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Plant metabonomic analysis is essential for understanding plant systems responses to osmotic stresses.
To understand the comprehensive metabolic responses of Salvia miltiorrhiza Bunge (SMB) to continuous
and exhaustive water depletion, we characterized the SMB metabonomic variations induced by three
different drying processes using the combined NMR and LC-DAD-MS method. NMR results showed
that SMB extracts were dominated by 29 primary metabolites such as sugars, carboxylic acids and
amino acids, which were comprehensively reported for the first time, and 8 secondary metabolites
including polyphenolic acids and diterpenoids. LC-DAD-MS methods detected 44 secondary metabolites,
among which 5 polyphenolic acids together with genipin, umbelliferone and tormentic acid were found
for the first time in this plant. We found that aqueous methanol was efficient in extracting both primary
metabolites and polyphenolic acids, whereas chloroform—methanol was effective in selectively
extracting diterpenoids. We further found that air- and sun-drying markedly affected both primary and
secondary metabolisms of SMB by enhancing tanshinone and glutamate-mediated proline biosynthesis
and altering carbohydrate and amino acid metabolisms. The shikimate-mediated biosynthesis of
polyphenolic acids was promoted by air-drying but suppressed by sun-drying. These findings fill the
gap of our understandings to the metabolic responses of S. miltiorrhiza Bunge to water depletion and
demonstrated effectiveness of the combined NMR and LC-DAD-MS methods in plant metabonomic
analysis.
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Introduction

Water depletion is a typical osmotic stress to plant cells
causing profound systemic responses. The published transcrip-
tomic and proteomic results indicate that such stressors often
affect plant cell development and self-protections by altering
many physiological processes related to the cell wall modifica-
tions,! signal transductions® and protein folding.®> Functional
analysis for these changes also strongly implied the metabolic
responses to such stressors.*® Plant metabonomics approaches
ought to have important roles to play in such analysis since
metabonomics is a branch of science concerning the total
metabolite pool (metabonome) of integrated biological systems
and dynamic responses to the alterations of endogenous and/
or exogenous factors.®” In fact, metabonomics has already been
established as a powerful tool for understanding the toxin- and
stress-induced mammalian metabonomic changes,®® gene
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functions, mammalian pathophysiology and in envi-
ronmental science.'>!® Applications have also been successfully
realized in the composition-based quality controls and au-
thentication of food products'”~'® and phytomedicines.?’23

Plant metabonomic analyses still face many challenges,
although progress has been made during past years. These
challenges arise from the complexity of the plant metabolite
composition (metabonome) and limitations of a given analyti-
cal method. On one hand, the metabonome of plants often
consists of both primary and secondary metabolites; the holistic
plant metabonomic analysis requires complete determination
of both classes of metabolites. On the other hand, neither of
two existing main stream methods (i.e., NMR and LC-DAD-
MS) alone can fully meet such requirements due to their
intrinsic limitations in either detection or quantification. NMR
techniques are generally rapid with rich structure information
and capable of measuring all the abundant metabolites in a
single spectrum. Its intrinsically low sensitivity, however, makes
it unfavorable for detecting metabolites at the submicromolar
(sub-uM) level unless some sample pretreatments are em-
ployed. In contrast, the LC-DAD-MS methods are metabolite
selective owing to variable response coefficients and biased for
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Figure 1. The structures of some secondary metabolites of SMB.

those with high response coefficients; standards and in situ
calibration curves (for each metabolite) are often required in
identification and quantification of different metabolites. In
practice, however, not all such standards are available. Nev-
ertheless, such selectivity can be advantageous in targeted
analyses for detecting the low-concentration metabolites which
cannot be detected otherwise. It is thus conceivable that the
combination of NMR and LC-DAD-MS may offer some comple-
mentary advantages in plant metabonomic analysis, although
few studies have yet been reported to explore the advantages
of such combination.

The medicinal plant Salvia miltiorrhiza Bunge (SMB) is an
excellent challenging example for efficient plant metabonomic
analysis due to its complex metabonome consisting of many
primary and secondary metabolites. The dry roots of SMB were
widely used as phytomedicine for the treatments of athero-
sclerosis,** myocardial ischemia® and hepatic fibrosis*® owing
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to the free-radical scavenging properties®’ of its secondary
metabolites including dozens of polyphenolic acids such as
salvianolic acids and diterpenoids in the forms of tashinones,??
the structures of which (Figure 1) were well-characterized in
the classical phytochemistry studies.?>*® However, all these
studies have focused exclusively on the SMB’s secondary
metabolites without considering its primary metabolites, al-
though plant primary metabolism has profound effects on the
secondary one*"*? and carries important information on plant
physiology. Many primary metabolites such as amino acids and
organic acids (e.g., TCA cycle intermediates) are also human
endogenous metabolites and their intakes during medicinal
treatments will have collective effects on human biochemistry.

Furthermore, phytomedicines are often air- or sun-dried for
the purposes of transportation, storage and pharmacological
requirements. Such drying processes will conceivably result in
adaptation responses of plant cells to drying-induced osmotic
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stress, thus, plant metabonomic alterations. Such notion has
been well reflected by the drying induced decreases in the total
phenolic contents in Phyllanthus amarus,®® Eugenia uniflora™
and dietary herbs,®® though no details were offered there on
specific responsive compounds. Previous work also showed that
drying processes caused marked rosemary metabonomic
changes in both its primary and secondary metabolism.?!
However, the effects of water depletion on the metabolite
composition of S. miltiorrhiza Bunge remain to be fully
elucidated.

Moreover, solvent extraction is often a prerequisite for plant
metabonomic studies and the different extraction methods and
solvents may have marked impacts on extraction efficiency for
different metabolites. Previous studies have already shown the
extractability dependence on extraction methods®¢*” for SMB
metabolites. For example, the microwave-assisted extraction
(MAE) favored tanshinones yield®” and polar solvents (water
and ethanol) favored extracting polyphenolic acids, whereas
nonpolar solvents (ethyl acetate and hexane) were preferred
for tanshinones. However, all these studies were focused on a
few selected secondary metabolites and little has been reported
on the systematic evaluations of the solvent effects on the
metabolite composition of SMB extracts especially when both
primary and secondary metabolites are concerned. As SMB is
normally administered as decoction (i.e., hot water extracts)
and alcoholic maceration (i.e., aqueous ethanol extracts), classic
studies of SMB secondary metabolites extracted with methanol,
chloroform and hexane may not be relevant.

In this study, we have systematically characterized variations
of SMB metabonome with extraction solvents and drying
processes using the combination of NMR and LC-DAD-MS
methods in conjunction with multivariate data analysis. The
aims are to (1) explore the feasibility of the combined NMR
and LC-DAD-MS methods for plant metabonomic analysis, (2)
obtain all the detectable SMB metabolites with the combined
advantages of both techniques, and (3) define the effects of
different drying processes and extraction solvents on the SMB
metabonome.

Materials and Methods

Chemicals. Methanol, ethanol, chloroform, formic acid,
K,HPO,-2H,0 and NaH,PO,-12H,0 (all analytical grade) were
purchased from Guoyao Chemical Co. Ltd. (Shanghai, China).
HPLC-grade acetonitrile was bought from J. T. Baker Pharma-
ceuticals Company (Phillipsburg, NJ) and the water used for
HPLC was obtained from a Milli-Q system (Millipore, Milford,
MA). Deuterated chloroform (CDCl;, 99.9% D) containing
tetramethylsilane (TMS, 0.03%, m/v), D,O (99.9% D) and
sodium 3-trimethlysilyl [2,2,3,3-d,] propionate (TSP) were
purchased from Cambridge Isotope Laboratories, Inc. (Andover,
MA).

Materials and Sample Preparation. To investigate the
solvent effects on metabolite compositions of the resultant SMB
extracts, the dried roots of S. miltiorrhiza Bunge (SMB) from a
local pharmacy were employed. To investigate the effects of
drying processes on the metabolite compositions, the fresh
roots of SMB were purchased from a nationally certified
cultivation base (Zhongjiang, Sichuan, China). These fresh
samples were subjected to freeze-drying after snap-frozen in
liquid nitrogen, sun-drying and air-drying under good ventila-
tion (sample information is tabulated in Supporting Informa-
tion Table S1). The drying period was normally about 2—3 days.
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The dried materials were then sealed in plastic bags, separately,
and stored in dry and dark conditions until analysis.

All the dried SMB materials were ground with a coffee
blender and then sieved through a 2 mm sieve. To investigate
the effects of extraction solvents on the SMB metabonome, the
same dried raw materials were divided into five portions, and
each portion (about 1 g) was extracted ultrasonically (i.e., 1
min sonication with 1 min break) for 30 min with 15 mL of
boiling water (solvent A), 50% aqueous ethanol (solvent B), 50%
aqueous methanol (solvent C) and chloroform—methanol
mixture (3:1, v/v) (solvent D), respectively. The resultant
extracts were denoted as A, B, C, and D, respectively (see
Supporting Information Table S1 for sample information). For
the boiling water extraction, the water temperature was allowed
to decrease naturally during the process without interference.
The freeze-dried, air-dried, and sun-dried SMB materials were
extracted with solvent C to evaluate the effects of drying
processes on the SMB metabonome. The supernatants were
collected after 10 min centrifugation (10000 rpm with a
benchtop centrifuge) and the solid residues were further
extracted twice using the same procedure. After combining the
three obtained solution, the extracts from solvent A were
lyophilized directly, whereas the organic solvents in the samples
from solvents B, C, and D were removed individually at 30 °C
with a rotary evaporator before lyophilization. Five extracts
were obtained for each of the groups.

NMR Measurements. The SMB extracts (~2 mg) from
solvents A, B, and C were dissolved in 600 x«L of phosphate
buffer (0.1 M, pH 7.4, K;HPO,-NaH,PO,) containing 10% D,0O
and TSP (0.2 mM), whereas the chloroform—methanol extracts
(~10 mg) were dissolved in 600 xL of CDCl; containing 0.03%
TMS. The samples were then centrifuged for 10 min before the
supernatants (550 uL) were transferred into 5 mm NMR tubes
for NMR analysis. 'H NMR spectra were acquired at 298 K on
a Bruker AV IIT 600 MHz NMR spectrometer equipped with a
cryogenic inverse probe. A standard one-dimensional pulse
sequence (RD-90°-£-90°-£,-90°-acquisition) was employed with
a weak irradiation on the water peak during the recycle delay
(RD, 2 s) and the mixing time (f,, 100 ms) to suppress water
signal. The parameter £, was set to 4 us and 90° pulse length
was adjusted to about 10 us for each sample. A total of 64
transients were acquired into 32k data points with a spectral
width of 11999.4 Hz and an acquisition time of 1.36 s. An
exponential window function with line broadening factor of
0.3 Hz was applied to the free induction decays (FID) prior to
Fourier transformation (FT).

For spectral resonance assignment purposes, 'H—'H cor-
relation spectroscopy (COSY), 'H—'H total correlation spec-
troscopy (TOCSY), 'H J-resolved, 'H—'*C HSQC and HMBC 2D
NMR spectra were acquired on selected samples. In COSY and
TOCSY experiments, 48 transients for each of 128 increments
were collected into 2048 (2k) data points with spectral width
of 6313 Hz. MLEV-17 was employed as spin-lock scheme in
TOCSY experiment with the mixing time of 80 ms. For J-
resolved spectra, 32 transients for each of 50 increments were
collected into 2k data points with spectral width of 6313 Hz in
F, (chemical shift dimension) and 50 Hz in F; (J coupling
constant dimension). 'H-¥C HSQC and HMBC 2D NMR
spectra were recorded using the gradient selected pulse
sequences. In HSQC experiments, composite pulse broadband
BC decoupling (globally alternating optimized rectangular
pulses, GARP) was employed during the acquisition period; 240
transients for each of 128 increments were collected into 2k



Metabonomic Changes in S. miltiorrhiza Bunge

data points with spectral width of 6313 Hz in 'H dimension
and 26410 Hz in the C dimension. In HMBC experiments, a
total of 400 transients were collected into 2k data points for
each of 128 increments with spectral width of 6313 Hz in 'H
dimension and 33201 Hz in the '*C dimension with the long-
range coupling constant of 6 Hz. These data were zero-filled
to 2k data points in the evolution dimension prior to appropri-
ate apodization and FT with forward linear prediction.

Spin—lattice relaxation times (7;) of metabolites in the
extracts were measured using the classical “inversion recovery”
sequence (RD-180°-7-90°-acquisition) with water suppressed
during both recycle delay (RD) and relaxation delay z. Sixteen
7 values of 0.1—14.5 s were employed with the total repeat time
of 21.4 s (including both recycle delay and acquisition time)
and 32 scans were acquired for each sample over 32k points.
The areas from the top of peaks (about 8 points) were used to
calculate the T; values by fitting experimental data into a single
exponential relaxation process (for the least overlapping reso-
nances).

Quantification of Metabolites. It is well-known that the
integral of a given 'H NMR signal is directly and linearly
proportional to the number of protons which give such signal.
Therefore, the concentration of metabolites can be measured
by equating the peak areas of them and a reference compound
with known concentration. The metabolite concentration can
also be measured in an incompletely relaxed 'H NMR spectrum
with known relaxation times for both analytes and reference.
With the effective magnetization reading pulse of 90° in this
study, the integral area for a given proton resonance in an
incompletely relaxed NMR spectra obeys the following equation
(eq D):

A" = A1 — exp(—t/ ™) o

where ¢ is total relaxation time (i.e., recycle delay plus acquisi-
tion time); A™ and Af" are signal integral areas in a given
spectrum and the completely relaxed one, respectively, for
proton m with a spin—Ilattice relaxation time of T7. With the
known concentration of an internal reference (i.e., TSP in our
case), the integral areas for a given proton signal and TSP will
have following relationship (eq 2):

A _Am 1 —exp(—t/ TPy @)
AP ABP 1 — exp(—t/T™

where AIS? and AT are the integral area for methyl groups of
TSP in the completely and incompletely relaxed spectra,
respectively; T7" is the spin—Ilattice relaxation time for methyl
protons of TSP. The concentration of a metabolite and TSP in
the same spectra follows the relationship described in eq 3
taking into consideration of the proton numbers related to
relevant NMR signals (eq 3),

Cc = NrspCrspAy' 3
= A ®)
m

where C,, and Crsp are concentration of a given metabolite and
TSP, respectively; N,, and Nrsp denote proton numbers from
the protons of metabolite and from methyl groups of TSP (i.e.,
9 protons), respectively. By combining the eqs 1-3, the
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concentration of a given metabolite can be readily calculated
from the signal areas and the T; values for the metabolites and
TSP. The errors for metabolite quantity measured with the NMR
methods here were estimated to be well below 15% using
salvianolic acid B solutions (0.3597 and 1.4406 mM).
LC-DAD-MS Measurements. The LC-DAD-MS measure-
ments were performed on an Agilent 1200 system (Agilent
Technologies, Waldbronn, Germany) coupled with a Bruker
microQTOF mass spectrometer (Bruker Daltonics, Germany)
with an ESI interface. The LC system consists of a quaternary
solvent delivery system, an online degasser, an autosampler, a
column temperature controller and a diode-array detector
(DAD). An ACE C18-HL column (5 um, 250 x 4.6 mm) was used
with a C18 guard column, column temperature of 30 °C and
the sample injection volume of 10 uL (about 5 mg/mL). The
monitoring wavelength was 280 nm with the acquisition
wavelength for the DAD set to about 210—600 nm. The mobile
phases consisted of water (A) and acetonitrile (B) both contain-
ing 0.1% (v/v) formic acid. A stepped solvent gradient was used
as follows: 0—0.5 min, 5% B; 0.5—40 min, 5—37% B; 40—50 min,
37—60% B; 50—55 min, 60—74% B; 55—68 min, 74—80% B;
68—75 min, 80—83% B. The flow rate was 1.0 mL/min with 5%
of the eluant directed to MS using a BNMI unit (Bruker BioSpin,
Germany). The optimized mass spectrometric parameters were
as follows: nebulizer gas pressure 0.8 bar, drying gas flow rate
8 L/min, gas temperature 180 °C and capillary voltage 4500 V
in the negative ion mode whereas —4000 V in the positive ion
mode. The spectral range was set to m/z 50—1000.
Multivariate Data Analysis. Following Fourier Transforma-
tion and referencing to TSP or TMS (60.0), the "H NMR spectra
were corrected for phase and baseline distortions manually
using Topspin (v2.0, Bruker Biospin, Germany). The spectra
(0.5—10 ppm) were then divided into integral regions with equal
width of 0.004 ppm (2.4 Hz) using the AMIX package (v.3.8.3,
Bruker Biospin). For SMB extracts from hydrophilic solvents,
the spectral regions 04.20—5.236 and 05.28—5.4 were excluded
to remove the effects of imperfect water suppression. The
residual solvent signals from CH;0H (03.344—3.388), C,HsOH
(03.632—3.70, 61.06—1.312) and CHCl; (67.20—7.33) were also
discarded. For SMB extracts from different drying processes,
the regions 04.704—4.968 and 03.344—3.388 were removed to
eliminate the residual water and CH;OH signals, respectively.
The NMR data were normalized to the total sum of the
spectral integrals prior to data analyses to compensate for the
concentration differences. Multivariate data analysis was car-
ried out using the SIMCA-P™ software package (v.11, Umetrics;
Umea, Sweden). Principal component analysis (PCA) was
conducted for the normalized data using mean-centered data.
Data were visualized by means of principal component (PC)
scores plots, where each point represented an individual
sample (or its metabonome), and loadings plots where dif-
ferential metabolite peaks were shown as positive and negative
signals to indicate the relative changes of metabolites. Or-
thogonal projection to latent structure with discriminant analy-
sis*® (OPLS-DA) was further conducted using the NMR data
(scaled to unit variance) as X-matrix and the class information
as dummy Y-variables. The quality of the model was described
by the 5-fold cross-validation parameter Q?, indicating the
predictability of the model, and R2X representing the total
explained variables for the X-matrix. The loadings were calcu-
lated by back-transformation as described previously.>® The
coefficient-coded loadings plot were constructed with an
MATLAB script downloaded from http://www.mathworks.com/
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Figure 2. 600 MHz "H NMR spectra of SMB extracts from b0|I|ng water (A) 50% aqueous ethanol (B) 50% aqueous methanol (C) and
chloroform—methanol (v/v, 3/1) (D). For A, B, and C, the spectral regions ¢3.22—0.88 and 67.40—4.95 were expanded for 2 times, while
08.50—7.50 region was expanded 32 times; for D, the regions 67.40—3.40 and 69.40—9.20 were expanded 4 times and 68.40—7.40 was

expanded 8 times (see Table 1 for metabolite identification key).

with some in-house modifications and color-coded with square
value of coefficients (r?), where the coefficients describe the
weighting of variables contributing the discrimination in the
models. This allows each variable to be plotted with color-
coding to show the significance of class discrimination as
calculated from the correlation matrix. In this study, the
coefficient cutoff value of 0.81 (i.e., r > 0.81 or r < —0.81) was
used based on the discrimination significance (p < 0.05)
determined according to the significance test of the Pearson
product-moment correlation coefficient. Classical statistical
analysis (one way-ANOVA) was also carried out on some
metabolite concentration calculated from eqs 1—3 to confirm
the significant differences derived from OPLS-DA using SPSS
13.0 software with a Tukey post-test.

For the LC-UV and LC-MS results, multivariate data analysis
was conducted with the same software on the integral areas of
some major signals normalized to the weights of extracts,
respectively. PCA was conducted using mean-centered data and
further analysis was carried out using the OPLS-DA method
with unit variance scaled data and plotted in the same fashion
as described above.

Results and Discussion

NMR and HPLC-DAD-MS Analysis of SMB Extracts. Figures
2 and 5 show the representative 'H NMR spectra of SMB
extracts obtained from four solvents (Figure 2) and from three
drying processes (Figure 5). The resonances were assigned to
specific metabolites (with both 'H and '*C data tabulated in
Table 1) based on the literature data,*® in-house databases and
extensive 2D NMR analysis including 'H-'H COSY, 'H—'H
TOCSY, 'H-'H J-resolved, '"H—'3C HSQC, and 'H—-*C HMBC
2D NMR spectroscopy. We also measured the spin—lattice
relaxation times for plant metabolites which are, to the best of
our knowledge, reported for the first time. These data (Table
2) showed that T; values for the same metabolite in different
extracts were broadly similar and the most metabolites in the
extracts of aqueous hydrophilic solvents had T; shorter than
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2s. The absolute concentrations of some metabolites were
calculated taking the relaxation time into consideration (mean
+ standard deviation, mg/g extracts) from five parallel samples
(Table 3). It is obvious that raffinose, sucrose and malate were
the most abundant primary metabolites (about 290, 18, and
26 mg/g extract, respectively), whereas salvianolic acid B,
lithospermic acid and rosmarinic acid were three major
polyphenolic acids (about 82, 5, and 4 mg/g extracts, respec-
tively).

LC-DAD-MS profiles for SMB extracts were obtained in the
forms of LC-UV (Supporting Information Figures S1 and S6)
and LC-MS chromatograms (Supporting Information Figures
S2 and S7) with 44 secondary metabolites detected; most of
their identities were tentatively assigned based on the literature
data®"*? with the pseudomolecular ions [M — H]~, [M + Na —
2H]7, [2M — H]7, [M + H]F, [M + Na]*, [M + 2Na — H]*, [2M
+ Na]*, fragment ions and UV absorbance (Supporting Infor-
mation Table S2). Genipin, umbelliferone, a caffeic acid dimer,
4 prolithospermic acid derivatives and 10 unknown compo-
nents were reported for the first time in this plant.

The NMR methods detected 37 abundant metabolites in-
cluding both primary and secondary metabolites, whereas LC-
DAD-MS methods detected exclusively the secondary ones,
indicating different but complementary information obtained
with these two methods. Specifically, NMR methods detected
3 SMB secondary metabolites including salvianolic acid B,
lithospermic acid and rosmarinic acid in the aqueous solvent
extracts together with 29 primary metabolites including 5
sugars, 10 organic acids and 13 amino acids, which, to the best
of our knowledge, were comprehensively reported for the first
time. Five diterpenoids were also detected in the chloroform—
methanol extracts including tanshinone I, tanshinone I1A, 1,2-
dihydrotanshinone I, cryptotanshinone and 15,16-dihydrotan-
shinone I. In contrast, LC-DAD-MS methods selectively de-
tected 44 SMB secondary metabolites including the eight
abundant metabolites detected in NMR spectra and less
abundant ones such as danshensu and salvianolic acids. It is
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Table 1. NMR Assignments of the Major Metabolites in SMB Extracts?
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peak metabolites assignment O0'H (multiplicity) oBC assigned with

1 Isoleucine 0-CH; 0.94 14.1 TOCSY, JRES, HSQC
y-CH, 1.01 17.5
y-CH 1.27 19.7
y’-CH 1.47 27.1
p-CH 1.97 38.8

2 Leucine 0-CHj; 0.96 23.6 TOCSY, JRES, HSQC
B-CH, 1.72 428

3 Valine y’-CHj 0.99 (d, 6.9 Hz) 19.6 TOCSY, JRES, HSQC
y-CHs 1.04 (d, 6.9 Hz) 20.9
B-CH 2.26 31.9

4 Threonine CHj 1.33 (d, 6.4 Hz) 22.2 TOCSY, JRES, HSQC
p-CH 4.28 68.9

5 Lactate B-CH; 1.33 (d, 7.0 Hz) 22.2 TOCSY, JRES, HSQC,
o-CH 4.13 69.6 HMBC
COOH 185.3

6 Alanine B-CH; 1.49 (d, 7.4 Hz) 19.3 TOCSY, JRES, HSQC,
a-CH 3.79 53.5 HMBC
COOH 178.9

7 y-aminobutyrate B-CH, 1.90 26.7 TOCSY, JRES, HSQC,
o-CH, 2.30 (t, 7.5 Hz) 37.2 HMBC
y-CH, 3.01 (t, 7.3 Hz) 42.5
COOH 184.5

8 Acetate CHj; 1.93 (s) 26.1 JRE, HSQC, HMBC
COOH 184.2

9 Proline y-CH, 2.00 (m) 26.5 TOCSY, HSQC, HMBC
o’-CH 3.34 (m), 3.42 (m) 49.2
B-CH, 2.34 (m) 31.7
a-CH 4.14 (m) 64.1
COOH 177.6

10 Pyroglutamate y’-CH 2.04 28.7 TOCSY, HSQC, HMBC
B-CH, 2.41 325
y-CH 2,51 28.7
a-CH 4.18 61.6
C=0 185.1
COOH 182.5

11 Glutamine B-CH, 2.15 (m) 29.6 TOCSY, HSQC, HMBC
y-CH, 2.45 (m) 33.7
a-CH 3.79 57.0
COOH 176.8, 181

12 Malate p’-CH 2.37 45.9 TOCSY, JRE, HSQC
p-CH 2.68 (dd, 15.6, 3.5 Hz) 45.9 HMBC,
a-CH 4.31 73.7
COOH 176.3

13 Succinate CH, 2.42 (s) 35.8 JRE, HSQC, HMBC
COOH 184.5

14 o-Ketoglutaric acid B-CH, 2.45 33.7 TOCSY, JRE, HSQC
y-CH, 3.01 (t, 7.3 Hz) 38.9

15 Malonate CH, 3.13 (s) # JRE, HMBC
COOH 180.2

16 Choline N(CH3)* 3.21 (s) 56.6 TOCSY, JRE, HSQC,
CH,OH 4.06 58.2 HMBC
CH,N 3.56 70.3

17 Tartaric acid CHOH 4.34 (s) 79.1 JRE, HSQC, HMBC
COOH 181.7

18 B-Galactose CH 4.59 (d, 7.8 Hz) 99.6 TOCSY, JRE, HSQC
C,H 3.50 74.7 HMBC
CsH 3.66 76.0
CH 3.94 72.1

19 B-Glucose CH 4.65 (d, 7.8 Hz) 99.2 TOCSY, JRE, HSQC
CH 3.26 76.8 HMBC
CsH 3.48 74.2

20 a-Glucose C,H 5.24 (d, 3.8 Hz) 95.5 TOCSY, JRE, HSQC
CH 3.55 72.5 HMBC
CH 3.72 69.4
CH 3.42 72.1
CsH 3.85 71.9

21 a-Galactose C,H 5.27 (d, 3.8 Hz) 95.2 TOCSY, JRE, HSQC
C,H 3.83 65.2 HMBC
CsH 4.02 72.8

22 Melibiose Glc-aC,H 5.26 (d, 3.8 Hz) 95.0 TOCSY, JRE, HSQC
Glc-aCH 3.55 72.3 HMBC
Glc-0C3H 3.72 75.9
Glc-aCsH 4.03 73.0
Glc-pCH 4.69 (d, 8.0 Hz) 99.0
Glc-pC,H 3.28 77.1
Gle-BCsH 3.50 74.7
Glc-fCH 3.65 76.2

23 Sucrose Glc-CH 5.42 (d, 3.8 Hz) 95.0 TOCSY, JRE, HSQC
Glc-C,H 3.57 73.7 HMBC
Glc-CsH 3.81 75.6

24 Raffinose Glc-CH 5.44 (d, 3.8 Hz) 95.1 TOCSY, JRE, HSQC
Glc-C,H 3.57 72.7 HMBC
Gle-C;H 3.77 70.6
Glc-CsH 4.07 74.0
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Table 1. Continued
peak metabolites assignment O'H (multiplicity) oBC assigned with
25 Salvianolic acid B 7"-H 2.90 (dd, 14.4, 9.7 Hz) 39.8 TOCSY, JRE, HSQC,
7"-H 3.10 (dd, 14.4, 3.9 Hz) 39.8 HMBC
8”-H 5.00 (dd, 9.7, 3.9 Hz) 79.5
a-CH=CH 5.87 (d, 16.0 Hz) 118.5
p-CH=CH 6.99 (d, 16.0 Hz) 144.7
7"-H 2.98 39.2
7"-H 2.56 39.2
8”’-H 4.90 80.6
2-H 5.98 (d, 5.6 Hz) 89.5
3-H 4.33 (d, 5.6 Hz) 59.5
2"”"-H 6.24 (d, 2.6 Hz) 119.7
5”-H 6.42 (d, 8 Hz) 119.2
6”’-H 6.08 (dd, 8.0, 2.6 Hz) 123.2
6”-H 6.76 #
5”-H 6.93 #
5-H 7.06(d, 8.0 Hz) #
6-H 6.92 #
26" Cryptotanshinone H-1 3.22 (t, 6.4 Hz) 30.0 TOCSY, JRE, HSQC
H-2 1.79 (m) 19.1 HMBC
H-3 1.66 (m) 37.9
H-6 7.62 (d, 8.2 Hz) 120.4
H-7 7.49 (d, 8.2 Hz) 122.5
H-15 3.60 (m) 34.9
H-16a 4.89 (t, 9.5 Hz) 81.6
H-1643 4.36 (dd, 9.5, 6.0 Hz) 81.6
H-17 1.36 (d, 6.8 Hz) 19.0
H-18 1.31 (s) 29.5
H-19 1.31 (s) 29.5
27" 15,16-dihydrotanshinone I H-1 9.32 (d, 8.8 Hz) 125.3 TOCSY, JRE, HSQC
H-2 7.57 (dd, 8.8, 6.9 Hz) 120.5 HMBC
H-3 7.41 (d, 6.9 Hz) #
H-6 8.32 (d, 8.6 Hz) 132.9
H-7 7.79 (d, 8.6 Hz) 120.4
H-15 3.66 (m) 35.1
H-16a 4.44 (dd, 9.4, 6.3 Hz) 81.7
H-16f 4.97 (t, 9.4 Hz) 81.7
H-17 1.42 (d, 6.8 Hz) 18.9
H-18 2.70 (s) 20.0
28" 1,2-dihydrotanshinone I H-1 3.34 (t, 8.0 Hz) 25.0 TOCSY, JRE, HSQC
H-2 2.06 (m) # HMBC
H-3 6.05 (m) #
H-18 2.27 (d, 1.2 Hz) 34.4
29° Tanshinone I H-1 9.28 (d, 8.8 Hz) 125.0 TOCSY, JRE, HSQC
H-2 7.57 (dd, 8.8, 6.9 Hz) 130.6 HMBC
H-3 7.37 (d,6.9 Hz) 128.5
H-6 8.32 (d, 8.6 Hz) 132.9
H-7 7.86 (d,8.6 Hz) 118.9
H-16 7.32 (d, 1.2 Hz) 142.1
H-17 2.30 (d,1.2 Hz) 9.1
H-18 2.70 (s) 20.0
30° Tanshinone IIA H-1 3.19 (t, 6.4 Hz) 30.1 TOCSY, JRE, HSQC
H-2 1.79 (m) 19.3 HMBC
H-3 1.66 (m) 37.9
H-6 7.63 (d, 8.2 Hz) 133.4
H-7 7.54 (d, 8.2 Hz) 120.3
H-16 7.22 (d, 1.2 Hz) 141.3
H-17 2.26 (d,1.2 Hz) 9.0
H-18 1.26 (s) 29.7
H-19 1.26 (s) 29.7
31 n-butanol CH;-4 0.90 (t, 7.3 Hz) 159 TOCSY, JRE, HSQC,
CH,-3 1.34 (m) 21.4 HMBC
CH,-2 1.54 (q) 33.6
CH,-1 3.56 (t, 6.8 Hz) 73.5
32°¢ Ul 2.25 (d, 3 Hz) 33.2
33b Linoleic fatty chain CH,-2 2.34 33.7 TOCSY, HSQC, HMBC
(C18:2A%12) CH,-3 1.63 25.1
CH,-4 1.33 29.7
CH,-8 2.04 27.2
CH,-9 5.35 129.4
CH,-10 5.35 122.0
CH,-11 2.76 26.0
CH,-12, CH,-13 5.35 128.2
CH,4 0.89 13.8
340 Linoleic fattg chain CH,-2 2.34 33.7 TOCSY, HSQC, HMBC
(C18:3A%1215) CH,-3 1.63 25.1
CH,-4 1.31 29.7
CH,-8 2.07 27.2
CH,-9 5.35 128.2
CH,-10 5.35 128.2
CH,-11 2.81 26.0
CH,-12, CH,-13 5.35 128.2
CH; 0.97 19.5
35 rosmarinic acid a-CH=CH 6.34 (d, 16.0 Hz) # TOCSY, JRE
p-CH=CH 7.55 (d, 16.0 Hz) #
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Table 1. Continued
peak metabolites assignment O'H (multiplicity) oB3C assigned with
36 Lithospermic acid o-CH=CH 6.32 (d, 16.0 Hz) # TOCSY, JRE
f-CH=CH 7.70 (d, 16.0 Hz) #
37 Formate H-C=0 8.46 (s) # JRE

“Multiplicity: singlet (s), doublet (d), triplet (t), doublet of doublets (dd), quintet (q), multiplet (m). U: unidentified signal. #: the signals or the
multiplicities were not determined. ” The signals were only found in the spectra of chloroform—methanol extracts. ¢ The signals were found in the spectra

of 50% aqueous ethanol extracts.

Table 2. Proton Spin—Ilattice Relaxation Time (T;) Values for Some Selected Metabolites

extracts from different solvents (s)

extracts from drying processes

6 (ppm) A B C D FD SD AD

TSP 0 3.22+£0.04 3.124+0.05 3.07+£0.03 297 £0.02 3.21 +0.05 3.15 + 0.02
TMS 0 3.20 £ 0.03

Isoleucine 1.01 (d) - - - - 0.89 +0.01 0.88 +£0.004 0.89 + 0.20
Valine 1.04 (d) - - - - 0.96 + 0.16 0.84 +0.01 1.06 £ 0.17
Lactate 1.33 (d) 1.56 £0.15 1.36+0.18 1.64+0.13 - 0.91 +£0.18 0.78 £ 0.01 1.10 £ 0.17
Alanine 1.48 (d) 1.5+ 0.13 1.46+0.18 1.80+0.20 - 0.90 +0.01 1.20 £ 0.02 1.23 +£0.18
Glutamine 2.14 1.06 £0.08 1.044+0.18 1.12+£0.18 - 1.00 £0.13 0.98 +0.005 1.12 + 0.07
Succinate 2.41 (s) 2.37+£0.03 2544007 241+0.02 - 245 +0.10 2.36 +0.10 2.40 + 0.06
Malate 2.68 (dd) 1.024+0.07 1.11 +£0.15 1.01 +£0.05 - 1.01 £0.17 0.93 +0.02 1.26 £ 0.15
Sucrose 5.41 (d) 098 £0.19 1.024+0.10 1.26+£0.22 - 1.07 £0.12 1.12 +0.01 1.02 £ 0.13
Raffinose 5.43 (d) 092 £0.05 0.88+0.07 0.84 £ 0.06 - 0.96 +£ 0.18 0.93 £ 0.01 0.90 + 0.06
Salvianolic acid B 7.03 (d) 1.53 £0.13 1.254+0.02 1.37 +0.08 - 1.80 +£0.26  1.40 & 0.01 1.74 £ 0.10
Tanshinone I 9.28 (d) - - - 3.02 £ 0.01 - - -
15,16-dihydrotanshinone I  9.32 (d) - - - 5.22 £ 0.01 - - -
Cryptotanshinone 3.22 (v - - - 0.90 £ 0.03 - - -
Tanshinone ITIA 3.19 (1) - - - 0.85 4+ 0.01 - - -
1,2-dihydrotanshinone I 3.34 (t) - - - 1.25 £ 0.02 - - -

“A, B, C, and D denote SMB extracts from boiling water, 50% aqueous ethanol, 50% aqueous methanol, and chloroform—methanol (v/v, 3/1),
respectively; FD, SD, and AD denote freeze-drying, sun-drying, and air-drying, respectively. -: 7} was not determined due to weakness or overlapping of

signals.

Table 3. The Correlation Coefficients from OPLS-DA and the Metabolites Content of SMB Extracts from Different Solvents

coefficient” mean + SD? (mg/g)

metabolite A/B¢ B/C C/A A B C D
Lactate 0.981 —0.967 0.583 1.14 £ 0.034 2.43 £+ 0.09¢ 1.28 £ 0.01 -
Pyroglutamate —0.955 —0.403 —0.908 - - - -
Glutamine 0.836 0.355 0.854 14.45 + 0.76 16.37 + 0.94 17.30 + 0.58" -
Succinate 0.966 —0.437 0.868 4.96 + 0.294 6.04 + 0.27 5.83 4+ 0.25" -
Malate —0.587 —0.794 —0.485 26.30 + 0.74 26.21 £+ 0.99 26.10 £+ 0.83 -
o-Ketoglutaric acid —0.954 —0.433 —0.869 - - - -
Glucose —0.630 0.452 -0.231 - - - -
Melibiose 0.525 —0.641 0.347 - - - -
Galactose —0.155 0.289 0.062 - - - -
Sucrose 0.149 0.122 0.290 17.77 £ 1.48 18.93 + 2.86 21.25 +2.13 -
Raffinose —0.546 0.376 0.415 293.42 +17.38 290.67 + 12.16 311.14 +£11.93 -
Rosmarinic acid 0.196 0.370 0.314 4.19 £ 0.35 4.30 £ 0.68 4.66 + 0.52 -
lithospermic acid —0.683 0.169 —0.680 5.03 + 0.34 4.45 £ 0.64 4.77 £ 0.30 -
Salvianolic acid B —0.598 0.650 0.358 83.88 +3.23 81.79 + 4.27 87.08 £+ 5.93 -
Tanshinone I - - - - - - 7.06 + 0.67
15,16-dihydrotanshinone I - - - - - - 4.30 £+ 0.54
Cryptotanshinone - - - - - - 7.12 £ 1.44
Tanshinone IIA - - - - - - 15.41 +£2.18
1,2-dihydrotanshinone I - - - - - - 7.90 + 1.34

“The coefficients from OPLS-DA results, positive and negative signs indicate positive and negative correlation in the concentrations, respectively. The
coefficient of 0.81 was used as the cutoff value for the significant difference evaluation (p < 0.05). ” The absolute concentration and standard deviation
(mean + SD, mg/g the SMB extracts) obtained from five parallel samples. A, B, C and D denote SMB extracts from boiling water, 50% aqueous ethanol,
50% aqueous methanol, and chloroform—methanol (v/v, 3/1), respectively. The significant difference by one-way ANOVA analysis (p < 0.05). -: The
absolute concentration is not determined due to signal weakness or overlapping. A vs B. ¢B vs C. A vs C.

interesting to note that, with the present methods, two different
chromatographic regions are clearly present for polyphenolic
acids (RT ~2—40 min) and diterpenoids (RT > 40 min). MS
detections were apparently biased for different class of me-
tabolites with polyphenolic acids detected in both the negative

and positive ion modes and diterpenoids mainly in the positive
modes. For example, the LC-MS profiles for the air-dried
extracts showed salvianolic acid B (peak 10) as the most
abundant peak in the negative mode (Supporting Information
Figure S7b), whereas cryptotanshinone (peak 24) as the most
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Figure 3. PCA scores plots (left) and corresponding loadings plots (right) derived from (a) NMR and (b) LC-UV data (280 nm) for SMB
extracts obtained from (A) boiling water (black W), (B) 50% aqueous ethanol (red O), (C) 50% aqueous methanol (blue A) and (D)

chloroform—methanol (v/v, 3/1) (purple *).

abundant peak in the positive mode (Supporting Information
Figure S7a); for the aqueous extracts, few peaks for diterpenoids
(RT > 40 min) were observable in the negative mode (Support-
ing Information Figure S2b), whereas such peaks were clearly
visible in the positive ionization mode (Supporting Information
Figure S2a). The reverse-phase LC-DAD-MS showed almost no
peaks from the primary metabolites (Supporting Information
Figures S1, S2, S6 and S7).

SMB Metabolite Composition Variations with Extraction
Solvents. Understanding the solvent dependence of metabolite
compositions of plant extracts is fundamentally important since
solvent extraction is a matter of necessity for the plant
metabonomic analysis. Visual inspection of the '"H NMR spectra
(Figure 2) revealed obvious differences between metabolite
profiles of the SMB extracts obtained from the hydrophilic
solvents (A, B, and C) and that from the hydrophobic solvent
(D). While SMB extracts from three hydrophilic solvents (A—C)
were dominated by sugars, amino acids, organic acids and
polyphenolic acids, the chloroform—methanol (D) extracts
contained mainly diterpenoids such as 1,2-dihydrotanshinone
I, 15,16-dihydrotanshinone I, tanshinone I and cryptotanshi-
none (Figure 2). The LC-UV profiles at 280 nm (Supporting
Information Figure S1) and LC-MS results (Supporting Infor-
mation Figure S2) only showed secondary metabolites, among
which polyphenolic acids especially salvianolic acids are
dominant in extracts from hydrophilic solvents (A—C), whereas
the methanol—chloroform extracts were dominated by diter-
penoids (RT > 40 min). This observation further suggested that
the chloroform—methanol mixture employed in this study is
an excellent solvent system for selective extraction of diterpe-
noids or tanshinones. However, the complexity of SMB me-
tabolite composition makes it prohibitively difficult to analyze
these data in details by visual comparison alone. Multivariate
data analyses are much more efficient in such cases.

The PCA scores plot of NMR data (Figure 3a, left) showed
clear differences between extracts obtained from hydrophilic

1468 Journal of Proteome Research ¢ Vol. 9, No. 3, 2010

solvents (A—C) and the solvent (D) in the first two principal
components (PC1 and PC2), which cumulatively explained
99.9% of all variables (R?X = 0.999, Q> = 0.997). The metabolite
composition of SMB extracts from three hydrophilic solvents
was more similar than that of chloroform—methanol extracts.
The corresponding loadings plot (Figure 3a, right) showed that,
compared with extracts from three hydrophilic solvents,
chloroform—methanol extracts contained more diterpenoids
such as tanshinone I, 15,16-dihydrotanshinone I, 1,2-dihydro-
tanshinone I and cryptotanshinone but less sugars, amino acids
and salvianolic acid B. The samples from chloroform—methanol
were more scattered probably because of high volatility of these
solvents resulting in some variations in solvent composition.
The LC-UV results (Figure 3b) agreed with these findings.
Pair-wise comparative OPLS-DA results of NMR data (Figure
4) showed significant metabonomic differences between SMB
extracts from three aqueous solvents with the values of R%X
and Q? indicating good qualities for these models. The me-
tabolites contributed significantly to the classifications were
obtained (Table 3) based on the discrimination significance (p
< 0.05). The results (Figure 4, Table 3) showed that compared
with the hot-water extracts, aqueous ethanol extracts contained
more lactate, succinate and glutamine but less pyroglutamate
and o-ketoglutarate. Aqueous methanol extracts contained
more glutamine and succinate but less pyroglutamate and
a-ketoglutarate (Figure 4, Table 3) than boiling water extracts.
Higher levels of lactate were also present in aqueous ethanol
extracts than in aqueous methanol ones. No significant differ-
ences were observed in the concentration of rosmarinic acid,
lithospermic acid and salvianolic acid B in the extracts from
three hydrophilic solvents. Such compositional differences were
probably derived from extraction efficiency or solubility dif-
ferences rather than enzymic changes since these solvents are
expected to suppress enzyme activities. Although subtle dif-
ferences are present, the 50% aqueous methanol is probably
the best solvent for the purpose of postextraction handling and
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Figure 4. OPLS-DA scores (left) and coefficient-coded loadings plots (right) derived from NMR data for SMB extracts obtained from (A)
boiling water (black W), (B) 50% aqueous ethanol (red O), (C) 50% aqueous methanol (blue A) (see Table 1 for metabolite identification

key).

direct employment of deuterated solvents (to eliminate the
solvent removal step). The absolute concentrations of metabo-
lites were also subjected to classical statistical analysis (one-
way ANOVA) and the results were consistent with the OPLS-
DA ones.

Furthermore, the LC-UV peak areas of 16 components were
employed to analyze the potential differences for the SMB
secondary metabolites including 6 polyphenolic acids, namely,
danshensu, rosmarinic acid, lithospermic acid, salvianolic acid
B, salvianolic acid B isomer and salvianolic acid L, and 8
tanshinones, namely, tanshinone IIB, trijuganone C, trijuga-
none B, 15,16-dihydrotanshinone I, cryptotanshinone, tanshi-
none I, 1,2-dihydrotanshinone I and tanshinone IIA. PCA and
OPLS-DA were conducted on the LC-UV profiles scaled to the
weight of extracts assuming that the molar extinction coefficient
for the same metabolite in different extracts was not drastically
different. The OPLS-DA results (Supporting Information Figure
S3) showed significant intergroup differences in the secondary
metabolite composition of the extracts obtained from the
hydrophilic solvents with the corresponding R2X/Q? values
confirming the good model qualities. Detailed coefficient
analysis revealed that, compared with boiling water extracts,
the extracts from both aqueous ethanol and methanol con-
tained significantly higher levels of diterpenoids (p < 0.05)
including tanshinone I (peak 25), tanshinone IIA (peak 27),
tanshinone IIB (peak 15), 15,16-dihydrotanshinone I (peak 21),
cryptotanshinone (peak 24), trijuganone B (peak 23) and 1,2-
dihydrotanshinone I (peak 26). Aqueous ethanol extracts also
contained more salvianolic acid B isomer (peak 11) than water
extracts. The ethanol extracts contained statistically higher
concentration of tanshinone I than the methanol extracts
probably due to the solubility differences in two solvents. No
significant differences were observed for the three major
polyphenolic acids, that is, rosmarinic acid (peak 8), lithosper-
mic acid (peak 9) and salvianolic acid B (peak 10), which
broadly agreed with the NMR results. LC-UV approach detected

more polyphenolic acids and tanshinones in the extracts from
the hydrophilic solvents which were not observable in NMR
spectra suggesting the complementary nature of these two
analytical methods.

Moreover, the LC-MS peak areas of 5 components in the
negative ion mode and 27 components in the positive ion mode
were also employed to analyze the potential differences in
extracting the SMB secondary metabolites using different
solvents. PCA (Supporting Information Figure S4) and OPLS-
DA (Supporting Information Figure S5) were applied to LC-
MS profiles with normalization to the weight of extracts,
assuming MS response in the same ion mode was not drasti-
cally different for the same metabolite in different extracts.
OPLS-DA results of LC-MS profiles in the negative ion mode
(Supporting Information Figure S5a) showed that aqueous
ethanol and aqueous methanol contained significantly higher
levels of salvianolic acid B isomer (peak 11) in comparison with
the boiling water extracts. OPLS-DA results of LC-MS profiles
in the positive ion mode (Supporting Information Figure S5b)
showed that, compared with boiling water extracts, aqueous
ethanol extracts contained significantly higher levels of genipin
(peak 1), and diterpenoids including tanshinone IIB (peak 15),
1-ketoisocryptotanshinone (peak 16), trijuganone C (peak 18),
tanshinaldehyde (peak 20), 15,16-dihydrotanshinone I (peak
21), trijuganone B (peak 23), cryptotanshinone (peak 24),
tanshinone I (peak 25), 1,2-dihydrotanshinone I (peak 26) and
tanshinone IIA (peak 27). In addition, 5 unknown components
(peak 2, 3, and 5—7) and prolithospermic acid derivatives also
had higher concentration in ethanol extracts. Similar observa-
tion was made for the aqueous methanol extracts, although
levels of genipin and peak 2—5 were not statistically significant.
Aqueous ethanol was capable of extracting more 15,16-dihy-
drotanshinone I (peak 21) and tanshinone I (peak 25) than
aqueous methanol. The LC-MS results broadly agreed with the
NMR and LC-UV results. It is worth-noting that the MS
responses of metabolites are dependent on ionization modes.
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Figure 5. The 600 MHz 'H NMR spectra of extracts derived from freeze-dried (FD), air-dried (AD) and sun-dried (SD) SMB. The spectral
regions were expanded 4 times for 63.22—0.50, 2 times for 65.70—4.95 and 8 times for 04.70—4.28 and 68.50—5.70 (see Table 1 for

metabolite identification key).

While polyphenolic acids have good MS responses in both the
positive and negative ionization modes, diterpenoids (tanshi-
nones) have much better responses in the positive ion mode.
Polyphenolic acids often showed their quasi-molecular ions of
(M —H]~, [M+ Na—2H]™ and [2M — H] ™ in the negative mode
and [M + HJ]*, [M + Na]* and [M + 2Na — H]" in the positive
mode, whereas diterpenoids only showed the above quasi-
molecular ions in the positive mode.

It is well-known that the NMR signal intensities of metabo-
lites have excellent correlation with their concentration. How-
ever, such correlation is not available for the LC-MS signals.
For example, in the same aqueous methanol extract, the
concentrations of salvianolic acid B, rosmarinic acid and
lithospermic acid were about 121.2, 12.9, and 8.9 (umol/g
extract), respectively. The LC-MS profiles of the same extracts
(Supporting Information Figure S2) showed that the intensity
ratios for rosmarinic acid (peak 8) and lithospermic acid (peak
9) were about 1:1 and 3:1 in the positive (Supporting Informa-
tion Figure S2a) and negative ion modes (Supporting Informa-
tion Figure S2b), respectively, which was markedly different
from their molar ratios (about 4:3, Table 3).

Such discrepancies are even more striking for different
metabolites in the same extract. In aqueous methanol extracts,
for instance, the peak ratios for cryptotanshinone (peak 24) and
salvianolic acid B (peak 10) were about 1:3 in the positive
(Supporting Information Figure S2a, C) and 1:79 in the negative
MS modes (Supporting Information Figure S2b, C) even though
their concentration ratio was about 1:13; in the chloroform—
methanol extracts, the peak ratios for cryptotanshinone and
salvianolic acid B were about 217:1 in the positive mode
(Supporting Information Figure S2a, D), whereas peaks for
these two metabolites were not clearly visible in the negative
mode (Supporting Information Figure S2b, D). These observa-
tions suggest that in the LC-MS profiles the metabolite intensi-
ties vary drastically with the MS conditions probably due to
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variable ionization efficiency. Therefore, extra care and justi-
fications should be considered when normalizing the LC-MS
data to the sum of profile intensities as presently employed in
many LC-MS based metabonomics studies.

Water Depletion Induced Metabonomic Alterations to
SMB Roots. To understand the effects of drying-induced
osmotic stresses on the SMB metabolism, three different drying
processes were employed with freeze-drying as control, air-
drying and sun-drying as drying-stressors. Both 'H NMR spectra
(Figure 5) and LC-DAD-MS data (Supporting Information
Figures S6 and S7) showed clear differences between the
metabolite profiles of SMB extracts obtained from three dif-
ferent drying processes. NMR spectra (Figure 5) revealed
obvious differences in the peak intensities for proline, sucrose
and salvianolic acid B, whereas marked intensity differences
in peak 22 (m/z 359 in the positive ion mode), rosmarinic acid
(peak 8), lithospermic acid (peak 9) and salvianolic acid B (peak
10) were noticeable in the LC-MS profiles (Supporting Informa-
tion Figure S7) for samples from the three different drying
processes. This implies that the SMB metabonomic responses
to drying-induced stresses involve both its primary and sec-
ondary metabolites, which is in good agreement to what has
been observed for rosemary.*!

The PCA scores plots generated from NMR data (Figure 6a)
and LC-UV profiles of the SMB extracts (Figure 6b) showed
clear separation for the SMB extracts from different drying
methods with tight intragroup clustering, indicating good
reproducibility in both extraction and data acquisitions. Pair-
wise comparative OPLS-DA results confirmed the significant
intergroup differences in scores plots (Figure 7, left) for extracts
from the three different drying treatments. The correlation
coefficients of metabolites having statistically significant con-
tributions to the differences (p < 0.05) were tabulated in Table
4 together with some metabolites’ concentration (mean =+ SD,
mg/g extracts). These results revealed that, compared with
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Figure 6. PCA scores plots derived from (a) NMR and (b) LC-UV
data (280 nm) for extracts obtained from freeze-dried (FD, black
M), sun-dried (SD, red O) and air-dried (AD, blue A) SMB roots,
respectively.

freeze-drying, air-drying led to significant elevation for proline,
glutamine, alanine, succinate and sucrose but alleviation for
n-butanol, lactate, isoleucine, leucine, valine and raffinose. In
comparison to freeze-drying, sun-drying caused significant
accumulation of proline, alanine, succinate, leucine, melibiose
and raffinose accompanied with depletion of n-butanol, lactate,
glutamine, malate and salvianolic acid B. Sun-dried samples
contained higher levels of alanine, leucine, galactose and
raffinose but lower levels of lactate, proline, glutamine, succi-
nate, malate, sucrose and salvianolic acid B than the air-dried
samples. The absolute concentrations of metabolites were also
subjected to ANOVA and similar conclusions were obtained.

These metabonomic alterations are probably related to the
metabolic responses of SMB plant cells to water-depletion
stress resulting from the different drying processes. During the
freeze-drying process, plant tissues are in the solid state and
the plant cells are unable to make swift adjustments in
metabolic enzyme activities owing to the lack of water avail-
ability (assuming that snap-frozen in liquid nitrogen is fast
enough). However, during air- and sun-drying processes,
gradual water depletion will lead to steady drought stresses to
the plant cells and induce metabolic changes due to the
drought adaptation of the plant cells. The accumulation of the
proline and sucrose during air-drying and sun-drying (com-
pared to freeze-drying) is in good accordance with the previous
findings for plant cells when subjected to drought stresses.**3
Under drought stress, proline functions as a compatible
osmolyte, storage for carbon and nitrogen,** scavenger for
reactive oxygen species (ROS)*® and regulator for intracellular
pH. Such response is probably related to the promotion of
glutamate-mediated proline biosynthesis under osmotic
stress’® and to the transcriptional activation of the gene
encoding pyrroline-5-carboxylate synthase, which is the key
regulatory and rate-limiting enzyme in the proline biosynthetic
pathway.*”~*® The first enzyme in the pathway of proline
degradation, proline dehydrogenase, may also be implicated
in the control of free proline levels during the abiotic stress
response.®’

The marked changes of in the levels of sucrose indicated the
drought induced effects on photosynthesis and carbohydrate
metabolisms, which is in good agreement with previous find-
ings in other plants.>' ~3* Sucrose is the key form of photosyn-
thetic and nonphotosynthetic carbon translocation in plant
cells and can be synthesized either from fructose-6-phosphate
and UDP-glucose with sucrose phosphate synthase or from
reversible conversion of fructose and UDP-glucose with sucrose
synthase. Sucrose accumulation observed here is therefore
consistent with the findings on drought-induced changes in
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these enzymes activities in plants.’! 3 The alterations in the
levels of other amino acids such as isoleucine, leucine, valine
and alanine indicated the drying-induced alterations in protein
biosynthesis/degradation.>® The changes in the levels of lactate
and the TCA cycle intermediates (e.g., malate and succinate)
indicate the alterations in both aerobic and anaerobic glycolysis
induced by the osmotic stress.

Furthermore, the raffinose levels decreased during the air-
drying process but increased during the sun-drying process.
These are probably attributable to the effects of drying speed
on enzyme activities and thus the different mode of plant cell
responsive actions. Such different metabolic responses have
already been observed in Lolium perenne and Arabidopsis
thaliana®>°® and germinated radicles of cucumber at different
growth stages®” even though no reports have been published
on the plant metabonomic responses to rapid and lasting
drought stresses on SMB. The drying-induced level changes for
salvianolic acid B are related to alterations in shikimate-
mediated polyphenol biosynthesis and indicate that plant cells
are capable of mobilizing its secondary metabolism (i.e., all
possible tools available) in order to prevent ROS injuries under
severe water depletion stresses (e.g., drying). Such responses
of plant secondary metabolism to water-depletion stress have
largely been ignored so far. The different responses of salvi-
anolic acid B biosynthesis to air-and sun-drying processes
suggest the functional complexity of plant secondary metabo-
lism in self-protection and perhaps lack of specificity of such
biosynthesis to stressors. The details in such mode of actions
and the metabolic pathways associated with the rate of water
depletion clearly warrant further thorough investigation espe-
cially in the levels of transcriptional regulations and protein
expressions. However, such investigation is well beyond the
scope of the current study and the present results already
indicate that NMR-based metabonomics technology is a useful
tool to investigate the stress-induced changes in the plant
physiology.

To focus on the effects of drying stresses on the secondary
metabolism, we also analyzed the changes of 18 most promi-
nent secondary metabolites of SMB detected with LC-UV
methods including 10 polyphenolic acids and 8 tanshinones.
The OPLS-DA results (Supporting Information Figure S8)
showed that, compared with freeze-dried samples, air-dried
samples contained significantly higher levels of oligomeric
caffeic acids and tanshinones but lower levels of caffeic acid;
in contrast, the sun-dried samples had significantly higher
levels of tanshinone IIA and 15,16-dihydrotanshinone I but
lower levels of polyphenolic acids than the freeze-dried ones.
The sun-dried samples contained significant lower levels of
polyphenolic acids (e.g., rosmarinic acid and salvianolic acid
B) and tanshinones than the air-dried ones. These results
suggest that the slow water-depletion induced stress (air-
drying) promoted biosyntheses of tanshinones and polyphe-
nolic acids to act as ROS scavengers whereas sun-drying stress
promoted the biosynthesis of tanshinones (though to the less
extent than air-drying) but suppressed the biosynthesis of the
polyphenolic acids. Such sun-drying induced suppression to
total phenolic contents has been reported for P. amarus,® E.
uniflora® and ginger species,® although no details on specific
phenolic compounds and mechanisms were provided. We
speculated that, in the case of sun-drying, light and thermal
stress may also play some roles in inducing the aforementioned
metabolic changes. Literature search indicates that so far there
are no published studies on the drying-induced metabonomic

Journal of Proteome Research ¢ Vol. 9, No. 3, 2010 1471


http://pubs.acs.org/action/showImage?doi=10.1021/pr900995m&iName=master.img-006.jpg&w=238&h=108

research articles

R?X=0.581 @*=0.961

40
30 ]
20
10| |
o i ® \
g O &1 o ]
=10 s | ©
-20 FD SD
-30
-40
-100 -50 0 50 100
P
R?X=0.567 Q?=0.941
60 —]
40 / -
A .
B |( A \
§ 0 L |
= 20 5 A
-40 FD AD
.50 e
80 -40° 0 40 80
t[1]P
R2X=0.658 Q?=0.972
80
60
40 &) A
o 20 A
5 0 g
20 sD A AD
-40
-60
gied |
-100 -50 0 50 100
t{1]P

1.00
0.89
0.78
0.67
0.55
0.44
0.33
0.22
0.11

AD

OPLS-coefficient (a.u)

-0.5

3635
0.5 |

77750 ||
o X2l

eréPm

23
2

5

1
| &

|lJ' L ,a -
e

7 6 5 4 3 2 1

0.67

Correlation (r?)

H chemical shift (ppm)

Dai et al.

Figure 7. OPLS-DA scores (left) and coefficient-coded loadings plots (right) derived from NMR data for SMB extracts obtained from
freeze-dried (FD, black W), sun-dried (SD, red O) and air-dried (AD, blue A) SMB roots, respectively (see Table 1 for metabolite identification

key).

Table 4. The Correlation Coefficients from OPLS-DA and the Metabolites Content of SMB Extracts from Different Drying Processes

coefficient mean + SD (mg/g)

metabolite FD vs SD* FD vs AD SD vs AD FD SD AD
n-butanol —0.994 —0.993 0.664 - - -
Isoleucine —0.700 —0.952 —0.759 1.06 + 0.06 1.01 + 0.09°¢ 0.94 + 0.01
Leucine 0.807 —0.988 —0.988 - - -
Valine —0.892 —0.822 0.699 1.46 + 0.05¢ 1.20 + 0.07°¢ 1.30 + 0.03
Lactate —0.980 —0.963 0.951 1.30 + 0.06¢ 0.95 + 0.02¢ 1.18 + 0.02/
Alanine 0.916 0.839 —0.845 0.76 £ 0.03% 0.94 + 0.02°¢ 0.82 + 0.01/
Proline 0.892 0.984 0.918 - - -
Glutamine —0.975 0.990 0.996 32.90 + 0.89¢ 27.71 + 1.37¢ 47.28 +1.87"
Succinate 0.956 0.951 0.957 1.68 £+ 0.27 2.54 +0.17¢ 3.05 + 0.04"
Malate —0.992 0.466 0.982 15.21 + 0.55¢ 12.43 +0.29 15.39 + 0.75"
Glucose 0.795 0.691 0.370 - - -
Melibiose 0.848 0.283 —0.705 - - -
Galactose 0.514 —0.710 -0.901 - - -
Sucrose 0.507 0.993 0.997 23.98 + 0.94 26.01 £ 1.79¢ 75.18 + 3.417
Raffinose 0.956 —0.995 —0.991 398.94 + 12.91¢ 436.92 =+ 30.40° 321.13 + 17.16"
Rosmarinic acid —0.962 0.903 0.970 5.02 + 1.24¢ 1.80 + 0.54¢ 7.06 + 1.04"
lithospermic acid —0.986 —0.818 0.994 7.89 + 0.69¢ 3.17 + 0.49 8.70 £+ 1.01/
Salvianolic acid B —0.955 0.893 0.965 113.99 + 10.17¢ 28.68 + 2.25°¢ 130.00 + 11.47"

“FD, SD and AD denote freeze-drying, sun-drying and air-drying, respectively. The significant difference by one-way ANOVA analysis (p < 0.05). -: The
absolute concentration is not determined due to signal weakness or overlapping. ” The coefficients from OPLS-DA results, positive and negative signs
indicate positive and negative correlation in the concentrations, respectively. The coefficient of 0.81 was used as the cutoff value for the significant
difference evaluation (p < 0.05). ° The absolute concentration and standard deviation (mean + SD, mg/g the SMB extracts) were obtained from five parallel
samples. “ FD vs SD. ¢ FD vs AD. /SD vs AD.

changes for S. miltiorrhiza Bunge and the results of this study
strongly suggest the importance of secondary metabolisms in
the plant adaptation to osmotic stresses, which so far has not
been fully considered in the literature.

The LC-MS peak areas (normalized to the weight of extracts)
of 14 components in the negative ion mode and 26 components
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in the positive ion mode (see Supporting Information Figures
S9, S10 and Table S2 for details) were further subjected to PCA
and OPLS-DA to analyze the secondary metabolism responses
to different drought stresses. The PCA model (Supporting
Information Figure S9) of the negative and positive ion modes
showed clear separation with first two principal components
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and tight clustering for each group. OPLS-DA (Supporting
Information Figure S10) illustrated clear differentiation in the
secondary metabolite composition of the extracts resulting from
osmotic stresses with the values of R2X/Q? indicating the good
model qualities. In the negative ion mode (Supporting Infor-
mation Figure S10a), compared to freeze-dried samples, air-
dried samples showed significant level elevations for rosmarinic
acid (peak 8), salvianolic acid B (peak 10), salvianolic acid L
(peak 12), caffeic acid dimer (peak 42), tormentic acid (peak
28) and miltipolone (peak 32) but alleviation of caffeic acid
(peak 34), salvianolic acid J (peak 37), salvianolic acid H/I (peak
39) and three unidentified prolithospermic acid derivatives
(peak 38, 40 and 41); sun-dried samples contained significant
lower levels of polyphenolic acids and tormentic acid (peak
28) than the freeze-dried samples. In the positive mode
(Supporting Information Figure S10b), compared with freeze-
dried samples, air-dried samples showed significant higher
levels of rosmarinic acid (peak 8), salvianolic acid L (peak 12),
caffeic acid dimer (peak 42), 1-ketoisocryptotanshinone (peak
16), trijuganone C (peak 18), tanshinaldehyde (peak 20), 15,16-
dihydrotanshinone I (peak 21), cryptotanshinone (peak 24)
tanshinone IIA (peak 27) and fj-sitosterol (peak 19) but lower
amounts of umbelliferone (peak 36), the compound at m/z 359
(peak 22), salvianolic acid H/I (peak 39) and three unidentified
salvianolic acid derivatives (peak 38, 40 and 41); sun-dried
samples contained higher levels of tanshinones and umbellif-
erone (peak 36) but lower levels of polyphenolic acids. In
addition, sun-dried samples contained more umbelliferone
(peak 36), tanshinone I (peak 25) and 1,2-dihydrotanshinone I
(peak 26) but less polyphenolic acids, trijuganone C (peak 18),
[-sitosterol (peak 19), tanshinaldehyde (peak 20) and peak 22
(m/z 359) than air-dried ones. These results imply that air-
drying of SMB promotes the biosynthesis of the abundant
oligomeric caffeic acids and tanshinones whereas sun-drying
suppresses the biosynthesis of polyphenolic acids, which is
consistent with the results obtained from NMR analysis. More
details in the biosynthetic pathways of these polyphenolic acids
and tanshinones are in clear demand to assist our further
understandings to such secondary metabolism responses to the
drought stresses.

Furthermore, advantages and limitations of two main stream
metabonomic analytical approaches (NMR and LC-DAD-MS)
are again highlighted in this particular case. NMR results had
excellent correlation between the metabolite signal intensities
and their concentrations for the abundant metabolites, whereas
such correlations were not always readily available in the LC-
DAD-MS results. For example, in the air-dried extracts, three
metabolites, raffinose, sucrose, and glutamine, were among the
most abundant ones with their contents of about 321, 75, and
47 mg/g extract, respectively. The LC-DAD-MS profiles (Sup-
porting Information Figures S6 and S7), however, did not show
their peaks at all probably due to their inefficient chromato-
graphic retention and weak responses to both DAD and MS
detectors. Instead, the most intense peaks were from salvianolic
acid B in the negative MS mode (peak 10, Supporting Informa-
tion Figure S7b) and cryptotanshinone in the positive mode
(peak 24, Supporting Information Figure S7a).

Inconsistencies are also present for the relative MS signal
intensities of different metabolites in positive and negative ion
modes. In the air-dried SMB samples, the molar ratio for
salvianolic acid B and cryptotanshinone was larger than 30:1,
whereas their peak ratio was 2:7 in the positive ionization mode
(Supporting Information Figure S7a). Even for the same type
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metabolites (polyphenolic acids), the peak ratios for salvianolic
acid B (peak 10) and lithospermic acid (peak 9) were about 9:1
and 25:1 in the positive (Supporting Information Figure S7a)
and negative modes (Supporting Information Figure S7b),
respectively, although their concentration ratio was about 12:
1. This strongly suggests yet again that extra care and justifica-
tion are absolutely necessary during data normalization when
LC-DAD-MS methods are employed in metabonomics studies.
In such cases, in situ calibrations with reference standards are
probably necessary though tedious. Moreover, the selective
nature of LC-MS methods in the metabonomic analysis also
requires careful consideration in interpreting the biochemical
pathways in the holistic manner. Nevertheless, it is worth-
noting that LC-DAD-MS methods offer vital complementary
information for many low concentration secondary metabolites
which otherwise are not detectable in NMR methods (e.g.,
cryptotanshinone).

Conclusion

This study has unambiguously shown that the combination
of NMR and LC-DAD-MS is a much more efficient way for
holistic plant metabonomic analysis by providing complemen-
tary information. NMR indiscriminately detects the abundant
metabolites simultaneously and quantitatively, whereas LC-
DAD-MS selectively detects some metabolites, at best, semi-
quantitatively without calibrations. The metabonome of SMB
roots is largely dominated by 29 primary metabolites, including
5 sugars, 10 carboxylic acids and 13 amino acids, and 8
secondary metabolites including 3 polyphenolic acids and 5
diterpenoids. For metabonomic analysis, the concentration of
different metabolites varies with the extraction solvents em-
ployed and the choice of extraction solvents for a given
biological system requires careful consideration and compara-
tive optimization. For SMB, aqueous methanol is overall a good
solvent whereas chloroform/methanol is an excellent solvent
system for the selective extraction of the SMB diterpenoids.
With results consistent with what was obtained from absolute
metabolite concentrations, the efficiency of OPLS-DA approach
clearly offers great potential for plant metabonomic studies
with multiple samples and sample groups. Drying processes
led to profound alterations to both the primary and secondary
metabolisms of SMB including proline biosynthesis, photo-
synthesis and carbohydrate metabolisms, protein biosynthesis
and shikimate-mediated polyphenol and diterpenoid biosyn-
theses. Air-drying promoted the biosynthesis of the abundant
polyphenolic acids and tanshinones, whereas sun-drying en-
hanced tanshinone biosynthesis but inhibited polyphenolic
acid biosynthesis. Although the effects of osmotic stresses on
plant secondary metabolisms may vary significantly for differ-
ent species, our findings may offer some potentially important
metabolic information for the development of drought-tolerant
plants, especially crops. These results are also of important
values for understanding the processing effects of phyto-
medicines.

Abbreviations: COSY, 'H—'H correlated spectroscopy; TOC-
SY, 'H—'H total correlation spectroscopy; HSQC, heteronuclear
single-quantum coherence; HMBC, heteronuclear multiple-
bond correlation; NMR, nuclear magnetic resonance; PCA,
principal component analysis; OPLS-DA, orthogonal projection
to latent structure discriminant analysis; T, spin—lattice
relaxation time; FID, Free Induction Decay; FT, Fourier
Transformation.
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