J OURNAL O

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Assessment of Peeling of Astragalus Roots Using '"H NMR- and
UPLC-MS-Based Metabolite Profiling

ee-Youn Jung,"* Youngae Jung,” Jin-Sup Kim,”® Do Hyun Ryu,** and Geum-Sook Hwan
& g & P yun Ryu g

>kr-h§

TIntegrated Metabolomics Research Group, Seoul Center, Korea Basic Science Institute, Seoul 136-713, Republic of Korea
*KM Health Technology Research Group, Medical Research Division, Korea Institute of Oriental Medicine, Daejeon 305-811,

Republic of Korea

$Graduate School of Analytical Science and Technology, Chungnam National University, Daejeon 305-764, Republic of Korea
lDepartment of Chemistry, Sungkyunkwan University, Suwon 440-746, Republic of Korea

© Supporting Information

ABSTRACT: A metabolomic analysis was performed to examine the postharvest processing of Astragalus membranaceus roots
with a focus on the peeling procedure using '"H NMR and UPLC-MS analyses. Principal component analysis (PCA) score plots
from the '"H NMR and UPLC-MS data showed clear separation between peeled and unpeeled Astragalus roots. Peeled roots
exhibited significant losses of several primary metabolites, including acetate, alanine, arginine, caprate, fumarate, glutamate,
histidine, N-acetylaspartate, malate, proline, sucrose, trigonelline, and valine. In contrast, the peeled roots contained higher levels
of asparagine, aspartate, and xylose, which are xylem-related compounds, and formate, which is produced in response to wound
stress incurred during postharvest processing. In addition, the levels of isoflavonoids and astragalosides were significantly reduced
in peeled Astragalus root. These results demonstrate that metabolite profiling based on a combination of 'H NMR and UPLC-MS
analyses can be used to evaluate peeling procedures used in the postharvest processing of herbal medicines.
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Bl INTRODUCTION

Astragalus membranaceus is used as an herbal medicine with
multiple pharmacological effects and is widely cultivated in Korea
and China. It has been used as an immunostimulant, tonic,
hepatoprotectant, diuretic, antidiabetic analgesic, expectorant,
and sedative.'™* Generally, A. membranaceus roots originating
from Korea go through a peeling procedure that includes peeling
and drying of Astragalus roots below 60 °C for 1 or 2 days,
followed by drying under ambient conditions, prior to their
release onto the market. A. membranaceus root cultivated in
China is generally unpeeled and dried.

The peeling procedure commonly used with Korean Astragalus
roots leaves the roots with a clean, hygienic appearance that yields
a sales advantage over unpeeled Chinese Astragalus roots.
Therefore, two types of commercial products, unpeeled and
peeled Astragalus roots, which are called “qupi-huangqi” and
“pi-huangqi”, respectively, circulate in Korean markets, and >80%
of them are peeled roots. However, a recent report has stated that
peeled Astragalus roots (pi-huangqi) exhibit lower antioxidant
effects than unpeeled roots (qupi-huangqi).” In addition, levels of
astragalosides differ considerably among the root components,
with the highest concentrations located primarily between the
xylem and the bark.® Moreover, phloem, which is located just
under the bark, carries organic nutrients, whereas the xylem, which
is the light yellow part of the proximal portion of the older root
containing vessels and xylem fibers, transports water and soluble
inorganic ions.” Therefore, the peeling process may affect the
metabolites contained in extracts of Astragalus roots.

The quality of herbs depends highly on the species,
geographical origins, cultivation and harvesting methods, and
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postharvest processing.® Such inherent variability emphasizes the
importance of metabolite profiling with regard to quality control,
formulation, and safe usage of herbal medicines.’ Recently,
metabolite profiling has gained popularity using techniques such
as nuclear magnetic resonance (NMR) or liquid chromatography
(LC)— or gas chromatography (GC)—mass spectrometry
(MS)*~"* A single analytical method is seldom adequate to
sample the large range of metabolites required for a metabolic
profiling."* Therefore, metabolic profiling requires a multiplatform
approach. Such methods have been employed to study other herbal
medicines, including Angelica gigas, ginseng, and wine."> ™

Among the various analytical platforms, 'H NMR is particularly
well suited for plant metabolic profiling, allowing detection and
quantification in a single measurement of not only abundant
primary metabolites but also various groups of secondary
metabolites in complex mixtures such as plant extracts. In addition,
NMR provides detailed information regarding the quantity and
identity of metabolites."® LC-MS techniques are fast and highly
sensitive. Ultraperformance liquid chromatography—mass spec-
trometry (UPLC-MS) techniques are capable of rapid, high-capacity
analyses, thus facilitating the full analysis of complex samples with
diverse chemical characteristics.">*° As a result, many studies have
emphasized the importance of complementary techniques, such as
LC-MS and NMR, in metabolomic studies.'*'®*!
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Figure 1. Representative 'H NMR spectra of aqueous extracts of (A) unpeeled (pi-huangqi) and (B) peeled (qupi-huangqi) Astragalus roots.

Several metabolomic studies on Astragalus roots have focused
on the ability to discriminate samples according to geographical
origin and species.é’22 To date, however, there is no metabolomic
study that evaluates the effects of postharvest processing on
Astragalus roots. The current study investigates metabolic
variations in Astragalus roots as a function of postharvest
processing, particularly the peeling procedures, using '"H NMR
and UPLC-MS analyses. This study shows that a combination of
NMR and UPLC-MS can be used as a reliable approach for
obtaining complementary information on primary and secondary
metabolites as a function of postharvest processing.

B MATERIALS AND METHODS

Plant Material. A. membranaceus roots were obtained from Jecheon-
si (city), Chungcheongbuk-do (province), South Korea.

Astragalus samples were collected from 18 different gardens within
the same geographical region, and two postharvest processing
techniques were used on the pool of roots from different plants in the
same gardens. Thus, a total of 36 samples were prepared (18 unpeeled
Astragalus (pi-huangqi) and 18 peeled Astragalus (qupi-huangqi)). All of
the plant samples were harvested in October and were the same species,
which were genetically identical.

After harvesting, all of the samples were allowed to dry under ambient
conditions (15—20 °C) for 3 days. Then, half of them were peeled and
the rest were not peeled. After the peeling process, all of the samples
(peeled and unpeeled) were dried at 40 °C in a dryer for 1 day and
stored during the same period at —80 °C.

Chemicals and Authentic Standards Used in UPLC-MS
Identification. Methanol-d, (99.8%), purchased from Sigma-Aldrich,
and deuterium oxide (D,0, 99.9%), from Cambridge Isotope

Laboratories, Inc., were used as NMR solvents. Acetonitrile, methanol,
and water (HPLC grade) used in extraction and acquisition for UPLC-MS
analysis were purchased from Burdick & Jackson. Formic acid solution
(49—51%), 2,2-dimethyl-2-silapentane-S-sulfonic acid (DSS, 97%), bis(2-
ethylhexyl) phthalate (BEHP, 99.7%), sodium phosphate dibasic
(Na,HPO,, 99%), and sodium phosphate monobasic (NaH,PO,, 99%)
were obtained from Sigma-Aldrich.

To identify the unknown compounds in UPLC-MS experiments,
authentic standards of formononetin (>99.0%) and astragaloside IV
(>98.0%) were purchased from Sigma-Aldrich.

Sample Preparation for NMR and UPLC-MS Analyses. Dried
Astragalus roots were freeze-dried and ground to a fine powder. Five
hundred microliters of methanol-d, (99.8%), 400 uL of 0.2 M phosphate
buffer solution (0.2 M Na,HPO,, 0.2 M NaH,PO, in D,0, pH 7.0), and
100 uL of S mM DSS (97%) were added to 100 + 0.5 mg of dried
powder as extraction solvents. D,0 was used for the internal lock signal,
and DSS was used as an internal standard with a chemical shift (§) of
0.0 ppm. Extracts were sonicated for 20 min, followed by centrifugation
(10 min, 16609g) at room temperature, and adjusted to pH 7.0 & 0.5
using 1 M NaOH and 1 M HCL. The extract (600 L) was transferred to
S mm NMR tubes for NMR analysis.

For UPLC-MS analyses, 2.5 mL of methanol (99.8%), 2.5 mL of
water, 20 yL of 0.1 mg/mL DSS, and 15 L of 0.1 mg/mL bis(2-
ethylhexyl) phthalate (BEHP) were added to SO mg of freeze-dried
powder of Astragalus roots as extraction solvents. DSS and BEHP were
used as internal standards in negative and positive modes, respectively.
The sample was mixed for 1 min, sonicated for 20 min, and centrifuged
at 2499¢g for 15 min at 25 °C. To exclude impurities, the supernatant was
filtered through a 022 um PTFE syringe filter (Merck Millipore,
Bedford, MA, USA) and transferred to an autosampler vial. All samples
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were prepared and analyzed in random order with respect to class for
NMR and UPLC-MS experiments to avoid any bias.

NMR Spectroscopy. "H NMR spectra were acquired on a VNMRS
600 MHz NMR spectrometer (Agilent Technologies Inc., Santa Clara,
CA, USA) using a triple-resonance, S mm, HCN salt-tolerant cold
probe. 'H NMR spectra were acquired using the NOESY PRESAT pulse
sequence, which was applied to suppress signals from residual water. A
total of 32 scans were collected into 67568 data points using a spectral
width of 8445.9 Hz, a relaxation delay of 2.0 s, an acquisition time of
4.0 s, and a mixing time of 100 ms. A 0.5 Hz line-broadening function
was applied to all spectra for Fourier transformation (FT) followed by
phasing and baseline correction. Signal assignments for representative
samples were achieved using two-dimensional (2D) total correlation
spectroscopy (TOCSY), heteronuclear multiple-quantum correlations
(HMQC), Chenomx NMR suite 7.1, 2 600 MHz (pH 6.0—8.0) NMR
database, spiking experiments, and comparison with literature
values.*>**

UPLC and MS Conditions. Liquid chromatography—electrospray
ionization—tandem mass spectrometry LC-ESI-MS/MS analyses of
extracts of dried Astragalus root were performed using an ultra-
performance liquid chromatograph/quadrupole time-of-flight mass
spectrometer (UPLC/Q-TOF MS). Analyte separation was conducted
through a UPLC system (Acquity UPLC system, Waters, Manchester,
UK) equipped with an ethylene-bridged hybrid (BEH) C18 column
(100 X 2.1 mm, 1.7 ym particle size) (Waters). The column temperature
was constant at 40 °C. Samples on the autosampler were maintained at
10 °C for the duration of these analyses. The injected sample volume
was 10 yL using a full loop method. The mobile phase consisted of (A)
HPLC grade water with 0.1% formic acid and (B) acetonitrile with 0.1%
formic acid. The elution flow rate was 0.45 mL/min. Elution began with
amobile phase of 5% B for 1 min, followed by a linear gradient to 95% B
over 6 min. The mobile phase was returned to 5% B for 3 min at the end
of each run to equilibrate the separation system for subsequent runs.
This UPLC eluate was introduced via an electrospray DuoSpray ion source
into a triple TOF S600 MS/MS system (AB SCIEX, Framingham, MA,
USA). For untargeted analysis, total ion chromatograms were acquired
using the following operating parameters in both positive and negative
modes: capillary voltage, 4500 V; nebulizer pressure, SO psi; drying gas
pressure, SO psi; curtain gas pressure, 30 psi; source temperature, S00 °C;
declustering potential, 70 eV; collision energy, 10 eV.

For targeted analysis, the MRM™® workflow was used to selectively
quantify seven secondary metabolites. Because MRM"® lacks the “Q;”
specificity, high-resolution extracted ion chromatograms (XICs) of
several fragment ions were generated and integrated. Specific values of
collision energy (CE) were used to obtain reliable results. In the positive
mode, the CE for calycosin-7-O-f-p-glucose, calycosin-7-O-f-p-gluco-
side-6”-O-malonate, ononine, calycosin, formononetin, and BEHP
(internal standard) were set at 30, 30, 18, 30, 18, and 20 eV, respectively,
with an accumulation time of 50 ms. In the negative mode, the CEs for
astragaloside IV, astragaloside II, and DSS (internal standard) were set
at —40, —50, and —30 eV, respectively, with an accumulation time of
100 ms. The exact mass calibration was performed automatically before
each analysis employing the Automated Calibration Delivery System.

'H NMR Data Analysis. All NMR spectra were phase-adjusted and
baseline-corrected using Topspin 3.0 and Amix software 3.9.4 (Bruker
Biospin, Inc.), respectively.

For untargeted analysis, each NMR spectrum was binned into
integrating regions having equal bin sizes of 0.005 ppm over a J range of
0.75—9.25. All shifts related to the solvent, that is, located between
3.28—3.33 and 4.7—4.90 ppm, and DSS were eliminated. The spectra
were then normalized to the total spectral area and exported as a text file
for chemometric analysis. The text files were imported into SIMCA-P+
version 12.0 (Umetrics, Umed, Sweden) for multivariate data analysis
and Pareto-scaled to minimize the influence of baseline deviations and
noise.”® Principal component analyses (PCA) were initially performed
to examine the intrinsic variation in the data set and to obtain an
overview of the variation among groups.

For targeted analysis, metabolites of Astragalus roots were quantified
using Chenomx NMR suite 7.1 software, which compares the integral of
a known reference signal (DSS) with the signal derived from a library of

Table 1. Chemical Shifts of Metabolites Identified from 'H
NMR Analyses of Dried Astragalus Root Samples®

metabolite chemical shift (8)” identification
acetate 1.92 (s) Chenomx, spiking
alanine 147 (d), 3.78 (q) Chenomx, TOCSY
arginine 1.64 (m), 1.72 (m), 1.90 (m), 3.23 (t), Chenomx, TOCSY,
3.24 (t), 3.76 (t) HSQC
asparagine 2.82 (dd), 2.94 (dd), 3.94 (q) Chenomx, TOCSY,
HSQC
aspartate 2.64 (dd), 2.8 (d), 3.89 (dd) Chenomx
caprate 0.85 (t), 1.26 (m), 1.53 (m), 2.2 (t) Chenomx, TOCSY
citrate 2.54 (d), 2.7 (d) Chenomx, TOCSY
formate 8.46 (s) Chenomx, spiking
fumarate 6.53 (s) Chenomx, spiking
glutamate 2.13 (m), 2.42 (m), 3.71 (dd) Chenomx, TOCSY
histidine 3.11 (dd), 3.24 (dd), 3.98 (dd), 706  Chenomx, spiking,
(s), 7.78 (s)
N-acetyl- 2.01 (s), 2.49 (dd), 2.68 (dd), 4.38 Chenomx, TOCSY
aspartate (m), 791 (d)
malate 24 (q),2.7 (dd), 43 (d) Chenomx, TOCSY
proline 1.99 (m), 2.05 (m), 2.36 (m), 3.34 (m), Chenomx, TOCSY
3.45 (m), 4.12 (m)
succinate 247 (s) Chenomx, spiking
sucrose 3.42 (t), 3.51 (dd), 3.65 (s), 3.73 (t), Chenomx, TOCSY,
3.78 (q), 3.8 (m), 3.81 (m), 3.88 (m), HSQC
402 (1), 4.16 (t), 5.4 (d)
threonine 1.33 (d), 3.61 (d), 422 (q) Chenomx, TOCSY
trigonelline 4.42 (s), 8.07 (t), 8.83 (dd), 9.11 (s)  Chenomx
valine 1.0 (d), 1.05 (d), 2.27 (m), 3.6 (d) Chenomx, TOCSY
xylose 3.21 (t), 3.30 (t), 3.42 (t), 3.51 (dd),  Chenomx, TOCSY

3.65 (m), 3.92 (dd), 4.6 (d), 5.2 (d)

“Concentration was determined by Chenomx 7.1.
doublet; q, quartet; t, triplet; m, multiplet.

b, singlet; d,

compounds containing chemical shifts and peak multiplicities for all of
the resonances of the compound.

UPLC-MS Data Analysis. Extracts of Astragalus root were analyzed
to monitor the effect of peeling using a UPLC/Q-TOF MS. Peak
finding, peak alignment, and peak filtering of raw data were carried out
using MarkerView software version 1.2.1.1 (AB SCIEX). For peak
finding, data collection parameters were as follows: subtraction offset, 5
scans; subtraction multiplier, 1.3; minimum spectral peak width, 1 ppm;
retention time peak width, 5 scans. For alignment, retention time and
mass tolerances were set to 0.5 min and 10 ppm, respectively. For
filtering, the intensity threshold was set to 10, and peaks detected in
fewer than 2 samples were removed. Peak area matrices normalized by
total area were exported to SIMCA-P+ version 12.0 (Umetrics) for
multivariate statistical analysis. The intensity of each precursor ion was
analyzed by PCA. The details of data analysis are similar to those used
with the NMR data.

Relative quantitative analyses of seven secondary metabolites,
calycosin-7-0O-f3-p-glucoside-6"-O-malonate, calycosin-7-O-f-p-glu-
cose, calycosin, ononin, formononetin, and astragalosides II and IV,
were executed by dividing the peak area obtained for each analyte by the
peak area of the internal standard using MultiQuant software version
2.1(AB SCIEX). This ratio served to correct for instrument/analyst
error. Formononetin and astragaloside IV were identified with authentic
standards, but others were putatively identified with MS and MS/MS
pattern.

Statistical Methods. Student’s t test was performed using
GraphPad PRISM (ver. 5.0; GraphPad Software, Inc.) to test the
significance of differences between metabolite levels in Astragalus roots
subjected to different postharvest processes. The critical p value was set
to 0.0S.

B RESULTS AND DISCUSSION

'H NMR Analyses. Proton NMR analyses of two aqueous
extracts of dried Astragalus roots yielded similar spectroscopic
fingerprints with replicate samples of each postharvest process.
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Figure 1 shows representative "H NMR spectra of unpeeled
and peeled Astragalus roots. Spectral resonances of metabolites
were assigned according to spiking experiments, 2D NMR
spectra, and the 600- MHz library from Chenomx NMR suite
version 7.1. The spectra were dominated by signals corresponding
to primary metabolites, including acetate, alanine, arginine,
asparagine, aspartate, caprate, citrate, formate, fumarate, glutamate,
histidine, N-acetylaspartate, malate, proline, succinate, sucrose,
threonine, trigonelline, valine, and xylose, and several secondary
metabolites, including formononetin and calycosin (Table 1).
Primary metabolites are naturally high in plants; thus, secondary
metabolites were more difficult to detect than primary metabolites
in 1D NMR spectra and were identified by comparisons with the
literature,”>** spiking experiments, and 2D NMR using TOCSY
and HMQC (Supporting Information Figure S1).

The "H NMR spectra of peeled and unpeeled Astragalus roots
exhibited significant differences in the carbohydrate region (3.0—
4.5 ppm). Unpeeled Astragalus roots contained higher levels of
histidine and fumarate, whereas the dominant metabolites in the
peeled samples were aspartate and asparagine.

Pattern Recognition Analysis of "H NMR Spectra. PCAs
were performed on NMR spectra derived from aqueous extracts
of dried Astragalus root to assess the intrinsic variations between
peeled and unpeeled samples. The PCA score plot in Figure 2
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Figure 2. PCA score plot derived from "H NMR spectra, which mainly
included primary metabolites of dried Astragalus samples (R*X = 0.794).
The symbols represent each sample according to peeling status (green
squares, unpeeled Astragalus root; red circles, peeled Astragalus root).

shows differential clustering according to peel status along the
first principal component (R®X = 0.794). This indicates that
peeling affects the patterns of metabolites because the variability

of samples projected on the second principal component is
mainly due to the difference between sample preparations and is
much lower than variability induced by the peeling process.

UPLC-MS Analyses. The exact masses and retention times of
individual components from dried Astragalus root extracts were
measured in both positive and negative ionization modes using
an autosampler-equipped UPLC-MS system. Positive ionization
mode provided the highest sensitivity and ionization efficiency
for isoflavonoids, whereas negative ionization mode was suitable
to the astragaloside analyses.

Figure 3, panels A and B, shows base peak chromatograms
(BPC) of dried Astragalus roots obtained in positive and negative
modes, respectively. Chromatograms of more complex samples,
however, provided only limited information as multiple analytes
eluted simultaneously. Therefore, XICs were used to monitor the
detected metabolites. XICs were collected for seven secondary
metabolites detected in peeled and unpeeled Astragalus root
samples (Supporting Information Figures S2 and S3), providing
both mass and retention times.

ESI-MS/MS was used to confirm the chemical structure of each
component. Five secondary metabolites were detected in positive
ionization mode. The mass peak containing a precursor ion peak
at m/z 533 with fragment ion peaks at m/z 285 [M + H —
malonylglucosyl]*, 270 [M + H — malonylglucosyl — CH,]*, and
253 [M + H — malonylglucosyl — CH; — CH;OH]* was putatively
identified as calycosin-7-O-f3-p-glucoside-6"-O-malonate (Figure 4A).
A precursor ion peak at m/z 447 (Figure 4B) with fragment ion peaks
at m/z 285 [M + H — glucosyl] *, 270 [M + H — glucosyl — CH,]",
and 253 [M + H — glucosyl — CH; — CH;OH]" was matched with
the mass pattern of calycosin-7-O-f3-D-glucose. A precursor peak at m/
z 285 (Figure 4C) with five fragment ion peaks at 270 [M + H —
CH,]*,253 [M+H — CH,OH] *,225 [M + H — CH,OH — CO] ",
213 [M + H— CO, — COJ*,and 197 [M + H — CH,OH — 2CO] *
was the same mass pattern as calycosin. The spectra (Figure 4D)
yielding a precursor ion peak at m/z 431 with fragment ion peaks at
269 [M + H — glucosyl]" was matched with ononin. Fomononetin
(Figure 4E) yielded a precursor ion peak at m/z 269 with fragment ion
peaks at m/z 253 [M + H — CH,]", 237 [M + H — CH,OHJ*, 225
[M + H — CO,J*, 213 [M + H — 2COJ", 197 [M + H — CO —
CO,]*, and 169 [M + H — CH;0H — 2CO]*, which confirmed the
standard compound.

A peak of astragaloside IV was detected in negative mode
(Figure 4F) at m/z 783 [M — H] ™ with fragment ion peaks at 489
[M — H — Glu — Xyl]™ and 161 [Glu — H]". Astragaloside II
(Figure 4G) was putatively identified at m/z 825 [M — H]™ with
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Figure 3. (A) ESI+ and (B) ESI— base peak intensity chromatography (BPC) from a UPLC-MS chromatography of dried Astragalus roots (1, calycosin-
7-O-f-D-glucose; 2, calycosin-7-O-f-p-glucoside-6"-O-malonate; 3, ononine; 4, calycosin; S, formononetine; 6, astragaloside IV; 7, astragaloside II).
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Figure 4. Proposed ion assignments for LC-ESI-MS/MS spectra of (A) calycosin-7-O-f-p-glucoside-6"-O-malonate at 1/z 533, (B) calycosin-7-O-f3-p-
glucose at m/z 447, (C) calycosin at m/z 285, (D) ononin at m/z 431, and (E) formononetin at m/z 269 in positive mode. Fragmentation patterns of
(F) astragaloside IV at m/z 783 and (G) astragaloside II at m/z 825 were acquired in negative mode.

fragment ion peaks at m/z 783 [M — H — (Ac — H,0)], 765
[M—H—Ac],and 489 [M — H — (Ac — H,0) — Glu — Xyl]".

Pattern Recognition Analysis of UPLC-MS Data. PCAs
of the untargeted UPLC-MS data were used to create secondary

10402

metabolic fingerprints of the peeled and unpeeled Astragalus root
samples. The PCA score plots derived from positive (Figure SA) and
negative (Figure SB) modes of the UPLC-MS spectra showed clear
separation by peel status (positive, RX = 0.741; negative, R*X = 0.806).
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Target Profiling of Primary Metabolites. To remove the
many irrelevant variables and relative greater weight of high-
variance variable, such as sucrose, when using Pareto-scaling, and
to further our understanding of primary metabolite patterns in
Astragalus roots, the metabolites previously assigned according
to NMR spectra were quantitated. The scatter plot of the PCA of
primary metabolites (Figure 6A) shows distinct patterns for
peeled and unpeeled Astragalus roots (R*X = 0.63). The
corresponding loading plot (Figure 6B) reveals that unpeeled
Astragalus roots are characterized by higher levels of most of
the primary metabolites, including acetate, alanine, arginine, caprate,
fumarate, glutamate, histidine, N-acetylaspartate, malate, proline,
sucrose, trigonelline, and valine. In contrast, levels of asparagine,
aspartate, xylose, and formate were higher in peeled Astragalus
roots. Statistically significant differences were observed between the
levels of all of these metabolites (Figure 7).

Alteration of Primary Metabolite Levels. By the peeling
process, Astragalus roots lose their bark but also their weight, up
to 86.8%. Therefore, we hypothesized that Astragalus roots with
intact bark would contain higher levels of most metabolites. In
our results, most of the metabolites in bark showed much higher
concentrations than those in xylem of unpeeled Astragalus root
(Supporting Information Figure S4). Especially, essential amino
acids, such as arginine, valine, and sucrose, were higher in
unpeeled Astragalus roots. However, despite the loss of a portion
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of the root, peeled samples showed higher levels of asparagine,
aspartate, formate, and xylose. Moreover, in the distribution ratio
of these metabolites and sucrose in bark and xylem from unpeeled
astragalus root, asparagine, aspartate, formate, and xylose of xylem
showed higher ratios than bark, whereas sucrose showed a higher
ratio in bark (Supporting Information Table S1).

There are two transport tissues in vascular plants: xylem, which
is located in the plant’s interior, and phloem, which is located just
under the bark. Peeling Astragalus roots likely results in a loss of
bark and phloem and exposes the xylem, thereby allowing the
xylem content to be more easily extracted. In general, sucrose and
amino acids are present at high concentrations in the phloem but
are typically at much lower levels in the xylem.”® In contrast,
nitrate (NO;") is typically found at higher levels in the xylem but
is not present in the phloem. This is because inorganic nitrogen is
assimilated in the roots and transported through the xylem to
sites where it is in high demand.”’ Nitrate taken up by myco-
rrhizal and nonmycorrhizal roots is assimilated primarily into
amino compounds by underground tissues.*® As a result, organic
nitrogen compounds and only traces of NO;~ or NH," are
transported from the roots to the shoots through the xylem.**~>!
Glutamate, glutamine, asparagine, and aspartate are important N-
transport compounds and are frequently exchanged between the
xylem and phloem. In legumes such as Astragalus, glutamate,
which converted from glutamine, have been suggested as
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Figure 7. Quantification of metabolites indentified from the root extracts of Astragalus using "H NMR. *, p < 0.05; s, p < 0.001; sk, p < 0.0001.
Student’s ¢ test was performed using GraphPad PRISM, and 18 samples per group were used to calculate mean and standard error.

possible carbon sources for bacteria. In addition, the major pathway
of glutamate utilization in bacteroids is transamination to form
aspartate followed by direct deamination of aspartate by aspartase.®
A ureide transporter, asparagine, is the principal amino acid
transported in the xylem of both nodulated and non-nodulated
plants.*>** Therefore, peeled Astragalus contains relatively higher
levels of aspartate and asparagine. In addition, xylose, and the
precursor hemicellulose, is one of the main constituents of biomass
in xylem® with far lower concentrations in leaves and bark.
Therefore, levels of xyloses were higher in extracts of peeled
Astragalus root.*®

Formate, one of the higher metabolites in xylem, also has been
proposed as the final signal in the transduction pathway leading
to formate dehydrogenase response, the abundance of enzyme
which increases greatly under various stress conditions such as
drought, hypoxia, chill, dark, and wounding.37 Therefore, levels
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of formate in peeled Astragalus roots could be increased due to
the stress induced by the peeling process.

Alteration of Secondary Metabolites. On the general
market, Astragalus roots are graded by various aspects of their
physical appearance, such as root length and diameter.® In
Korea, roots with a clean, white appearance are often graded
higher and deemed more valuable. Therefore, >80% of the
Astragalus roots cultivated in Korea are peeled prior to sale.
However, for pharmacological purposes, the levels of selected
active constituents, such as astragalosides and isoflavonoids, in
Astragalus are used as the standards for quality control. High
quality is indicated by higher levels of these constituents.***~*!

The current study also examined secondary metabolites, which
are often used to assign value to pharmacological samples, using
NMR and UPLC-MS. UPLC-MS is particularly well suited for
secondary metabolites. Two astragalosides and five isoflavonoids
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Table 2. Metabolite Compound Intensities Identified by
UPLC-MS

mean =+ standard error (area

ratio)®
peeled unpeeled
compound (n=18) (n=18) p value®
Positive Mode
calycosin-7-O-f-p-glucose® 2.24 +0.30 521 +043  <0.0001
calycosin-7-O-f-p-glucoside-6"-  4.64 £ 0.65  11.58 £0.90  <0.0001
O-malonate®
calycosin® 745 +£0.58 4.68 + 0.40 0.003
ononin® 8.05 £ 1.11 10.55 + 0.95 0.0952
formononetin 6.47 + 0.83 1.79 + 0.24 <0.0001
Negative Mode
astragaloside IV 0.04 + 0.00 0.09 + 0.01 <0.0001
astragaloside II° 0.05 + 0.01 0.17 + 0.02 <0.0001

“Area ratios were calculated by dividing BEHP area in positive mode
and DSS area in negative mode, respectively. YP values were calculated
from Student’s t test using GraphPad PRISM. “Compounds were
tentatively identified using MS and MS/MS patterns.

were quantitated relative to an internal standard using UPLC-MS
(Table 2).

In conventional extraction procedures, isoflavonoid glycoside
malonates are typically converted into their respective glycosides
or flavonoid glycons.*” In our results, calycosin-7-O-f-p-
glucoside-6"-O-malonate and calycosin-7-O-f-D-glucose were
present at significantly higher levels in unpeeled Astragalus,
whereas calycosin itself was significantly higher in peeled
samples. In addition, although ononin, a formononetin derivate,
was present at equivalent levels in unpeeled and peeled
Astragalus, formononetin was present at higher levels in peeled
Astragalus. These results might be indicative of the high stability
of isoflavonoides in unpeeled Astragalus root. The triterpene
saponins, astragalosides Il and IV, which are also important active
compounds in Astragalus, were found at higher levels in ungeeled
roots.” This result agrees with the findings of Song,” who
reported that the total astragaloside content of the bark is 74-fold
higher than that in the xylem. Song’s study also found no
significant differences between the total isoflavonoid content of
xylem and bark. Together, these results might show that while
the contents of isoflavonoid glycoside malonate and isoflavonoid
glycoside were higher in unpeeled roots due to their relative
stability, the total isoflavonoid content did not change
significantly as a result of peeling. Instead, levels of triterpene
saponins were higher in the unpeeled samples. These differences
may result in different levels of biological activity between peeled
and unpeeled Astragalus roots.”

In this study, a complementary approach using both NMR and
UPLC-MS platforms was employed to discern differences in
primary and secondary metabolite levels to monitor the
postharvest peeling of Astragalus roots. Patterns of primary and
secondary metabolites in unpeeled and peeled Astragalus differed
significantly, according to multivariate PCAs of global and
targeted variables. Levels of nearly all of the primary metabolites
were higher in unpeeled Astragalus. In particular, unpeeled
Astragalus has high levels of arginine and valine, essential amino
acids, which are not synthesized in the human body, and a high
level of sucrose, which is the most accessible source of energy for
the human body and spares protein from being broken down for
energy.44 However, asparagine, aspartate, and xylose, which are
xylem-related compounds, and formate, which results from
wound-induced stress, were higher in peeled Astragalus. In

addition, isoflavonoid glycoside malonate in peeled Astragalus
might be easily converted to glycosides or flavonoid glycons
during the extraction procedure, and levels of astraglosides were
higher in unpeeled samples.

In general, secondary metabolites including saponins,
isoflavonoids, polysaccharides, and astragalosides have been
known as biologically active constituents of Astragalus roots. Of
these, unpeeled Astragalus roots contained higher levels of
saponins, astragalosides, and polysaccharides, which have
antihyperglycemic and anti-inflammatory activities.**~** There-
fore, these results indicated that the quality of unpeeled
Astragalus roots was higher than that of peeled Astragalus roots.

Postharvest processing often determines the quality of herbal
medicines and root plants. Yet, an overall assessment using
several complementary platforms has not been developed, and a
specific platform for analyzing targeted secondary metabolites
using HPLC has only been reported to data.”** Therefore, the
combined 'H NMR and UPLC-MS analyses, coupled with
chemometric analysis, can be used to ensure proper postharvest
processing by providing information about primary and
secondary metabolites.
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