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further statistical analysis [1]. To compensate for the
different concentrations, each peak area was normalized
to the sum of all the peak areas in this gap of its own
spectrum prior to the discriminant analysis [2, 7, 8].
Furthermore, the absolute concentrations (lmol/g wet
weight) of the identiﬁed metabolites were calculated
with the related peak areas in spectra from the samples,
information on the internal standards (TSP, such as
concentration and proton number), and specimen
weight. The calculation was as follows:

The protocol for tissue extraction was the same as that in
our previous study [1]. Brieﬂy, HCl/methanol (0.1 mol/L,
100 μL) was added to the frozen tissue and homogenized
for 1.5 min at 20 Hz (Tissuelyser II, Qiagen, Germany).
Ice-cold 60% ethanol (800 μL) was further added and the
mixture homogenized again, before centrifugation at
14,000 g for 10 min. The supernatant was then collected.
The extraction steps were repeated twice with 800 μL
60% ethanol to extract the metabolites remaining in the
sediment. All the supernatants were collected and
desiccated in a centrifugal drying apparatus (Thermo
Scientiﬁc 2010, Germany) and freezing vacuum dryer
(Thermo Scientiﬁc).

Cmet =

Amet / ( Rmet  N H )
 (CTMSP  VTMSP )  9/Wt
ATMSP

The dried product was preserved for further NMR
studies. The dried product was successively dissolved in
60 μL D2O (containing the inner standard, 3(trimethylsilyl) propionic-2, 2, 3, 3-d4 acid sodium salt
(TSP, 120 mg/ L; 269913-1G, Sigma-Aldrich)) and 540
μL phosphate buffer (pH 7.2). The solution was mixed
in a high-speed vortex and centrifuged at 14,000 g for
15 min, and the supernatant was withdrawn and
transferred to an NMR tube.

where Amet and ATSP are the relative areas of the peaks
of the detected metabolites and TSP, and Rmet is a
constant for a speciﬁc metabolite calculated as the ratio
between the partial NMR signal of the standard
metabolite in selected regions (almost pure chemical
signal) in a real sample and the whole proton signal in the
standard spectrum; NH is the number of protons of the
metabolite within the area Amet; CTSP and VTSP are the
concentration and volume of TSP standard solution
added to the NMR tube; Wt is the total weight of the wet
specimen and 9 is the number of protons in the TSP.

Acquisition of PMRS
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PMRS spectra were acquired as in previous studies [1,
2]. The extracted samples were measured with a Bruker
Avance III 600 MHz NMR spectrometer (298 K)
equipped with an inverse cryogenic probe (Bruker
BioSpin, Germany). The spectra were acquired with a
standard Watergate pulse sequence [3]. The following
acquisition parameters were set for every sample: p1
(90 oC pulse), 8.35 μs; number of scans, 256; spectral
width, 20 ppm; dummy scans, 8; number of freeinduction decay points, 32 K.
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PMRS data processing
All PMRS were processed and analyzed with TopSpin
(Version 2.1, Bruker BioSpin) and a home-made
software NMRSpec [4]. First, the phase correction and
baseline distortion were manually completed in
TopSpin. Then the corrected spectra were imported into
NMRSpec for spectrum alignment, peak extraction,
spectral integration, and the integration of chemicalrelated peaks. This software has been used in several
metabolomics studies [1, 5, 6]. The chemical shifts of
major amino-acids were distributed in the range of
1.20–4.46 ppm, so this gap was extracted for further
analysis. First of all, the areas of all peaks (area under
the curve) in this gap were automatically calculated for
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