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Abstract
Untargeted metabolomics attempts to acquire a comprehensive and reproducible set of small-molecule metabolites in biological
systems. However, metabolite extraction method significantly affects the quality of metabolomics data. In the present study, we
calculated the number of peaks (NP) and coefficient of variation (CV) to reflect metabolome coverage and reproducibility in
untargeted NMR-based metabolic profiling of tissue samples in rats under different methanol/chloroform/water (MCW) extrac-
tion conditions. Different MCW extractions expectedly generated diverse characteristics of metabolome. Moreover, the classic
MCWmethod revealed tissue-specific differences in the NP and CV values. To obtain high-quality metabolomics data, therefore,
we used mixture design methods to optimize the MCWextraction strategy by maximizing the NP value and minimizing the CV
value in each tissue sample. Results show that the optimal formulations of MCWextraction were 2:2:8 (ml/mg tissue) for brain
sample, 2:4:6 (ml/mg tissue) for heart sample, 1.3:2:8.7 (ml/mg tissue) for liver sample, 4:2:6 (ml/mg tissue) for kidney sample,
2:3:7 (ml/mg tissue) for muscle sample, and 2:4:6 (ml/mg tissue) for pancreas sample. Therefore, these findings demonstrate that
different tissue samples need a specific optimal extraction condition for balancing metabolome coverage and reproducibility in
the untargeted metabolomics study. Mixture design method is an effective tool to optimize metabolite extraction strategy for
tissue samples.
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Introduction

Metabolomics is the end-point of omics cascade that aims to
analyze a comprehensive set of metabolites in bio-samples
and explore their changes related to genomic and proteomic
perturbations [1]. Currently, metabolomics plays an essential
role in the field of biological and medical sciences [2]. In
general, there are two complementary approaches for metabo-
lomics studies, namely, targeted and untargeted metabolo-
mics. The untargeted method focuses on comprehensive

metabolites without bias; however, the targeted method de-
tects a single or a panel of specific metabolites. Each method
possesses its advantages, for example, the targeted approach
can achieve more sensitive and quantitative analysis. In an
untargeted study, by measuring global metabolic profiling,
novel metabolites related to disease mechanisms or bio-
markers are more likely to be discovered. Thus, the untargeted
approach is usually performed prior to the targeted
investigation.

Metabolite extraction is a vital step in metabolomics [3].
Unlike classic targeted strategy, untargeted metabolomics re-
quires a fast and reproducible sample preparation method.
Additionally, this method has to cover a wide range of metab-
olites. Choi and Verpoorte revealed that BWhat you see is what
you extract^ [4]. Thus, for ensuring the reliability of a meta-
bolomics study, it is essential to develop an effective and re-
producible protocol of metabolite extraction [3]. Many re-
searchers have paid attention to this issue and tried to optimize
sample preparation for improving metabolomics data quality.
Kim et al. optimized sample preparation methods including
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sampling and extraction based on GC-MS to facilitate a reli-
able and accurate metabolomics analysis for Saccharomyces
cerevisiae [5]. By optimizing combination of different sol-
vents, the coverage of metabolome can be greatly expanded
in bio-fluid [6, 7], cell [8, 9], and tissue samples [10, 11]. For
achieving a high efficiency and reproducible preparation pro-
tocol of esophageal tissue, solvent extraction and tissue dis-
ruption methods were optimized by Wang et al. [12]. In addi-
tion, Naz et al. [13] optimized sample treatment and analytical
method to improve the coverage and linearity of metabolome
in lung tissue for a multiplatform approach. The intensity and
reproducibility of brain tissue metabolome can also be im-
proved by optimizing tissue lysis and metabolite extraction
methods using NMR, LC-MS, and GC-MS [14]. Therefore,
metabolite extraction optimization will be a significant and
ongoing work in the field of metabolomics.

The most popular strategy for tissue metabolite extraction
is the two-phase extraction system including methanol, chlo-
roform, and water; the upper and lower phases contain polar
and non-polar metabolites, respectively [15]. However, the
final ratio of methanol/chloroform/water (MCW) extraction
[16, 17] is miscellaneous, which brings us an inevitable prob-
lem, that is, how to set this ratio for a specific tissue sample? A
design of experiment (DoE) approach is a solution to over-
come this issue. DoE is an optimization method that makes
possible to simultaneously evaluate the importance of each
factor and their interactions, model the factor-response rela-
tionship with a minimal number of experiments, and optimize
factors setting to achieve a desirable response [18].
Therefore, the aim of this work was to use the DoE meth-
od as a tool to optimize the final ratio of MCW extraction
for maximizing the metabolome coverage and reproduc-
ibility in brain, heart, liver, kidney, muscle, and pancreas
samples of rats and to evaluate tissue-specific differences
in metabolite extraction.

Materials and methods

Chemicals

Methanol and chloroform were of analytical grade and pur-
chased from Aladdin (Shanghai, China). Distilled water was
obtained from a Millipore Direct-Q3 UV system (MilliPore,
Boston,MA, USA). Please note that methanol and chloroform
are harmful; therefore, these solvents must be handled in a
fume hood and avoid skin contact or inhalation.

Animals

Eight-week-old Sprague-Dawley rats (male; n = 20; body
weight = 225 ± 12 g) were purchased from the SLAC
Laboratory Animal Co. Ltd. (Shanghai, China). All rats were

housed in the specific pathogen-free colony under a controlled
condition (room temperature = 22 °C; light/dark cycle = 12 h/
12 h, lights on at 7:00 a.m.) at the Laboratory Animal Center
ofWenzhouMedical University (Wenzhou, China). Rats were
given free access to standard rat chow and tap water. This
study was conducted in accordance with the BGuide for the
Care and Use of Laboratory Animals^ and approved by the
Institutional Animal Care and Use Committee of Wenzhou
Medical University.

Tissue sample collection

All rats were sacrificed by decapitation after a 12-h fasting.
Brain, heart, liver, kidney, muscle, and pancreas tissues were
extracted, immediately frozen in liquid nitrogen, and stored at
− 80 °C until use.

Metabolite extraction optimization and NMR-based
metabolomics analysis

To ensure consistency for the extraction optimization study,
brain, heart, liver, kidney, muscle, and pancreas tissues obtain-
ed from 20 rats were correspondingly mixed and homoge-
nized using a handheld homogenizer. Polar metabolome were
extracted using the MCWextraction method. The general pro-
cedure of MCW method includes the following: the frozen
tissue was weighed into a tube and then ice-cold methanol
and distilled water were subsequently added to the tube; the
mixture was homogenized using a handheld homogenizer;
ice-cold chloroform was subsequently added to the mixture
and vortex-mixed for 10 s; the mixture was stood on ice for
15 min and centrifuged at 10,000×g for 15 min at 4 °C; lastly,
the supernatant was transferred to a new tube, lyophilized for
24 h, and kept at − 80 °C until analysis.

The lyophilized extract was reconstituted in the tube with
0.6 ml of D2O (99.5%) containing 0.05% of sodium
trimethlysilyl propionate-d4 (TSP) and transferred to a 5 mm
NMR tube for metabolomics analysis. 1H NMR metabolic
profiling of tissue extract was measured by using a Bruker
AVANCE III 600 MHz NMR spectrometer (Bruker BioSpin,
Rheinstetten, Germany). A standard single-pulse sequence
with water signal pre-saturation (Bzgpr,^ Bruker) was per-
formed at 25 °C. The main acquisition parameters were set
as follows: scans, 256; acquisition time, 2.65 s per scan; data
points, 64 K; spectral width, 12,000 Hz; relaxation delay, 6 s.
Then, the 1H NMR spectra were referenced to the TSP peak at
0.0 ppm and preprocessed using auto-phase and auto-baseline
corrections using Topspin software (v2.1 pl4, Bruker BioSpin,
Germany).

During the procedure of MCW extraction, we speculate
that the ratio of methanol, chloroform, and water will greatly
impact on the data quality of metabolome. In the present
study, metabolite extraction was carried out with different
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solvent mixtures defined using a mixture design approach.
The mixture design method is an efficient DoE approach that
is able to determine the optimal mixture proportion of differ-
ent constituents for achieving a desired outcome [19]. For
untargeted metabolomics, the desired result is to acquire more
abundant and reproducible metabolic information from bio-
logical samples. Hence, in this study, we also used the mixture
design method to optimize the final ratio of MCW extraction
for maximizing the metabolome coverage and reproducibility
in different tissues of rats, including brain, heart, liver, kidney,
muscle, and pancreas. The effects of three independent vari-
ables, namely methanol (X1), chloroform (X2), and water
(X3), on the number of peaks (NP, Y1) and coefficient of
variation (CV, Y2) were analyzed using the mixture design
method under SAS software (design of experiments, SAS
9.2, SAS Institute Inc., Cary, NC, USA). Ten design points
labeled from E1 to E10 were listed in Table 1. The range of
independent variables was set to 2–8 ml/g wet tissue weight,
but note that this range can be user-defined. The NP value was
automatically counted as peaks with the intensity above
10,000 from each NMR spectrum using Topspin software
(v2.1 pl4, Bruker BioSpin, Germany). In addition, each ex-
periment was conducted in five times and the CV value was
calculated as the ratio of the standard deviation to the mean of
the NP value to indicate data reproducibility using Microsoft
Excel 2010 (Microsoft Corp., Redmond, WA). The threshold
of peak intensity and the CV value can also be user-defined,
but please note that these settings should be fixed for all the
experiments.

The statistic method was applied to find the best fitted
model of three independent variables using SAS 9.2 software.
The significances of three independent variables and their

interactions were evaluated by using ANOVA and P value
below 0.05 was considered statistically significant.

Multivariable analysis

After preprocessing, all NMR spectra from the same tissue
were aligned using the Bicoshift^ method [20] in MATLAB
(R2012a, The Mathworks Inc., Natick, MA, USA). The spec-
tral region from 0.0 to 10.0 ppm excluding the residual water
signals from 4.7 to 5.0 ppm was subdivided and integrated to
binning data with a size of 0.01 ppm for multivariable analy-
sis. Principal component analysis (PCA) based on the Pareto-
scaled binning data was performed to examine an overview
change in metabolic pattern among different MCW extrac-
tions using SIMCA 12.0 software (Umetrics, Umeå, Sweden).

Metabolite identification and quantification

The NMR signal was assigned in accordance with the Human
Metabolome Database [21] and Chenomx NMR Suite 7.1
(Chenomx, Alberta, Canada). Moreover, two-dimensional
(2D) 1H-1H correlated spectroscopy (COSY) and 13C-1H
heteronuclear single quantum coherence (HSQC) experiments
were performed to analyze the representative samples for ver-
ifying our tentative assignments. For quantification of specific
metabolite, its peak area was manually integrated under
Topspin software and calculated on the basis of its peak area
by reference to the internal standard TSP concentration. Then,
the relative concentration of metabolite was Pareto-scaled and
visualized as heatmaps, and cluster analysis was performed by
Ward’s method and Euclidean distance using MetaboAnalyst
3.0 [22].

Results and discussion

Overview of the tissue-specific effect of MCW
extraction on metabolic profiling

Metabolic profiling aims to get extensive metabolome cover-
age in biological samples, which has been used as a promising
tool to explore the biomarker and mechanism of disease
[23–25]. However, many factors may influence metabolic
profiling, such as sample collection and storage [14], sample
extraction and reconstitution [26] as well as sample analytical
method [27]. In this study, to investigate the effect of extrac-
tion procedures on metabolic profiling in different tissues, we
examined differences in metabolic patterns among different
MCWextractions using PCA. As demonstrated in PCA score
plots (Fig. 1), a clear clustering of samples was observed ac-
cording to the extraction method. E9 and E10 with a higher
ratio of methanol to water were clearly separated from the rest
of extraction procedures along PC1 for brain (Fig. 1A), liver

Table 1 Mixture design for optimization of methanol/chloroform/water
extraction

Run Coded factor Uncoded factor (ml/g)

Ma Cb Wc M C W

E1 0 0 1 2 2 8

E2 0 0.33 0.67 2 4 6

E3 0 0.67 0.33 2 6 4

E4 0 1 0 2 8 2

E5 0.33 0 0.67 4 2 6

E6 0.33 0.33 0.33 4 4 4

E7 0.33 0.67 0 4 6 2

E8 0.67 0 0.33 6 2 4

E9 0.67 0.33 0 6 4 2

E10 1 0 0 8 2 2

aMethanol
b Chloroform
cWater
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(Fig. 1C), kidney (Fig. 1D), and pancreas (Fig. 1F) tissues and
PC2 for heart tissue (Fig. 1B). Additionally, along PC1, a clear
separation between E1–E4 and E5–E10 was observed in mus-
cle tissue (Fig. 1E). Overall, PCA results reveal that MCW
extraction had a tissue-specific effect on metabolic profiling.

Impact of MCW extractions on metabolome coverage
and reproducibility in different tissues

The desirable property of untargeted metabolic profiling is
expected to be not only wide-ranging, but also stable [28].
In the present study, we calculated the number of peaks (NP)
and coefficient of variation (CV) to reflect these two proper-
ties under different MCWextractions. The effects of different
MCW extractions on the NP and CV values are presented
using a radar chart method, which is commonly applied to
visualize one attribute related with multiple factors, as shown
in Fig. 2. The radar chart consists of ten equiangular spokes
and each spoke represents one of the MCW extraction condi-
tions. The axis of a spoke indicates the range of the variable
(the NP or CV value) and the axis’s origin (the center of the
graphic) represents the minimum value of the variable and the
end the maximum value (Fig. 2). In brain tissue, all MCW
extractions studied herein achieved a NP value above 100
(Fig. 2A), whereas the CV values exceeded 8% for E2, E5,
E6, and E8 (Fig. 2G). E1 and E2 possessed a higher value of
NP (approximately 120) than other MCWextractions in heart
tissue, as shown in Fig. 2B. Yet, relative to E1, E2 had a lower

CV value (Fig. 2H). As can be seen from Fig. 2C, a relatively
higher NP value (> 160) was observed for E1, E2, E3, E5, E6,
and E8 in liver tissue; moreover, in these extraction condi-
tions, E6 had a lower CV value (< 6%, Fig. 2I). Figure 2D
reveals that the NP value reached or exceeded 200 for all
MCW extractions in kidney tissue. In addition, MCW extrac-
tions excepting E2 and E7 showed a CV value below 6% (Fig.
2J). In muscle tissue, the NP value around 120 was obtained
from E1, E2, E3, E5, E6, E8, and E9 (Fig. 2E), and E3 and E9
exhibited a lower CV value (< 6%) than other extraction con-
ditions (Fig. 2K). According to Fig. 2F, E1, E2, E5, and E6
had a higher NP value (> 100) relative to other extractions in
pancreas tissue. However, the CV value above 10% was ob-
served from E5 (Fig. 2L). It can be concluded that MCW
extraction caused an obvious tissue-specific effect on metab-
olome coverage and reproducibility. Therefore, optimizing
MCW extraction is a necessary step for improving the data
quality of metabolome. Meanwhile, the tissue-specific effect
on metabolite extraction also needs to be noticed.

Optimization and validation of MCW extractions
using mixture design methods

Table 2 lists P values for the effects of methanol, chloroform,
water, and their interaction on the NP and CV values in dif-
ferent tissues analyzed by mixture design approaches, and the
main effects were illustrated in Fig. 3 for the NP value and
Fig. 4 for the CV value. As shown in Fig. 3, the NP values

Fig. 1 PCA score plots of untargeted NMR-based metabolic profiling in
tissue samples under different methanol/chloroform/water (MCW) ex-
traction conditions. Tissue sample: A brain; B heart; C liver; D kidney;

E muscle; F pancreas. Extraction condition (M/C/W, ml/g tissue): E1,
2:2:8; E2, 2:4:6; E3, 2:6:4; E4, 2:8:8; E5, 4:2:6; E6, 4:4:4; E7, 4:6:2;
E8, 6:2:4; E9, 6:4:2; E10, 8:2:2
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were reduced by increasing methanol and chloroform levels in
all tissue samples, which showed statistically significant
(Table 2). Overall, an increased trend of the NP values was
observed with the increase of water content for all tissues,
since we focused on the extraction of polar metabolites in this
study. However, for liver and kidney tissues, excessive water
addition could result in the reduction of the NP values (P <
0.0001; Fig. 3C; Electronic Supplementary Material (ESM)
Fig. S1D). A significant interaction effect of methanol and
chloroform was detected on the NP value in liver tissue (P =
0.03, Table 2). Moreover, heart (P = 0.04) and liver (P = 0.02)
tissues exhibited a significant interaction effect of chloroform
and water on the NP value (Table 2).

For untargeted metabolomics, the NP value was expected
to bemaximal, but the CV value to beminimal. In brain tissue,
a continuous decrease in the CV value was found with the

increase of chloroform content (P = 0.006, Fig. 4A).
Figure 4A also reveals that the CV value increased first, and
then decreased, by increasing methanol (P = 0.07) and water
(P = 0.01) levels (Table 2). In addition, a significant interac-
tion effect of methanol and water on the CV value was obtain-
ed in brain tissue (P = 0.004, Table 2). The increasing trend in
the CV value was detected in heart tissue with increasing
methanol (P = 0.002) and water (P = 0.006) contents, as
shown in Fig. 4B and Table 2. However, for chloroform, the
CV value was dramatically reduced, but then slightly in-
creased (P = 0.03, Fig. 4B). As shown in Fig. 4C and
Table 2, in liver tissue, methanol addition resulted in a signif-
icant increase of the CV value (P = 0.03), whereas the CV
value was reduced firstly and then increased with the increase
of water content (P = 0.03). Yet, there was no significant dif-
ference for chloroform (P = 0.18). Figure 4D illustrates that

Fig. 2 Changes in the number of
peaks (NP) and coefficient of
variation (CV) under different
MCW extraction conditions in
untargeted NMR-based metabolic
profiling. Red line, NP; blue line,
CV. Tissue sample:A,G brain;B,
H heart;C, I liver;D, J kidney;E,
K muscle; F, L pancreas.
Extraction condition (M/C/W, ml/
g tissue): E1, 2:2:8; E2, 2:4:6; E3,
2:6:4; E4, 2:8:8; E5, 4:2:6; E6,
4:4:4; E7, 4:6:2; E8, 6:2:4; E9,
6:4:2; E10, 8:2:2. The radar chart
consists of ten equiangular
spokes, representing ten extrac-
tion conditions designed in this
study (E1–E10). The axis of a
spoke indicates the range of the
variable (the NP or CV value), at
which the axis’s origin (the center
of the graphic) represents the
minimum value of the variable
and the end the maximum value
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the CV value increased first and then decreased with increas-
ing of chloroform content in kidney tissue (P = 0.04, Table 2).
A continuous decline in the CV value was observed in other
two solvents, but no significant difference for methanol (P =

0.10, Fig. 4D). In addition, we found that the CV value was
notably increased with the addition of methanol in muscle
tissue (P = 0.03, Fig. 4E) and water in pancreas tissue (P =
0.06, Fig. 4F). With increasing of chloroform level, the CV

Table 2 Statistical results from mixture design methods in different tissue samples

Factor Brain Heart Liver Kidney Muscle Pancreas

NPa CVb NP CV NP CV NP CV NP CV NP CV

Mc < 0.0001 0.07 < 0.0001 0.002 < 0.0001 0.03 < 0.0001 0.10 0.0003 0.03 0.007 0.17

Cd < 0.0001 0.006 < 0.0001 0.03 < 0.0001 0.18 < 0.0001 0.04 0.0008 0.05 0.003 0.05

We < 0.0001 0.01 < 0.0001 0.006 < 0.0001 0.03 < 0.0001 0.05 0.0001 0.10 0.0005 0.06

M∙Cf 0.22 0.32 0.94 0.07 0.12 0.19 0.59 0.50 0.19 0.64 0.88 0.29

M∙Wg 0.19 0.004 0.42 0.18 0.03 0.27 0.07 0.74 0.70 0.85 0.33 0.88

C∙Wh 0.38 0.20 0.04 0.44 0.02 0.81 0.19 0.40 0.10 0.36 0.24 0.22

a Number of peaks;
b Coefficient of variation
cMethanol
d Chloroform
eWater
f Interaction effect of methanol and chloroform
g Interaction effect of methanol and water
h Interaction effect of chloroform and water

Fig. 3 Changes in total number of peaks in untargeted NMR-based met-
abolic profiling of tissue samples as a function of methanol, chloroform,
and water contents in extraction solvent systems. Tissue sample:A brain;
B heart; C liver; D kidney; E muscle; F pancreas

Fig. 4 Changes in coefficient of variation in untargeted NMR-based met-
abolic profiling of tissue samples as a function of methanol, chloroform,
and water contents in extraction solvent systems. Tissue sample:A brain;
B heart; C liver; D kidney; E muscle; F pancreas
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value decreased first and then increased in both muscle (P =
0.05, Fig. 4E) and pancreas tissues (P = 0.06, Fig. 4F).
However, changes in the CV values were not statistically sig-
nificant for water in muscle tissue (P = 0.10, Fig. 4E) and
methanol in pancreas tissue (P = 0.17, Fig. 4F). Taken togeth-
er, tissue-specific differences obviously existed in metabolite
extraction, especially for polar metabolome reproducibility.

To balance metabolome coverage and reproducibility, we
then used mixture design methods to optimize the MCW ex-
traction strategy by maximizing the NP value and minimizing
the CV value. Moreover, a contour plot was applied for the
quantitative analysis of each factor on the response [29].
Figure 5 shows the contour plots that indicate changes in the
NP and CV values as a function of methanol, chloroform, and
water in different tissue samples. We found that the NP value
(red line) gradually increased with increasing of water propor-
tion in the MCW solvent system, excepting in liver (Fig. 5C)
and kidney (Fig. 5D) samples. For the CV value, however,
different tissue samples display different variation tendencies,
as illustrated in Fig. 5. In this study, we attempted tomaximize
the NP value and meanwhile ensure the CV value below 8%,
but it should be noted that this selection criterion can be user-
defined. Finally, as listed in Table 3, the optimal extraction
formulation of MCW was selected for each tissue sample,
including 2:2:8 (ml/mg tissue) in brain sample, 2:4:6 (ml/mg
tissue) in heart sample, 1.3:2:8.7 (ml/mg tissue) in liver sam-
ple, 4:2:6 (ml/mg tissue) in kidney sample, 2:3:7 (ml/mg tis-
sue) in muscle sample, and 2:4:6 (ml/mg tissue) in pancreas
sample. These MCW extraction formulations were expected
to get the NP and CV values of 146.60 and 4.62 for brain
tissue, 117.60 and 5.85 for heart tissue, 193.20 and 7.63 for

liver tissue, 248.80 and 3.16 for kidney tissue, 130.30 and
4.88 for muscle tissue, and 116.60 and 6.11 for pancreas tis-
sue, respectively (Table 3). Subsequently, the optimal extrac-
tion method of MCW was validated by five independent ex-
periments, and the final results were listed in Table 3. The
optimal MCW formulations can achieve the NP and CV
values of 143.20 and 3.15 for brain tissue, 109.80 and 5.36
for heart tissue, 173.40 and 6.87 for liver tissue, 258.00 and
3.24 for kidney tissue, 133.80 and 2.33 for muscle tissue, and
124.80 and 6.08 for pancreas tissue, respectively. The valida-
tion results indicate that the actual results were close or even
better than the predicted results, suggesting a reliable optimi-
zation of metabolite extraction.

Metabolite extraction is undoubtedly a key step for meta-
bolomics analysis, so researchers have worked on optimizing
this step for NMR-based tissue metabolomics, such as liver
[15], muscle [30], brain [31], and human vein tissue [32]. In
the present study, we suggest that mixture design method can
be an efficient tool to assist the optimization of metabolite
extraction in metabolomics research. This method has been
widely used to study the relationship between the proportions
of different variables and responses and to obtain an optimum
formulation for a desired outcome [29]. Therefore, it could be
applied to find the optimal extraction medium for better char-
acterization of metabolic profiling. In this study, for example,
we systematically evaluated the impact of different solvent
extraction systems on themetabolome coverage and reproduc-
ibility using the mixture design method and achieved the op-
timal solvent formulation for metabolite extraction in various
animal tissues, including brain, heart, liver, kidney, muscle,
and pancreas.

Fig. 5 The contour plots indicating changes in the number of peaks and coefficient of variation as a function of methanol (M), chloroform (C), and water
(W) in different tissue samples. Tissue sample: A brain; B heart; C liver; D kidney; E muscle; F pancreas
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Metabolite identification and quantification

To assign metabolic signals, the HMDB and Chenomx NMR
Suite were applied for preliminary identification and 2DNMR
for further validation. As listed in ESM Table S1, a total of 68
metabolites were identified in tissue samples, and the detailed
assignments of metabolites were shown in 1D (Fig. 6A, ESM
Figs. S1–S5) and 2D (ESM Figs. S6–S11) NMR spectra. In
this study, we identified 44, 45, 45, 49, 31, and 37 metabolites
from brain, heart, liver, kidney, muscle, and pancreas tissues in

healthy rats, which account for 87.99, 91.99, 89.10, 85.85,
90.77, and 91.54% of total NMR signals in corresponding
tissue samples, respectively (Table 3).

To further evaluate the quality of metabolite quantification,
the main metabolites were quantified from NMR spectra and
illustrated as heatmaps in Fig. 6B for brain, ESM Fig. S12A
for heart, Fig. S12B for liver, Fig. S12C for kidney, Fig. S12D
for muscle, and Fig. S12E for pancreas. According to Fig. 6B,
the concentrations of brain metabolites extracted by E1, E2,
E5, and optimal conditions were higher than other extraction

Table 3 Summary of MCW
extractions optimized by mixture
design methods in different tissue
samples

Sample Optimal extraction Prediction Validation Identification

Ma Cb Wc NPP
d CVP

e NPV
f CVV

g Mh ID%i

Brain 2 2 8 146.60 4.62 143.20 3.15 44 87.99

Heart 2 4 6 117.60 5.85 109.80 5.36 45 91.99

Liver 1.3 2 8.7 193.20 7.63 173.40 6.87 45 89.10

Kidney 4 2 6 248.80 3.16 258.00 3.24 49 85.85

Muscle 2 3 7 130.30 4.88 133.80 2.33 31 90.77

Pancreas 2 4 6 116.60 6.11 124.80 6.08 37 91.54

aMethanol (ml/g tissue)
b Chloroform (ml/g tissue)
cWater (ml/g tissue)
d Number of peaks predicted by the mixture design method
e Coefficient of variation predicted by the mixture design method
f Number of peaks validated by five independent experiments
g Coefficient of variation validated by five independent experiments
h Number of identified metabolites
i Percentage of identified peaks in total peaks

a b

Fig. 6 Metabolite identification and quantification in NMR-based meta-
bolic profiling of brain tissue sample. A Annotations of metabolites; the
numbers correspond to the metabolites in ESM Table S1. B Heatmap
showing the concentrations of main metabolites in brain tissue under

different MCW extraction conditions. Extraction condition (M/C/W, ml/
g tissue): E1, 2:2:8; E2, 2:4:6; E3, 2:6:4; E4, 2:8:8; E5, 4:2:6; E6, 4:4:4;
E7, 4:6:2; E8, 6:2:4; E9, 6:4:2; E10, 8:2:2; O (optimal condition), 2:2:8
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methods. For heart tissue, E1 and optimal conditions had
higher concentrations of metabolites relative to other extrac-
tion methods (ESM Fig. S12A). ESM Fig. S12B reveals that
most metabolites concentrations in liver tissue were higher
under E1, E2, E5, E6, and optimal conditions. The optimal
extraction condition exhibited relatively higher concentrations
of most metabolites in kidney tissue as compared with other
conditions (ESM Fig. S12C). In addition, higher concentra-
tions of most metabolites were extracted from muscle tissue
under E1, E2, E5, E6, E8, E9, and optimal conditions as well
as from pancreas tissue under E1, E2, E5, E6, and optimal
conditions, as shown in ESM Fig. S12D and Fig. S12E, re-
spectively. Taken together, the optimal extraction condition
can extract metabolites at higher concentration in all tissue
samples used in this study, although it is not a unique optimal
condition.

Conclusions

In this study, we found that different MCW extractions obvi-
ously affected the characteristics of metabolite profiles in var-
ious tissue samples. Moreover, MCW method had tissue-
specific differences in the number of peaks (NP) and coeffi-
cient of variation (CV), which reflect metabolome coverage
and reproducibility, respectively. We then usedmixture design
methods to optimize the MCW extraction strategy by maxi-
mizing the NP value and minimizing the CV value for each
tissue sample. The validation results demonstrate that our
strategy can improve metabolome coverage and reproducibil-
ity. Therefore, different tissue samples need a specific optimal
extraction condition, and the mixture design method can be
used as an effective tool to optimize extraction of tissue sam-
ple for untargeted metabolic profiling. Several perspectives
based on the present study can be proposed for further re-
search: (1) the mixture design method can also be used to
optimize lipid profiling in organic phase of the MCW extrac-
tion for lipidomics; (2) this method is not limited to tissue
samples, but also for biofluids; (3) since dichloromethane
has a relatively lower toxicity than chloroform, it is recom-
mended to use dichloromethane as the extraction solvent.
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