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ABSTRACT: Angelica gigas obtained from different geographical regions was characterized using 'H nuclear magnetic resonance
(NMR) spectroscopy and ultraperformance liquid chromatography—mass spectrometry (UPLC-MS) followed by multivariate data
analyses Principal component analysis (PCA) and orthogonal partial least-squares-discriminant analysis (OPLS-DA) score plots
from "H NMR and UPLC-MS data sets showed a clear distinction among A. gigas from three different regions in Korea. The major
metabolites that contributed to the discrimination factor were primary metabolites including acetate, choline, citrate, 1,3-
dimethylurate, fumarate, glucose, histamine, lactose, malate, N-acetylglutamate, succinate, and valine and secondary metabolites
including decursin, decursmol nodakenin, marmesin, 7-hydroxy-6-(2R-hydroxy-3-methylbut-3-ethyl)coumarin in A. gigas roots.
The results demonstrate that 'H NMR and UPLC-MS-based metabolic profiling coupled with chemometric analysis can be used to
discriminate the geographical origins of various herbal medicines and to identify primary and secondary metabolites responsible for

discrimination.
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B INTRODUCTION

Dang Gui (Angelica gigas), an oriental herbal medicine, has
been widely used in the treatment of anemia, hypertension,
chronic bronchitis, asthma, rheumatism, and cardiovascular
diseases.' > Knowledge of the regional origin of the herb
and product quality control is important. Dang Gui has been
studied extensively and is known to contain many components
that effectively treat diseases.” In particular, coumarins, such
as decursin, decursinol, and nodakenin, are the major con-
stituents of A. gigas.”~’ The quality of herbal medicines such
as Dang Gui is influenced by environmental factors, such as
temperature, sun exposure time, rainfall, and soil. Determina-
tion of quality criteria for herbal medicine based on well-
controlled methodologies is important for ensuring safety and
efficacy.

Metabolite profiling and fingerprinting analyses using spectro-
scopic and spectrometric techniques, such as "H nuclear magnetic
resonance (NMR) spectroscopy and liquid chromatography—
mass spectrometry (LC-MS), have been used in combination to
determine the identity and relative amounts of components from
specific herbal extracts.

Currently, a variety of metabolic profiling techniques is used
routinely, and new methods are also being developed for
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metabonomic® '® and metabolomic studies.'""*> Metabolite finger-

printing by NMR is w1dely used for varlous plant- derlved
products, mcludmg glnseng, * green tea,'>'® grapes or wine," "
olive oil,”® fruit juice,*" and others.”*”~ 24 Additionally, the use of
ultraperformance liquid chromatography (UPLC)>*?® and
mass spectrometry (MS)*”?® for metabolite profiling has been
reported.

"H NMR is well suited for metabolite profiling because it
allows simultaneous detection of a diverse group of secondary
metabolites in addition to abundant primary metabolites. In an
NMR spectrum, signal intensity is proportional to molar concentra-
tion, enabling direct comparison among the concentrations of all
compounds without the need for calibration curves. Additionally,
rapid, high-throughput, and high-sensitivity analysis has resulted in
ultrafast separation and identification using LC-MS techniques.””*°
Among the various LC platforms, UPLC is considered to be suitable
for global metabolite profiling by providing reproducible retention

ime.*" The ability to generate high peak capacities in a short time by

Received:  April 24, 2011
Revised:  July 19,2011
Accepted:  July 21, 2011

Published: July 21, 2011

8806 dx.doi.org/10.1021/jf2016286 | J. Agric. Food Chem. 2011, 59, 8806-8815



Journal of Agricultural and Food Chemistry

UPLC has facilitated the simultaneous analysis of the complex
samples with diverse chemical characteristics.**>*

In this study, '"H NMR and UPLC-MS were used to determine
the metabolic profiles of A. gigas from three different regions. The
semipolar metabolite contents of A. gigas were extracted using
methanol as an extraction solvent. The extracts of A. gigas were
analyzed by "H NMR and UPLC-MS to discriminate their
geographical origins and to detect marker metabolites of A. gigas,
depending on origin, climate, cultivation, and the growth stage at
cultivation. Our study provides insight into the metabolite
profiling using a combination of NMR and UPLC-MS as a
reliable and complete approach for presenting complementary
information on primary and secondary metabolites in herbal
medicines.

Yellow B MATERIALS AND METHODS

Sea Plant Material and Chemicals. A. gigas roots were obtained from

Hongcheon-gun of Gangwon-do (GW), Bonghwa-gun of Gyeongsangbuk-do
(GB), and Jecheon-si of Chungcheongbuk-do (CB) in South Korea
(Figure 1).** Twenty biologically different A. gigas roots were collected
from each region, and 60 samples for three regions were used in this
study. Twenty samples within the same region were prepared from
20 different plants collected in different locations of the same garden.
All samples were stored at —80 °C until required for analysis. All
samples for the three different regions were harvested in October and
genetically identical.

Methanol-d, (99.8%), purchased from Sigma-Aldrich, and deuterium

Figure 1. Geographical regions of Angelica gigas growth in Korea.
Abbreviations: GW, Hongcheon-gun of Gangwon-do, Korea; GB,
Bonghwa-gun of Gyeongsangbuk-do, Korea; CB, Jecheon-si of Chung-
cheongbuk-do, Korea.

oxide (D,0, 99.9%), from Cambridge Isotope Laboratories, Inc., were
used as NMR solvents. Acetonitrile and water (HPLC grade) were
purchased from Burdick & Jackson, and formic acid was from Sigma-

Aldrich.
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Figure 2. Representative 'H NMR spectra of Angelica gigas harvested from three different regions in Korea: Hongcheon-gun of Gangwon-do (A),
Bonghwa-gun of Gyeongsangbuk-do (B), and Jecheon-si of Chungcheongbuk-do (C). Peaks: 1, 1,3-dimethylurate; 2, 2-hydroxy-3-methylglutarate; 3,
4-aminobutyrate; 4, acetate; 5, alanine; 6, arginine; 7, choline; 8, citrate; 9, formate; 10, fumarate; 11, glucose; 12, histamine; 13, histidine; 14, lactose; 15,
malate; 16, N-acetylglutamate; 17, succinate; 18, sucrose; 19, valine; 20, nodakenin; 21, marmesin; 22, decursinol; 23, 7-hydroxy-6-(2R)-hydroxy-3-
methylbut-3-ethyl)coumarin; 24, decursin.
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Table 1. Chemical Shift and Quantification of Metabolites Identified in the '"H NMR Spectra of Angelica gigas from Three Regions

chemical shift (ppm)

metabolite’

3.3 (s), 3.4 (s)
1.3 (s), 2.4 (q)
1.9 (m), 2.3 (t), 3.0 (t)

1,3-dimethylurate™”
3-hydroxy-3-methylglutarate

4-aminobutyrate

acetate™” 1.9 (s)

alanine 1.5 (d), 3.8 (q)

arginine 1.7 (m), 1.9 (m), 3.2 (t), 3.7 (t)

choline™” 32 (s), 3.5 (b), 4.0 (b)

citrate™™* 2.5 (d), 2.7 (d)

formate 8.5 (s)

fumarate™® 6.5 (s)

glucose® 3.2 (t), 3.4 (m), 3.5 (q), 3.7 (b), 4.7 (d), 5.2 (d)
histamine™© 3.0 (t), 3.4 (t), 7.1 (s), 7.8 (s)

histidine 32 (m), 4.0 (q), 7.1 (s), 7.8 (s)

lactose™” 32 (t), 3.5—4.0 (b), 4.6 (d), 4.7 (d), 5.2 (d)
malate™* 2.4 (q), 2.7 (d,d), 4.3 (d)

1.9 (m), 2.0 (s), 2.3 (t), 4.1 (m), 7.9 (b)
24 (s)

N-acetylglutamate®
b

succinate

sucrose

valine™® 1.0 (d), 1.1 (d), 2.2 (m), 3.6 (d)

34 (t),3.5(d,d), 3.6 (s), 3.7 (), 3.8 (m), 4.0 (t), 42 (d), 5.4 (d)

mean (n® = 20) = standard error (uM)

GW GB CB
886.0£107.2 1956 +163.0 1142 £+ 86.95
314.4 £26.00 326.0 £19.40 315.7 £32.58

1128 £117.7 868.1£52.27 961.5 £ 86.09
831.9 £56.99 400.7 £28.40 903.1 £118.3
1051 +74.28 9952 +47.83 1164 43.20
7465 +771.9 5489 £ 626.2 6063 £ 880.9
953.54£56.20 791.5 £22.61 1029 £21.45
792.2 £150.0 2207 £244.9 3184+230.4
403.0 +33.13 309.0 £ 16.62 327.7£17.32
421.84+56.02 194.4 4-29.63 530.5+74.82
1943 +175.9 2365 +152.4 2861+ 162.0
693.8 +50.89 1047 £+ 81.43 912.0 £ 55.59
1617 £232.5 1679 £177.6 1758 +186.6
2452 +242.4 3880+ 138.0 2945+£272.8
5145+ 615.6 6333 £446.4 13551 £1038
7234 £67.75 967.9 +77.97 1160 + 84.13
172.8 £14.91 170.2 £ 6.133 220.0 £ 14.42
47824 £ 3334 53148 £ 2337 64035 £ 1662
344.1 £23.38 250.2£17.55 3492+ 11.46

“The number of samples (1) used for quantification. ” Letters a, b, and ¢ above the metabolites name indicate pairwise difference identified by
Tukey—Kramer multiple-comparison tests (a, GW vs GB; b, GB vs CB; ¢, CB vs GW).
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Figure 3. ES+ base peak intensity (BPI) chromatogram from a UPLC-MS chromatogram of Angelica gigas. #1, nodakenin; #2, marmesin; #3, decursinol;
#4, 7-hydroxy-6-(2R)-hydroxy-3-methylbut-3-ethyl) coumarin; #S, decursin.

Sample Preparation for NMR and UPLC-MS Analyses.
A. gigas 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,O, pH 7.0), and
100 uL of S mM 2,2-dimethyl-2-silapentane-S-sulfonic acid (DSS, 97%)
were added to 100 mg of dried powder as extraction solvents. D,O was
used for the internal lock signal and DSS as the internal standard with a
chemical shift (0) of 0.0 ppm. The extracts were sonicated for 20 min,

8808

followed by centrifugation (10 min, 16609¢) at room temperature and
adjusted to pH 7.0 &£ 0.5 using 1 mM NaOH and 1 mM HCI. The extract
(600 uL) was transferred to S mm NMR tubes for NMR analysis.

For UPLC-MS analysis, the same extracts used for "H NMR were
evaporated in vacuo followed by the addition of 10 mL of methanol.
Filtration through a 0.2 #tm membrane filter prior to analysis was carried
out to protect the UPLC column used under high pressure. Sample
solutions were centrifuged (20 min, 4 °C, 3500 rpm) and filtered
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Figure 4. ESI MS/MS fragmentation pattern of nodakenin at m/z 409
(A), decursinol at m/z 247 (B), and decursin at m/z 329 (C).

through a 0.2 m membrane filter prior to analysis. The injection volume
of the sample was 5 uL.

NMR Spectroscopy. 'H NMR spectra were acquired on a VNMRS
600 MHz NMR spectrometer (Varian Inc., Palo Alto, CA) using a triple-
resonance 5 mm HCN salt-tolerant cold probe. 'H NMR spectra were
acquired using the NOESY PRESAT pulse sequence, which was applied
to suppress the residual water signal. Thirty-two 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
assignment for representative samples was achieved using two-
dimensional (2D) total correlation spectroscopy (TOCSY), hetero-
nuclear multiple-bond correlation (HMBC), heteronuclear single-
quantum correlation (HSQC), Chenomx NMR suite 6.0, 600 MHz
(pH 6.0—8.0) database, spiking experiments, and comparison with
literature values.

UPLC Conditions. The LC-MS profiling experiments were per-
formed on an Acquity UPLC system (Waters Co., Milford, MA)
equipped with a binary solvent delivery system and an autosampler.
Chromatographic separation was carried out on an Acquity UPLC BEH
C18 column (100 x 2.1 mm, 1.7 um, 40 °C). The mobile phase

consisted of 0.1% formic acid in 10% acetonitrile as solvent A and 0.1%
formic acid in 90% acetonitrile as solvent B. Separation was performed
by gradient elution with 95% A for 0 min, 20% A for 10 min, 0% A for
13.5 min, and 95% A for 15 min at a flow rate of 400 xL/min. The
injection volume of the sample was 5 uL.

MS Conditions. Accurate mass measurements and MS/MS frag-
mentation analysis were performed with a Synapt high-definition mass
spectrometry system (HDMS; Waters Co.). Electrospray ionization
(ESI) mass spectra were acquired in positive and negative ionization
modes by scanning over the m/z range of 100—1800. The ESI capillary
voltage was set at 3.1 kV. The temperatures of the electrospray source
and desolvation gas were 100 and 300 °C, respectively. Leucine-
enkephalin was used as an independent reference lock-mass via the
LockSpray to ensure mass accuracy and reproducibility. The collision
energy was varied from 15 to 45 V in an energy-lamping mode.

"H NMR Data Analysis. Al NMR spectra were phase-adjusted and
baseline-corrected using the Chenomx NMR suite 6.0 software, profes-
sional edition (Chenomx Inc.,, Edmonton, Canada). Each NMR spec-
trum was bucketed by integrating regions having an equal bin size of
0.00S ppm over a d range of 0.7—9.5. All shifts related to the solvent (i.e.,
in the ranges of 3.28—3.33 ppm and 4.74—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 data. The text files were
imported into SIMCA-P+ version 12.0 (Umetrics, Umea, Sweden) for
multivariate data analysis and Pareto-scaled to minimize the influence of
baseline deviations and noise. A multivariate data analysis, principal
component analysis (PCA), was initially performed to examine the
intrinsic variation in the data set and obtain an overview of variation
among the groups. Orthogonal partial least-squares-discriminate anal-
ysis (OPLS-DA) of the NMR spectral data was performed to differ-
entiate among the group of samples.***® The metabolites associated
with the group separations were indicated by the corresponding S-plot,
in which each point represented a single NMR spectral region
segment.”” In addition, we performed a permutation test and an external
validation to test the validity of the OPLS-DA models.** ** A. gigas
metabolites were quantified using the Chenomx NMR suite 6.0 software,
which compares the integral of a known reference signal (DSS) with the
signal derived from a library of compounds containing chemical shifts
and peak multiplicities for all of the resonances of compound.

UPLC-MS Data Analysis. Extracts of A. gigas were analyzed to
identify potential variables that could be used to discriminate the regions
of origin using a UPLC coupled with quadrupole time-of-flight
(Q-TOF) MS. Peak finding, peak alignment, and peak filtering of raw
data were carried out using MarkerLynx applications manager (ver. 4.1;
Waters, Manchester, U.K.) with the following parameters: data collec-
tion parameters were set as intensity threshold 80 counts, mass window
at 0.04 Da, retention time window of 0.15 min, and noise elimination
level at 5. Normalized peak area matrices were exported to SIMCA-P+
(ver. 12.0; Umetrics) for multivariate statistical analysis. The intensity of
each precursor ion was analyzed by PCA. The detailed data analysis for
multivariate statistics is similar to that of NMR data analysis.

Statistical Methods. A one-way analysis of variance (ANOVA)
was performed using GraphPad PRISM (ver. 5.0; GraphPad Software,
Inc.) and SPSS 12.0 (LEAD Technologies, Inc.) to test the significance
of differences in metabolite levels among A. gigas from different regions.
Tukey multiple-comparison tests were performed to reveal pairwise
differences. For all analyses, the critical p value was set at 0.0S.

B RESULTS AND DISCUSSION

"H NMR Analysis. Representative one-dimensional "H NMR
spectra of aqueous A. gigas samples from three different regions
are shown in Figure 2. A visual comparison revealed similarities
among all spectra, suggesting similar metabolic profiles among
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Figure 5. PCA score three-dimensional plot derived from "H NMR (A) and UPLC-MS (B). Abbreviations: GW, Hongcheon-gun of Gangwon-do,
Korea; GB, Bonghwa-gun of Gyeongsangbuk-do, Korea; CB, Jecheon-si of Chungcheongbuk-do, Korea.

A. gigas from the different regions. The analysis of A. gigas extracts
by 'H NMR allowed the detection of essential primary metabo-
lites and several secondary metabolites. Primary metabolites,
such as sugars, amino acids, organic acids, and nucleotides,
indicate a high natural concentration of metabolites in the roots.
Secondary metabolites, such as coumarin derivatives, were more
difficult to detect than primary metabolites.

Sugar compounds were observed primarily between ¢ 3.00
and 5.50. Sucrose was detected as a major disaccharide. Lactose
and glucose were also observed in A. gigas. Several organic
compounds, including 3-hydroxy-3-methylglutarate, 4-aminobu-
tyrate (GABA), acetate, choline, citrate, formate, fumarate,
malate, N-acetylglutamate, succinate, and 1,3-dimethylurate,
and amino acids, including alanine, arginine, histidine, histamine,
and valine, were detected in A. gigas samples. Additionally,
coumarin derivatives, including decursin, decursinol, nodakenin,
marmesine, and 7-hydroxy-6-(2R)-hydroxy-3-methylbut-3-enyl)-
coumarin, were observed in the NMR spectra and identified by
comparing spiking experiments and 2D NMR. The chemical
shifts of the identified metabolites by NMR are listed in Table 1.

UPLC-MS Analysis. UPLC-MS is a rapid, effective, and
convenient analytical method for the detection of compounds
present in A. gigas from different regions. Figure 3 shows one of
the typical total ion chromatograms (TIC)s of the A. gigas root
samples from each region. Each chromatogram of the A. gigas
root samples from three regions detected the five secondary
metabolites. These metabolites showed similar patterns of se-
paration in chromatography and were identified according to the
mass spectrum and retention time. By comparison of the mass
spectra with NMR, several peaks were identified, including
nodakenin, marmesin, decursinol, 7-hydrO)?7-6-(ZR)-hydroxy-
3-methylbut-3-enyl)coumarin, and decursin. *"**

In this study, the exact masses and retention times of individual
components from A. gigas extracts were measured in both
positive and negative ionization modes using an autosampler-
equipped UPLC-MS system. The positive ionization mode
provided the best sensitivity and much higher ionization effi-
ciency for the five coumarin derivatives compared with the nega-
tive ionization mode. The ESIMS/MS fragmentation spectra of the
three coumarin derivatives are shown in Figure 4. For nodakenin
(Figure 4A), the fragment ion at m/z 247 [M + H — C¢H;,05]"

was prominent in the MS” spectrum of the ion at m/z 409 [M +
H]". Decursinol (Figure 4B) exhibited a precursor ion peak at
m/z 247 with fragment ion peaks at m/z 229 [M + H — H,O]
and 187 [M + H — C3H,0]". Decursin (Figure 4C) displayed a
precursor peak at m/z 329 [M + H]" and fragment ion peaks at
m/z 247 and 229 due to the loss of an isoprenyl moiety (82 Da)
and a water molecule (18 Da).*

Chemometric Data Analysis. PCA score plots were used to
determine whether the metabolic fingerprint of each A. gigas
sample was sufficiently unique to distinguish the different
geographical regions and identify the biomarkers for each loca-
tion. Each point in the score plots represents an individual
sample, and samples exhibiting similar variances were clustered
together. The PCA score plots derived from the NMR and
UPLC-MS spectra are shown in Figure 5, panels A and B,
respectively. The PCA 3D score plots revealed moderate separa-
tion between A. gigas samples (R* = 0.805, Q> = 0.62 for NMR
and R* = 0.516, Q” = 0.103 for UPLC-MS). The low Q> value in
UPLC-MS indicates the model is probably overfitted.

In NMR data, OPLS-DA score plots of two regions showed
the obvious clustering of A. gigas samples in terms of their
cultivation region in the OPLS 1. The samples grown in GW
and GB (R* = 0.74, Q> = 0.92; Figure 6A), GW and CB (R’ =
0.64, Q> = 0.91; Figure 6C), and GB and CB (R* = 0.58, Q” =
0.96; Figure 6E) were clearly separated. Statistically significant
metabolites related to the differences between regions were
selected from the S-plot. The axes plotted in the S-plot form
the predictive component are the covariance p[1] against the
correlation p(corr)[1]. Therefore, variables in the dotted rec-
tangles of Figure 6B,D,F contribute to the group separation and
were considered as statistically significant metabolites. The
S-plot of GW and GB (Figure 6B) shows that GW samples were
higher in acetate, choline, fumarate, and valine. In contrast, GB
samples were higher in citrate, 1,3-dimethylurate, histamine, and
lactose. Figure 6D shows the comparisons between GB samples
and CB samples. 1,3-Dimethylurate, histamine, and lactose were
higher in GB samples, whereas acetate, choline, citrate, fumarate,
malate, and succinate were higher in CB samples. In Figure 6F,
acetate, choline, and valine were higher in GB samples, whereas
citrate, glucose, malate, N-acetylglutamate, and succinate were
higher in GB samples.

8810 dx.doi.org/10.1021/jf2016286 |J. Agric. Food Chem. 2011, 59, 8806-8815
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Furthermore, permutation tests were performed in the PLS-
DA model to validate each OPLS-DA model. All Q* and R>
values were higher in the permutation test than in the real
model, revealing great predictability and goodness of fit.
Additionally, the external validation was performed to vali-
date OPLS-DA models. External validation aims to address
the accuracy of a model in samples from different samples.
For the prediction, the six samples (a test data set) were left
randomly from each region (a training data set) and the
OPLS-DA prediction model was peformed three times with-
out them. The cutoff of the prediction was 0.5. As a result,
almost all samples were correctly classified. In Figure 7B, the
range of Ry” was 0.946—0.998 and that of Q> was 0.813—
0.907. Between GW and CB (Figure 7D) Ry’ was 0.987—
0.998 and Q” was 0.926—0.958. In comparisons of GB and CB

(Figure 7F), the range of Ry* was 0.969—0.991 and that of Q*
was 0.922—0.959.

Quantitative Analysis of Metabolites. Figure 8 shows the
scatter plots of identified metabolite levels in A. gigas from the
three different regions. Acetate, choline, citrate, 1,3-dimethylu-
rate, fumarate, histamine, lactose, and valine levels differed
significantly between GW and GB samples. Also, GB and CB
samples showed differences in acetate, choline, citrate, 1,3-
dimethylurate, fumarate, lactose, malate, succinate, and valine
levels. GW and CB samples exhibited differing levels of citrate,
glucose, histamine, malate, N-acetylglutamate, and succinate.
Quantification of five secondary metabolites is shown in Table 2.
The level of marmesin was higher in GW compared to GB and
CB, whereas the level of 7-hydroxy-6-(2-R)-hydroxy-3-methyl-
but-3-ethyl)coumarin was higher in GB compared to GW and
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Journal of Agricultural and Food Chemistry

A

A

R2 and Q2

RA

0.0

0.2 I

0.4

00 01 02 03 04 05 06 07 08 09 10
Correlation coefficient to original values

10 =
0.8 =
06
04

R2 and Q2

-0.0

-0.2

| A

0.4

00 01 02 03 04 05 06 07 08 09 10
Correlation coefficient to original values

R2 and Q2

00 01 02 03 04 05 06 07 08 09 10

Correlation coefficient to original values

B
*
14 Gw
12l (m ‘., *
10 Ill=l| :I. ] lllll
L] L]
08
L] ” +
06
04
o GB
02 o,
.
00 uallo’.:,.h'.'"
02 d
M b b B L T R E R R TR
Obs ID (Primary)
D
12 ¢ GwW
. L
1.0 .lllll dubguinn l‘l
L L] L L]
08
L]
0e L]
| CB
L
n2
oo] [askane & gatady ates
A
HANMTNOROAOSANMTNONORO=NMTNONRONO=NMTNOROND
e N NANNNANNNNNAAMAMmaMm e
Obs D (Primary)
F
. 8T I (L]
10 seeee o co:u:l‘ e
L]
08 " (1 .
05 GB
MlicB
02 ¢

B
®
Ay L
00 huu ¢ “n.h‘ Ak
B n

ﬂﬂmﬂlﬂhwmﬂleﬂlﬂhWOﬂNm'mhﬁﬂ'gmﬂ (gt =]
HrArE A A AN NNNNNN NN MMM mmm

Qbs 1D (Primary)

Figure 7. Results from the permutation tests, which were carried out with 200 random permutations in PLS-DA models from "H NMR spectra (A, C,
and E) and external validation test of OPLS-DA models (B, D, and F): (A, B) GW versus GB; (C, D) GB versus CB; (E, F) GW versus CB.

CB. In contrast, levels of decursin and decursinol were higher in
CB compared to other regions.

These metabolites contributed to the variance for discrimi-
nation of herbs according to the cultivation region. The
variance was affected by various environmental factors in the
cultivation region.

Metabolites in herbs are affected not only by climatic condi-
tions but also by geographical conditions. The average daily
temperatures were 17.6, 16.2, and 16.67 °C, average sun ex-
posure times were 169.5, 173.4, and 170.0 h, and average rainfalls
were 1527, 1353, and 1151 mm for GW, GB, and CB, respec-
tively, from March to September of 2008. These data were
obtained from the Korea Meteorological Administration. GW
is located in the center of an inland peninsula in a mountain basin
and has a combined mountain and continental climate. GB is
located to the south of GW, west of the Taebaek Mountains, and
a branch of the Taebaek Mountains. The Sobaek Mountains are
west of GB. CB, which is located in the inland highlands,
experiences frost and freeze earlier than the other two regions.

These environmental factors can affect the metabolite levels in
A. gigas. For example, citrate and malate levels differed according
to the cultivated region; they were highest in CB because the
region received the least rainfall, whereas they were lower in GW,
which had the highest rainfall, the highest temperature, and the
lowest sun exposure time. It has been reported that phosphoe-
nolpyruvate carboxykinase (PEPCK) may play a role in the
catabolism of malate and citrate.***® PEPCK is an enzyme that
decarboxylates part of the oxaloacetate formed in the Krebs cycle.
Oxaloacetate can be transformed into glucose by gluconeo-
genesis, eliminating malate and citrate. It has reported that
PEPCK activities are temperature dependent.*’” This study
suggests that malate and citrate levels were strongly connected
with each other; thus, they could also be key metabolites for
regional discrimination.'”

Additionally, it has been reported that the levels of reducing
sugars and organic compounds in plants are dependent on
temperature. At low temperatures, root respiration rates
decrease and were negatively correlated to the concentrations

8812 dx.doi.org/10.1021/jf2016286 |J. Agric. Food Chem. 2011, 59, 8806-8815
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Figure 8. Quantification of metabolites identified from the root extract of Angelica gigas using "H NMR; scatter plots of significant metabolite
concentration difference of A. gigas (p < 0.05). Data are given as the mean = standard deviation.

Table 2. Retention Time (RT), Calculated Mass, and Peak Intensity of Metabolites Identified in UPLC-MS

mean (n* = 10) = standard error (abundance)

peak RT (min) obsd mass [M + H]* GW GB CB
nodakenin 4.02 409.1449 196.7 £13.20 191.14+11.20 193.0 = 7.080
marmesin 5.30 247.0970 268.5+£9.374 214.6 £23.92 196.4 +20.13
decursinol 5.70 247.0970 286.4£33.22 310.8 £9.622 323.5£6.831
7-hydroxy-6-(2R)-hydroxy-3-methylbut-3-ethyl) coumarin 6.15 247.0970 264.6+24.12 295.9 +10.61 263.0 + 6.603
decursin 10.80 329.1389 2484 +93.95 2412+£72.22 2608 + 51.90
“The number of samples (1) used for quantification.
48,49

of reducing sugars and organic and inorganic compounds.
Thus, reducing sugars will accumulate while starch is con-
sumed.”® However, this was not confirmed by our data.
Acetate, choline, fumarate, and valine levels were higher in
GB compared with the other regions, whereas 1,3-dimethy-
lurate, histamine, and lactose levels were lower in GB, which
had the lowest temperature and the highest sun exposure time.
Glucose, N-acetylglutamate, and succinate were found in high
levels in CB.

In this study, we demonstrated that metabolite profiling using
a combination of NMR and UPLC-MS coupled with multivariate

8813

analysis provides reliable and complete discrimination among
A. gigas from three different regions in Korea by presenting
complementary information on primary and secondary metabo-
lites. Further investigation of metabolite profiling using chroma-
tographic and spectroscopic tools could establish biomarkers for
the discrimination of the geographical origins of herbal medi-
cines. Reliable discrimination of the geographical origin of herbal
medicine is important for consumers and producers. The com-
bined application of "H NMR and LC-MS techniques is strongly
recommended for quality control and, therefore, authentication
of complex herbal medicines and products.

dx.doi.org/10.1021/jf2016286 |J. Agric. Food Chem. 2011, 59, 8806-8815
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