; drying gas temperature, 300 °C;
nebulizer pressure, 45 psi; capillary voltage, 3500 V. The
analysis was performed using MRM mode, and the mass range
was set at 100—1700 Da in the positive mode. Agilent Mass
Hunter Quantitative Analysis Software B.04.00 was used to
collect and process mass data.

2.8.2. HPLC-ELSD for analysis of non-reducing
monosaccharides and oligosaccharides

The analysis was performed on an Agilent 1100 series HPLC-
DAD system coupled with evaporative light scattering detec-
tor (ELSD). The separation was achieved on a Shodex Asahipak
NH,P-50 4E column (250 mm x 4.6 mm, i.d. 5 pm) system
operated at 40 °C. The mobile phase consisted of (A) water and
(B) acetonitrile. The elution condition was optimized as fol-
lows: 65% B (0—7 min), 65%—62% B (7—9 min), 62%—60% B
(9—15 min). The flow rate was 1.0 mL/min. The signal from
ELSD was transmitted to Agilent Chemstation for processing
through an Agilent 35900E interface. The parameters of ELSD
were set as follows: drift tube temperature, 110 °C; nebulizer
nitrogen gas flow rate, 3.2 L/min; impact mode, off. An aliquot
of 20 uL solution was injected for analysis.

2.8.3.  HPGPC-ELSD for polysaccharide analysis
The analysis was performed on an Agilent 1100 series HPLC-
DAD system coupled with evaporative light scattering detec-
tor (ELSD). The separation was achieved on a two tandem TSK
GMPWy;, column (300 mm x 7.8 mm, i.d. 10 pm) system oper-
ated at40 °C. 20 mM Ammonium acetate aqueous solution was
used as mobile phase at a flow rate of 0.6 mL/min. The signal
from ELSD was transmitted to Agilent Chemstation for pro-
cessing through an Agilent 35900E interface. The parameters of
ELSD were set as follows: drift tube temperature, 120 °C;
nebulizer nitrogen gas flow rate, 3.2 L/min; impact mode, off.
An aliquot of 20 pL solution was injected for analysis.
Aqueous stock solutions of dextrans with known molecu-
lar weights (1 kDa, 5 kDa, 12 kDa, 25 kDa, 50 kDa, 80 kDa,

150 kDa, 270 kDa, 410 kDa, 670 kDa) were injected into the
HPGPC using the same conditions for the construction of the
molecular weight-retention time calibration curve by plotting
the logarithm of the molecular weight versus the retention
time of each analyte.

2.9. Method validation

The quantitative method was validated in terms of linearity,
sensitivity, precision, accuracy and stability.

Working solutions of the mixed reference compounds
were diluted to appropriate concentrations for the construc-
tion of calibration curves. Six different concentrations of each
compound were analyzed in triplicate, and then the calibra-
tion curves were constructed by plotting the peak areas versus
the concentrations of analytes. The limits of detection (LODs)
and limits of quantification (LOQs) under the present condi-
tions were determined at an S/N (signal to noise) of about 3
and 10, respectively.

Intra- and inter-day variations were chosen to assess the
precision of the developed assay. For intra-day variability test,
the ASR sample was extracted and analyzed in six replicates
within one day. For inter-day variability tests, the same
sample was analyzed in duplicate for three consecutive days.
Variations were expressed by the RSDs of the data.

The spike recovery test was conducted to evaluate the
accuracy of the method. The ASR sample with known con-
tents of the target analytes were weighed and different
amounts (high, middle and low level) of reference were
spiked, then extracted and analyzed in triplicate. The spike
recoveries were calculated from the following equation: spike
recovery (%) = (total amount detected-amount original) x
100%/amount spiked.

The stability test was performed by analyzing the ASR
sample extract over periods of 0h,2h,4h,6h,8h,10h,12h
and 24 h. The RSDs of the peak areas of each analyte were
taken as the measures of stability.

2.10. Data analysis

The obtained qualitative and quantitative data of secondary
metabolites and carbohydrates were respectively processed
by principle component analysis (PCA) using Agilent Mass
Profiler Professional 2.2 and SIMCA 13.0 (Umetrics, Sweden).
Differences between two groups were assessed with unpaired
Student's t-test by Prism software (GraphPad, USA). Data were
presented as mean + SD of the determinations. Significant
difference is indicated in the figures by * (p < 0.05).

3. Results and discussion
3.1. Optimization of sample preparation and analysis
The extraction conditions for different analytes in the Danggui

samples were optimized. Two repeated extractions under the
current conditions followed by quantitative analysis indicated

Fig. 1 — Typical UPLC-QTOF-MS/MS chromatograms of Danggui samples detected in positive (A1-A4) and negative mode (B1-

B4). A1, B1: ASR; A2, B2: CAAR; A3, B3: JAAR; A4, B4: TAAR.
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that more than 95% of secondary metabolites in the ASR and
AAR materials were extracted by one-time extraction. The
carbohydrates in the samples could be completely extracted
at 100 °C after two extractions (1 h each time) because no
saccharide was detected by sulfuric acid-phenol method in
the subsequent third extraction. The acid hydrolysis of poly-
saccharides and the PMP derivatization of acid hydrolysates
and/or reducing carbohydrates were accordingly performed,
in which the conditions for acid hydrolysis were selected as
follows: 2 M TFA, 120 °C and 2 h based on our previous study
on ASR [22].

Several types of tandem mass spectrometry coupled with
liquid chromatography are being currently employed for
chemical analysis of medicinal herbs [23]. While UPLC-QTOF-
MS/MS provides high mass resolution, accurate mass mea-
surement as well as abundant fragment ions information and
is therefore adept at qualitative elucidation [24,25], UPLC-TQ-
MS/MS is competent for quantitative determination due to its
excellent sensitivity [26]. Hence, in this study, UPLC-QTOF-
MS/MS-based untargeted metabolomics and UPLC-TQ-MS/
MS-based targeted metabolomics were developed for
comprehensive qualitative and quantitative characterization
of secondary metabolites in the Danggui samples. In the UPLC-
QTOF-MS/MS analysis, both positive and negative ion modes
were employed for qualitative identification (Fig. 1). In the
UPLC-TQ-MS/MS analysis, multiple reaction monitoring
(MRM) mode was adopted by selectively screening one ion pair
for each analyte for improving the quantitative performance
(Fig. 2A). Positive ion mode was selected based on the re-
sponses of the analyte ions. Then, collision energy was indi-
vidually optimized for each analyte (Table 1). Under the
optimized conditions, all analytes presented abundant parent
ions with protonated molecular ions [M + H]" except for
adduct ion [2M + Na]* for CF. Their abundant daughter ions
were characteristic, namely [M + H-H,0]" for FA, SI and SH,
[M + H-HCOOH|* for BP, [M + H-Ci,H140,]" for LA, [M-
Ci0H1004+Na]* for CF, [M-C;He¢O,+Na]" for Z-lig, [M-
C;HgO,+Na]* for SA and [M + H-C,HsO,]" for BDP (Table 1).
The potential fragmentation pathways to generate the
daughter ions were showed in Fig. 3. These parent and
daughter ions were used for the quantification of nine sec-
ondary metabolites in the Danggui samples by UPLC-TQ-MS/
MS under the MRM mode.

The qualitative and quantitative analysis of carbohydrates
in the Danggui samples was performed using the glycomics
approach we previously established [27]. In brief, the molec-
ular weight distribution of the polysaccharides was charac-
terized using HPGPC-ELSD (Fig. 4A). The monosaccharide
compositions of the polysaccharides together with the free
reducing oligosaccharides and monosaccharides were quan-
tified by pre-column derivatization and then UPLC-TQ-MS/MS
under MRM mode. For the latter, protonated molecular ions
[M+H]" and PMP protonated molecular ions [PMP + H]" were
selected as the ion pair for each analyte (Fig. 2B and C). Non-

reducing oligosaccharides and monosaccharides
directly determined by HPLC-ELSD (Fig. 4B).

were

3.2. Method validation

The linearity, sensitivity, precision, accuracy and stability
data of the UPLC-TQ-MS/MS quantitative assay of secondary
metabolites were summarized in Table 1. The coefficients of
determination (R? were all above 0.9936, indicating good
linearity within the linear ranges. The LODs and LOQs were,
respectively, 0.11 ng/mL and 0.38 ng/mL. The RSDs of intra-
and inter-day precisions were lower than 8.55% and 10.76%,
respectively. The developed method also provided acceptable
accuracy with a spike recovery ranging from 95.25% to
109.44%. In the stability test, the RSD within 24 h was less than
9.41%. The results indicated that the developed UPLC-TQ-MS/
MS method was linear, sensitive, precise, accurate and stable
enough for simultaneous quantification of nine chemicals in
the Danggui samples. The targeted glycomics assay has been
previously validated [27].

3.3.  Secondary metabolites in ASR and AAR

The collected ASR and AAR samples were first characterized
by UPLC-QTOF-MS/MS-based untargeted metabolomics
(Fig. 1). Totally 30 chromatographic peaks were identified by
chemical standards or tentatively identified by comparing
their quasi-molecular ions, empirical molecular formulas,
and/or fragmentions with those of known chemicals [5,28,29].
These chemicals were from different types including phtha-
lides, organic acids, amino acids, glycosides, esters and
coumarin (Fig. 1 and Table 2), and their mass fragmentation
pathways were structurally characteristic. For example, the
loss of H,0 (e.g. SI), CO (e.g. BP), C4Hs (e.g. SA) or 1/2M (e.g. LA)
were mainly involved in the fragmentation of phthalides;
organic acids easily produced fragments of [M + H-H,0]" (e.g.
FA) or [MCO,] (e.g. phthalic acid); the major fragment path-
ways of amino acids, coumarin, esters and glycosides
respectively corresponded to the loss of NH; (e.g. tryptophan),
the cleavage of CHj; (e.g. schinicoumarin), hydrolysis (e.g.
chlorogenic acid), deglycosylation (e.g. 4-glucopyranosyloxy-
ferulic acid). As shown in Fig. 1, the chromatograms clearly
indicated that the chemical profiles in the collected samples
were qualitatively different. We then constructed a Venn di-
agram, which presents all possible relations between a finite
collection of different sets by depicting elements as points in
some closed curves [30], to better understand the differences
(Fig. 5A). According to the diagram, compounds 1—-29 occurred
in all ASR samples, in which compounds 10 (CF), 14 (BDP iso-
mer), and 25 (ligustilide dimer) were found exclusively in ASR
samples and never in AAR samples. As to the AAR samples
from Japan, Taiwan and China, their secondary metabolites
profiles varied. The majority of the chemicals in most of the
AAR samples were the same, while compounds 4 (FA), 8

Fig. 2 — Typical UPLC-TQ-MS/MS chromatograms of 9 secondary metabolites (A), 15 reducing carbohydrates (B), and
monosaccharide compositions of polysaccharides (C). A, B: mixed references; A1, B1: ASR; A2, B2: JAAR; C1: monosaccharide
compositions of ASR polysaccharides; G2: monosaccharide compositions of JAAR polysaccharides.
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Stability

3)
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6)
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Precision (n

(n—8)

Middle Low
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LOQs
3.22
1.56
2.42

LODs

R2

Equation
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y
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0.9998
0.9995
0.9925
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553.16x+5521.60
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31

(senkyunolide B or C), 19 (ligustilide dimer) and 20 (ligustilide
dimer) in JAAR, compound 2 (4-glucopyranosyloxy-ferulic
acid) in CAAR, and compound 30 (schinicoumarin or isomer)
in TAAR were detected and were characteristic of their
respective samples. Different bioactivities of these chemicals
have been demonstrated. For example, CF (in ASR) possesses
antineoplastic activity [31], and schinicoumarin (in AAR) is
reported to inhibit platelet aggregation [32]. Therefore, these
differences in secondary metabolites suggested that both the
two Danggui cultivars and the AAR samples from different
regions differed in chemical quality and clinical efficacy.

The entire set of untargeted metabolomics data was
further processed by PCA. The score plots of PCA illustrated
that all Danggui samples clustered into four groups: i.e. ASR,
CAAR, JAAR and TAAR (Fig. 5B). Moreover, the AAR samples
were found to be gathered close to one another, especially
CAAR and JAAR, but far away from ASR. Based on the
dispersion degree of score plots in each group, it was deduced
that the secondary metabolites in TAAR were more varied
than those in other groups. The PCA results stated that both
cultivars and cultivation regions could significantly contribute
to the differences in secondary metabolites of Danggui, and
that the cultivars should be more decisive.

In order to further explore the differences at the quanti-
tative level, nine typical bioactive secondary metabolites in
the Danggui samples belonging to the categories of organic
acid, ester and phthalide were then investigated for quan-
titative determination by the UPLC-TQ-MS/MS-based tar-
geted metabolomics method. As shown in Fig. 6A and
Supplementary Table 2, (a) the total contents of the nine
secondary metabolites in ASR (67.19 mg/g) were significantly
higher than those in AAR (p < 0.05), and (b) the contents of
these metabolites in AAR samples were relatively consistent
with regard to cultivation region, namely 8.56 mg/g in CAAR,
9.43 mg/g in JAAR, 7.24 mg/g in TAAR. Currently, some of
these chemicals, such as FA, BDP and Z-lig, are commonly
used as the chemical markers for the quality assessment of
Danggui due to their favorable bioactivities [3,33,34]. Here we
have demonstrated that they occurred more abundantly in
ASR than AAR, for example, FA (0.89 mg/g in ASR and
0.02 mg/g in JAAR), BDP (0.03 mg/g in ASR and 0.01 mg/g in
CAAR) and Z-lig (65.09 mg/g in ASR and 6.84 mg/g in TAAR)
(p < 0.05). Thus, on the side of secondary metabolites, the
qualitative and quantitative characterization by untargeted/
targeted metabolomics suggested the quality of ASR should
be better than AAR.

3.4. Carbohydrates in ASR and AAR

Then, the glycomes in the Danggui samples were qualitatively
and quantitatively analyzed by targeted glycomics. First, the
molecular weight distributions of polysaccharides were
calculated by HPGPC-ELSD using the established molecular
weight-retention time calibration curve (y = —0.316x+13.58,
R? = 0.994), and the monosaccharide compositions of poly-
saccharides were also determined by UPLC-TQ-MS/MS (Figs.
2C and 6B). The HPGPC chromatograms showed that ASR
polysaccharides possessed narrower molecular weight ranges
(1-514 kDa) than AAR polysaccharides (1-more than 670 kDa),
among which CAAR polysaccharides exhibited the widest
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Fig. 3 — Selected ion pair for quantification of representative secondary metabolites references monitored with MRM mode.

molecular weight distribution (Fig. 4A). The monosaccharide
composition analysis indicated that the polysaccharides in all
Danggui samples shared seven monosaccharides, i.e. Glc, Gal,
Ara, GlcA, GalA, Man and Rha, while ASR and TAAR poly-
saccharides additionally comprised Fuc. Besides, the mole
ratios of monosaccharides in the four kinds of Danggui sam-
ples were also different, although Glc (45.78% in ASR, 65.15% in
CAAR, 67.88% in JAAR, 68.15% in TAAR) was detected as the
major compositional monosaccharide in all samples. Calcu-
lated by the total amounts of compositional mono-
saccharides, the polysaccharide contents in AAR (24.17 mg/g
in CAAR, 18.79 mg/gin JAAR, 39.31 mg/g in TAAR) were higher
than those in ASR (17.65 mg/g). Moreover, unlike the

quantified secondary metabolites, the polysaccharide con-
tents in the three batches of AAR samples differed greatly.
Then, the free oligosaccharides and monosaccharides were
quantitatively characterized by UPLC-TQ-MS/MS and HPLC-
ELSD (Figs. 2B and 4B). Totally seven oligosaccharides were
detected in the ASR and AAR samples, namely Hep, Hex, Pen,
Tri, Mal, Cel and Suc. Suc is among the most abundant in all
the samples (176.20 mg/g in ASR, 138.78 mg/g in CAAR,
130.00 mg/g in JAAR, 53.83 mg/g in TAAR), which was consis-
tent with a previous report that AAR cultivated in China
contains a high amount of Suc [35]. The total contents of seven
oligosaccharides in the Danggui samples could be ranked, in
descending order, as follows: 176.32 mg/g in ASR, 144.33 mg/g
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in CAAR, 130.32 mg/g in JAAR and 5440 mg/g in TAAR)
(p < 0.05) (Fig. 6C). As to monosaccharides (Fig. 6D), Glc was of
the highest contents in the Danggui samples, varying from
24.17 mg/g in CAAR to 1.68 mg/g in ASR (p < 0.05), and this
contributed to the much greater amounts of total mono-
saccharides in AAR (25.75 mg/g in CAAR, 4.98 mg/g in JAAR,
10.52 mg/g in TAAR) than in ASR (1.91 mg/g).

A Venn diagram for the glycome was also constructed to
visualize the characteristic carbohydrate components in
different Danggui samples (Fig. 5A). Due to the different
qualitative and quantitative properties, polysaccharides were
selected as the characteristic carbohydrate in each kind of
Danggui sample. In addition, Hep was detected in CAAR, JAAR
and TAAR but not ASR, suggesting that Hep could be used as a
chemical maker to discriminate between AAR and ASR.
Furthermore, the AAR samples from different regions also
had characteristic carbohydrates. For example, Cel, Gal and
Fuc that occurred in JAAR and TAAR were not found in CAAR.
The entire set of glycome data was then processed by PCA.
The score plot of carbohydrates also showed four clusters,
corresponding to ASR, CAAR, JAAR and TAAR (Fig. 5C).
Notably, the ASR and AAR clusters were very close, and CAAR
exhibited the most dispersed score plots among the four
clusters. The PCA pattern is different from that of metab-
olomics. It could be therefore concluded that, although the
cultivar type and cultivation region significantly contributed
to the differences in both secondary metabolites and carbo-
hydrates of Danggui, such impacts were different for the two
kinds of chemicals.

The integrated metabolomics and glycomics demon-
strated that not only secondary metabolites but also
carbohydrates in ASR and AAR were qualitatively and
quantitatively different. The results indicated that both
cultivar and cultivation region could affect secondary
metabolome and glycome in Danggui. More interestingly, the
effects presented chemical specificity. For example, ASR
contained higher contents of secondary metabolites and
oligosaccharides than AAR, but AAR had more poly-
saccharides and monosaccharides; as to AAR samples, CAAR
possessed higher amounts of oligosaccharides and mono-
saccharides, while TAAR had more polysaccharides. In
addition, the results also highlight the importance of
simultaneous characterization of secondary metabolites
and carbohydrates for comprehensive chemical and bio-
logical comparison of ASR and AAR. For example, as
mentioned above, the more kinds and higher contents of
secondary metabolites supported that the quality of ASR
should be better than AAR. However, the conclusion might
be one-sided or even false if the holistic chemical profiling
were considered. In recent years, metabolomics has been
often employed to characterize and compare the quality of
herbal medicines in several cases including cultivars, culti-
vation regions, growth years and post-harvest processing
[36—39]. However, these studies have focused extensively on
secondary metabolites but have largely overlooked carbo-
hydrates, from which the obtained conclusion may be
therefore not convincing. The results presented in this study
aim to draw scientists’ attention to the issue that carbohy-
drates should be valued for comprehensive quality control
of herbal medicines.
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4, Conclusion

In this study, untargeted/targeted metabolomics and glyco-
mics were integrated by multiple chromatography-based
analytical techniques for qualitative and quantitative char-
acterization of secondary metabolites and carbohydrates in
Danggui so as to comprehensively evaluate and compare the
quality of ASR and AAR. The results revealed that ASR and
AAR possessed different secondary metabolites and carbo-
hydrates at both qualitative and quantitative levels. The
chemical profiles of AAR from different cultivation regions
(China, Taiwan, Japan) differed. By providing more compre-
hensive chemical information, the research deliverable high-
lighted that the carbohydrates should be investigated as
thoroughly as secondary metabolites for overall quality eval-
uation and comparison of ASR and AAR.
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