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Abstract

Introduction Changes in skin phenotypic characteristics are based on skin tissue. The study of the metabolic changes in skin
tissue can help understand the causes of skin diseases and identify effective therapeutic interventions.

Objectives We aimed to establish and optimize a non-targeted skin metabolome extraction system for skin tissue metabolo-
mics with high metabolite coverage, recovery, and reproducibility using gas chromatography/mass spectrometry.

Methods The metabolites in skin tissues were extracted using eleven different extraction systems, which were designed
using reagents with different polarities based on sequential solid-liquid extraction employing a two-step strategy and ana-
lyzed using gas chromatograph/mass spectrometry. The extraction efficiency of diverse solvents was evaluated by coefficient
of variation (CV), multivariate analysis, metabolites coverage, and relative peak area analysis.

Results We identified 119 metabolites and the metabolite profiles differed significantly between the eleven extraction sys-
tems. Metabolites with high abundances in the organic extraction systems, followed by aqueous extraction, were involved
in the biosynthesis of unsaturated fatty acids, while metabolites with high abundances in the aqueous extraction systems,
followed by organic extraction, were involved in amino sugar and nucleotide sugar metabolism, and glycerolipid metabo-
lism. MeOH/chloroform-H,O and MeOH/H,O-chloroform were the extraction systems that yielded the highest number of
metabolites, while MeOH/acetonitrile (ACN)-H,0 and ACN/H,0O-IPA exhibited superior metabolite recoveries.
Conclusion Our results demonstrated that our research facilitates the selection of an appropriate metabolite extraction
approach based on the experimental purpose for the metabolomics study of skin tissue.

Keywords Skin tissue - Metabolite extraction solvent systems - Metabolite profiling - Gas chromatography-mass
spectrometry

1 Introduction

The skin is the largest organ in the human body, consist-
ing of a fibroblast-dominated connective tissue dermis and
an overlying keratinized epidermis (Benson, 2012; Johans-
son & Headon, 2014; Sengel, 1990). As a barrier between
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the body and the external environment, the skin protects the
body from UV rays, chemicals, and microorganisms, pre-
venting infection as well as pressure, and pain, and resists
abrasion from external objects (Rinn et al., 2006). Exces-
sive external stimuli, such as UV rays (Dupont et al., 2013),
air pollutants (Vierkétter et al., 2010), smog (Morita et al.,
2009), and microbial attacks, induce skin oxidative stress,
inflammation, immunosuppression, aging, and cancer (Abel
& Haarmann-Stemmann, 2010). Skin diseases, such as pso-
riasis, vitiligo, and acne, have long plagued human beings.
Metabolomics has been widely used to diagnose and explore
treatments for human diseases (Aa et al., 2010; Cai & Dong,
2021; Li et al., 2017; Sévin et al., 2015). The occurrence
of skin diseases is based on the skin tissue, and analyzing
metabolite changes in the skin tissue may be helpful in
understanding skin diseases and finding effective treatment
measures.
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Compared to metabolomic samples, such as serum and
urine (Misra et al., 2018; Naz et al., 2014), tissues are solid
and heterogeneous. In addition, skin tissues from different
parts of an organism exhibit differences in their external
characteristics, such as thickness, hairlessness, absence of
sweat glands, and lighter color in palmoplantar skin com-
pared to non-palmoplantar skin (Rinn et al., 2008; Yama-
guchi et al., 1999, 2004, 2008, 2009; Zhao et al., 2019). In
metabolomics experiments, the tissue is homogenized to
obtain a homogeneous solution, which helps the quench-
ing and extraction solvents to fully enter (Naz et al., 2014).
Furthermore, homogeneous solvents should contain a
proportion of polar solvents to facilitate contact with tis-
sues primarily composed of water (Naz et al., 2014). For
instance, Hu et al. used 50 mM ammonium bicarbonate
(NH,HCOy; pH 8.1) to homogenize thawed skin tissue (Hu
et al., 2012). Most researchers add the extraction solvent
directly during sample homogenization (Buszewska-Forajta
et al., 2019; Misra et al., 2018; Niziot et al., 2021), allow-
ing the homogenization and extraction processes to be per-
formed simultaneously.

The efficiency of metabolite extraction depends on the
selection of extraction solvents with different polarities and
ratios. Extraction approaches can be optimized based on the
structure and chemistry of tissues (Anwar et al., 2015). The
organic solvent, methanol, and the inorganic solvent, water,
are the most frequently used solvents for metabolite extrac-
tion. Perchloric acid has also been used to rapidly quench
and extract water-soluble metabolites(Aa et al., 2010; Ima
et al., 2019); however, due to the strong oxidizing properties
of perchloric acid, it is only widely used in easily degradable
tissues that are highly oxidative (Salek et al., 2011), and after
homogenization, potassium hydroxide (KOH) (Salek et al.,
2011) or potassium bicarbonate (KHCO;) (Ima et al., 2019)
should be used for neutralization. This protocol is com-
monly applied in nuclear magnetic resonance (NMR)-based
metabolomics. Dettmer et al. proposed that polar metabo-
lites can be extracted using isopropanol, ethanol, methanol,
acetonitrile, water, methanol/water, or mixtures of these sol-
vents, whereas more lipophilic metabolites can be extracted
using chloroform, chloroform/methanol/water mixtures, or
ethyl acetate (Dettmer et al., 2011). Some researchers have
also attempted to use methyl tert-butyl ether (MTBE) or
dichloromethane instead of chloroform for extraction; how-
ever, the results tend to differ for different samples (Masson
et al., 2010; Vorkas et al., 2018; Zhang et al., 2019). Com-
pared with two-phase extraction, single-phase extraction is
more commonly used in untargeted metabolomics, which
can be used to effectively mitigate the loss of metabolites
when they are collected from organic and inorganic phases
(Buszewska-Forajta et al., 2019; Foroutan et al., 2020;
Niziot et al., 2021; Salek et al., 2011).
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Solvent addition during the extraction process is also
important. Wu et al. studied flounder liver and found that,
compared with the stepwise and simultaneous addition of
all solvents, the metabolomic data obtained using the two-
step strategy were more accurate, less variable, and of
higher quality (Wu et al., 2008). The application of the two-
step extraction strategy in other studies has also achieved
good extraction efficiency (Buszewska-Forajta et al., 2019;
Masson et al., 2010). Anwar et al. also noted that changing
the order of the added extraction reagents could affect the
metabolite extraction results (Anwar et al., 2015).

Due to the heterogeneity of tissues, researchers have
found it difficult to obtain a general extraction approach that
is able to cover all metabolites, resulting in high metabo-
lite abundance and good reproducibility for different tissues
(Misra et al., 2018; Zukunft et al., 2018). The purpose of
this study was to optimize and establish a stable, untargeted
metabolomic approach with high metabolite coverage and
recovery. This approach can be used to study changes in
pathological skin tissue on a metabolic level and to identify
differential metabolite markers.

In this study, reagents with different polarities (from
strong to weak: water (H,O) > methanol (MeOH) > acetoni-
trile (ACN)> dichloromethane (DCM) > chloroform > iso-
propyl alcohol (IPA)>hexane) were used to develop 11
extraction solvent systems. Metabolites in non-volar skin
were extracted using the 11 extraction solvent systems
in which reagents were added using a two-step aqueous
extraction process, and organic extraction was performed
in different sequences. The feasibility of various extrac-
tion solvents was evaluated using multivariate analysis,
coefficient of variation (CV), hierarchical cluster analysis
(HCA), metabolite coverage, and relative peak area analy-
sis, and the optimal extraction solvent was screened to pro-
vide experimental parameters for skin tissue metabolomics
experiments.

2 Materials and methods
2.1 Preparation of skin tissue

Skin was collected from the hind paws of eight-week-
old male and female C57BL/6 mice. After the mice were
sacrificed by vertebral dislocation, the dorsal (non-volar)
aspects of the skin from their hind paws were carefully cut
using scissors and cleaned with phosphate buffered saline
(PBS) for all subsequent experiments. The animal experi-
ments were conducted according to ethical guidelines
for the care and use of animals, with approval from the
Jeonju University Animal Experimental Ethics Committee
(jjIACUC-20220610-2022-0405-B1).



Development of metabolome extraction strategy for metabolite profiling of skin tissue

Page3of 12 48

Table 1 Extraction protocol for S1-S6
Step 1: Organic extraction

Step 2: Aque-
ous extraction

S1: MeOH

S2 MeOH: Chloroform (2:1, v: v)

S3 MeOH: ACN (2:1, v: v) Pre-cold H,0
S4 ACN: IPA (2:1, v: v)

S5 MeOH: H,0O (2:1, v: v)

S6 Hexane: MeOH: IPA (13:5:2, v: v: v)

Table 2 Extraction protocol for S7-S11
Step 1: Aqueous extraction

S7 MeOH: H,O (1:1, v: v) Chloroform

S8 MeOH: H,O (1:1, v: v) IPA

Step 2: Organic extraction

S9 MeOH: H,O (1:1, v: v) DCM
S10 ACN: H,0 (1:1, v: v) Chloroform
S11 ACN: H,0 (1:1, v: v) IPA

2.2 Homogenization and metabolite extraction

The extraction of metabolites from skin tissue was based
on a two-step strategy (Anwar et al., 2015; Masson et al.,
2010; Niziot et al., 2021; Vorkas et al., 2015). The ratio of
the regents in every extraction solvent system was based on
the previous literatures and improved appropriately (Anwar
et al., 2015; Masson et al., 2010; Salek et al., 2011; Vorkas
et al., 2018). The experimental design is shwon in detail in
Tables 1 and 2. Five repeat samples were prepared for each
treatment, and the metabolite extraction process is shown
in Fig. 1.

For S1-S6, after washing with PBS, the non-volar skin
samples were placed in a 1.5 mL tube, where 900 uL of
organic extraction solvent was added (or S7-S11, 900 pL

Fig. 1 Workflow protocol for skin tis- P
sue metabolite extraction “ B

1# tujb

Homogenization
of tissue

1# tube

Skin tissue

aqueous extraction solvent was added), ultrasonic homog-
enization was performed for 30 s, and samples were placed
on ice for 5 min intervals three times with an ultrasonic
homogenizer (Vibra Cell, VCX 750, USA). Thereafter, 120
pL of pre-cold distilled water was added (for S7-S11, 120
pL of organic extraction solvent was added), samples were
vortexed for 30 min, stored at -20 °C for 1 h and centrifuged
at 14,000 xg for 15 min at 4°C. Finally, the protein precipi-
tates were removed, and subsequently dried using a vacuum
centrifugal concentrator (N-BIOTEK, NB-503CIR, Korea)
for derivatization. All reagents utilized in the aforemen-
tioned 11 solvent systems were of high-performance liquid
chromatography (HPLC) grade. Methanol and acetonitrile
were procured from Fisher Scientific (United States), while
dichloromethane, chloroform, and hexane were sourced
from Sigma-Aldrich (United Kingdom).

2.3 Derivatization of samples and gas
chromatography-mass spectrometry (GC-MS)
analysis

Sample derivatization was performed according to the
protocol described in previous studies (Kim et al., 2018).
Approximately 10 pL of 40 mg/mL methoxyamine hydro-
chloride (Sigma-Aldrich, United Kingdom) in pyridine
(Sigma-Aldrich, India) was added to each dried skin tissue
sample and shaken at 30 °C for 90 min, for derivatization.
Thereafter, 45 uL N-methyl-N-(trimethylsilyl) trifluoroacet-
amide (MSTFA, Sigma-Aldrich, Switzerland) was added
and the samples were shaken at 37°C for 30 min. Finally, a
fatty acid methyl ester mixture (C8-C30) was added before
GC-MS analysis to calculate the retention index.

Vortex for extracting

Place at - 20°C

Centrifuge to remove
protein and residue

Transfer the supernatant

2# tube to the new tube

Vacuum rotary drying
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A GC-gMS instrument (Shimadzu QP2010 Plus, Shi-
madzu, Tokyo, Japan) was used for derivatized sample anal-
ysis using an autosampler (AOC-20i+s, Shimadzu, Tokyo,
Japan) and a primary Rtx-5SMS capillary column (Cat.
No. 13,623 — 6850, Restek, Bellefonte, PA, USA, 30 m X
0.25 mm X 0.25 pm). Approximately 1 pL of the deriva-
tized sample was injected with a split ratio of 50:1 into the
GC-MS system at 280 °C with helium as a carrier gas and
a flow rate of 1.5 mL min~!. The heating procedure of the
oven temperature was as follows: maintained at 60 °C for
3 min, increased to 220 °C at a rate of 5 °C min~! and kept
for 4 min, then increased to 320 °C at a rate of 10 °C min~ !,
and maintained at 320 °C for a final 6 min. The transfer line
to the mass spectrometer was maintained at 280 °C. The ion
source temperature was 250 °C. Mass signals were acquired
in full scan mode and collected at 3333 scans/s with a range
of 50-800 m/z after a 3 min filament delay.

2.4 Data processing

First, the acquired mass spectral data were transformed into
FAD-style. The Automated Mass Spectrometry Deconvolu-
tion and Recognition System (AMDIS) was used for decon-
volution to remove noise, and to perform peak alignment,
retention time calibration, and to match with the personal
standard library (Davies, 1998). During the experimen-
tal run, the retention time, intensity, and peak shape of the
injected chromatogram of quality control (QC) samples was
checked (Masson et al., 2011), and the CV of the peak area
was calculated; CV <30% indicates good overall stability of
the analytical platform.

GC-MS peaks were identified by comparing the mass
spectral peaks and retention times with those of reference
compounds in a personal standard library. The ELU-style
results were uploaded to http://spectconnect.mit.edu, which
is a software implementation that can systematically detect
components that are conserved across samples without the
need for a reference library or manual curation (Styczynski
et al., 2007). Metabolites were identified through compari-
son with compounds in a personal standard library and the
National Institute of Standards and Technology (NIST) MS
library.

After identification, a data matrix was obtained with the
peak area of the metabolite and sample number on the coor-
dinate axis. Multivariate analyses were performed using
unsupervised principal component analysis (PCA), super-
vised partial least squares discriminant analysis (PLS),
and orthogonal partial least squares - discriminant analy-
sis (OPLS) with SIMCA 14.1 software (Tsugawa et al.,
2011; Wold & Sjostrom, 1977). The peak area data matrix
of the metabolites was normalized by median, Log trans-
formation, and auto scaling, and subsequently uploaded
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to MetaboAnalyst5.0 (https://www.metaboanalyst.ca/) for
HCA and pathway analysis. Other data analyses were per-
formed using omicstudio. cn/tool and Origin 2021 software
(OriginLab, Northampton, MT, USA).

3 Results and discussion
3.1 Overview of metabolites

Eleven different solvent systems, including MeOH-H,O
(S1), MeOH/chloroform-H,0 (S2), MeOH/ACN-H,O
(S3), ACN/IPA-H,0 (S4), MeOH/H,0-H,0 (S5),
Hexane/MeOH/IPA-H,0 (S6), MeOH/H,0O-chloroform
(S7), MeOH/H,O-IPA (S8), MeOH/H,0-DCM (S9),
ACN/H,0O-chloroform (S10), and ACN/H,O-IPA (S11),
were used to extract metabolites from non-volar skin tissue
samples using a two-step extraction process. A total of 119
metabolites were identified using a standard library and the
NIST library. The basic information on these metabolites is
presented in Table S1. The number of identified metabolites
in this study was higher than that in previous studies that
performed skin tissue metabolomics with 96 and 34 iden-
tified metabolites (Bu et al., 2022; Tarentini et al., 2021).
These metabolites are involved in key pathways, such as
the citrate cycle (TCA cycle), aminoacyl-tRNA biosynthe-
sis, biosynthesis of unsaturated fatty acids, arginine bio-
synthesis, pantothenate and CoA biosynthesis, glutathione
metabolism, pyruvate metabolism, nitrogen metabolism,
and glutamine, and glutamate metabolism. Among the 119
metabolites, nine metabolites were not registered in the
Human Metabolome Database (HMBD), and 18 did not exist
in the Kyoto Encyclopedia of Genes and Genomes (KEGG),
including glycerol 1-hexadecanoate, heptadecanoic acid,
N-acetyl-L-serine, methyl beta-glucopyranoside, erythronic
acid, n-octacosane, n-docosane, methylphosphate, xylonic
acid, 1-monooctadecanoylglycerol, glucopyranose, hexo-
sanol, methioninamide, myo-inositol-2-phosphate, octa-
decadienoic acid, octadecatrienoic acid, n-pentadecane,
and octadecenoic acid. However, some of these metabolites
are involved in important metabolic reactions, such as gly-
ceric acid-3-phosphate, which is an important intermediate
metabolite in glycolysis (Lorenz et al., 2023).

3.2 Reproducibility assessment of metabolite
extraction methods

Reproducibility is an important indicator for evaluat-
ing extraction quality. The median value of the CV of all
detected metabolites is used to reflect the reproducibility
of the method (Garcia-Cafiaveras et al., 2016; Pasikanti et
al., 2008; Wedge et al., 2011). For GC-MS measurements,
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a median percentage of CV (% CV) higher than 30% was
considered as an experimental outlier (Zarate et al., 2016).
The % CV of the metabolite profiles of skin samples for all
11 solvent systems was analysed (Fig. 2). Among all solvent
systems, the median % CV of S6 was found to be the high-
est (48.37%), whereas the % CV was less than 30% for all
other solvent systems. With the exception of S6, if listed
from small to large, the systems would be arranged as fol-
lows: S5<S9<S11<S3<S4<S2<S8<S7<S10<SI1.
The median % CV of S5 and S1 was 6.511% and 18.59%,
respectively, indicating that the sample data stability under
these 10 extraction solvent systems was good, and the ana-
lytical test results were highly reproducible.

3.3 Multivariate analysis

Multivariate analysis reflects the reliability of a method
(Xu et al., 2019). After the peak area matrix data of all the
metabolites obtained through skin metabolite identifica-
tion were preprocessed (Masson et al., 2011), multivariate
analyses, including PCA, PLS-DA, and OPLS-DA, were
conducted to explain the differences in the extraction
effects of the 11 extraction solvents, with the exception of
S6. The PCA score plot indicated that principal compo-
nent 1 (PC1) and principal component 2 (PC2) explained
54.9% of the variation between the extraction solvents
(Fig. 3a) (R2X=0.799, Q*=0.509). In PLS-DA, PC1 and
PC2 explained 64.6% of the variation among extraction

Fig. 2 Percentage coefficient

solvents (Fig. 3b) (RZX=0.802, R?Y =0.735, Q*=0.438).
Cross-validation of the OPLS-DA model showed that PC1
explained 38.1% of the variation (Fig. 3c) (R?X=0.863,
R?Y =0.859, Q?=0.659). R? and Q? exceeded 0.5 by a sub-
stantial amount, indicating that the models had goodness of
fit and a good predictive ability. The model performed 200
random permutations to determine whether it was overfitted
according to the intercepts of the R? and Q? regression lines
and the Y-axis. Both R? and Q* were lower than the original
values (Fig. 3d), indicating that the model was successfully
established.

The score plot in the multivariate analysis reflects the
cluster degree and the degree of dispersion among the sam-
ples. A sample outside the confidence ellipse is considered
abnormal (Yang et al., 2022). The different colors in the
PCA score plot represent the metabolite samples obtained
using different extraction solvent systems (Fig. 3a). The
metabolite samples extracted using the same solvent were
relatively clustered, indicating that the differences among
the same-group samples were small. The PLS-DA and
OPLS-DA score plots also indicated that samples extracted
using the same solvent system gathered well (Fig. 3b, c).
The metabolite samples extracted using S5 were close to the
edge of the confidence ellipse, indicating that the sample
confidence was lower than he metabolite samples in other
solvent systems.

of variation (% CV) was used
to evaluate the reproducibility
of each metabolite according
to the 11 different extraction
solvents. S1: MeOH-H,O0, 100 4
S2: MeOH/Chloroform-H,0,

S3: MeOH/ACN-H,0, i
S4: ACN/IPA-H,0, S5:
MeOH/H,0-H,0, S6:
Hexane/MeOH/IPA-H,O0,

S7: MeOH/H,O-chloroform,

S8: MeOH/H,0-IPA, S9:
MeOH/H,0-DCM, S10:
ACN/H,O-chloroform, S11:
ACN/H,0O-IPA. Box plots rep-
resent the median + interquartile
range, and whiskers represent the
5th and 95th percentiles (n=5)
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Fig. 3 Multivariate analysis of metabolites extracted from 11 solvent
systems (n=35). (a) principal component analysis (PCA) score plot;
(b) partial least squares discriminant analysis (PLS-DA) score plot;
(c) orthogonal partial least squares - discriminant analysis (OPLS-DA)

3.4 Metabolic profiles under different extraction
solvent systems

HCA was used to evaluate variability among replicate sam-
ples and metabolic profile features as a whole (Kapoore et
al., 2015; Peterson et al., 2016; Ser et al., 2015; Yang et al.,
2022). Samples from the S1, S2, S3, and S4 solvent sys-
tems clustered together, and the metabolite abundance was
similar. Similarly, samples from the S5, S7, S8, S9, S10,
and S11 extraction systems were clustered together, and the
metabolite abundance was similar (Fig. 4).

Venn diagrams reflect the overlap of metabolites detected
using different methods (Garcia-Canaveras et al., 2016).
Sixty-two metabolites were detected in all extraction sol-
vent systems, and 12 metabolites were detected in all other
solvent systems with the exception of S6, in addition, the
set size of S5 and S6 were the lowest (Fig. 5a). Considering
the reproducibility and reliability of the method, we only
analyzed S1-S4 and S7-S11. Extraction solvents S1-S4
shared 76 metabolites, S1 and S2 produced 14 metabolites,
and S2 extracted the highest number of metabolites (104)
(Fig. 5b). The S7-S11 extraction solvent systems shared 78
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metabolites, and S7 produced 16 metabolites alone, exhib-
iting obvious advantages over the other solvents (Fig. Sc).
Further analysis of the HCA results revealed that the
abundance of metabolites, including 4-hydroxyproline,
acetamide, arachidonic acid, ascorbic acid, carbamic acid,
cholesterol, cholest-5-ene, ribofuranose, ructose-6-phos-
phate, glycerol, glyceric acid-3-phosphate, galactose, glu-
tamine, linoleic acid, maleic acid, octadecadienoic acid,
octadecenoic acid, octadecanoic acid, oleic acid, oxalacetic
acid, oxalic acid, palmitic acid, pentadecanoic acid, suc-
cinic acid, tetracosanoic acid, and xylonic acid, exhibited
high abundances in S1-S4 (Fig. 4). Most of these metabo-
lites are fatty and organic acids, which are mainly involved
in the biosynthesis of unsaturated fatty acids, linoleic acid
metabolism, alanine, aspartate, and glutamate metabolism,
and the citrate cycle (TCA cycle) (Fig. 6a); the p values of
all these pathways were less than 0.05. This indicates that
studies related to lipid metabolism could implement extrac-
tion approaches in which an organic solvent is added during
homogenization, followed by the addition of water to the
vortex for the extraction of non-polar metabolites.
Metabolites including wuracil, 2-keto-gluconic acid,
butanal, butanoic acid, citric acid, fructose, galactose,
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drogram, and the top is the sample clustering dendrogram. Clustering
similarity was evaluated based on the Pearson correlation coefficient
and Euclidean method
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Fig. 5 (a) A venn diagram for the visualization of intersecting sets,
revealing the number of shared and unique metabolites in skin tis-
sue after extraction using 11 extraction solvent systems. (b) Four-way
2D-venn diagrams showing the effect of S1-S4 extraction solvents
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Fig. 6 Metabolic pathway analysis using MetaboAnalyst to evaluate the metabolic response of metabolites with high abundance in S1-S4 (a) and

S7-S11 (b)

dodecanoic acid, erythronic acid, ethanamine, fumaric acid,
galacturonic acid, gamma-aminobutyric acid, gluconic acid,
glucosamine, glyceric acid, glyceric acid-3-phosphate,
glycerol, arabinose, aspartic acid, cysteine, malic acid,

@ Springer

methioninamide, mannose-6-phosphate, mesoxalic acid,
ethylmalonic acid, N-Acetyl-serine, phosphoric acid, and
putrescine were more abundant in S7-S11 (Fig. 4). These
metabolites are mainly involved in alanine, aspartate and
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glutamate metabolism, amino sugar and nucleotide sugar
metabolism, glycerolipid metabolism, and the citrate cycle
(Fig. 6b).This indicates that studies involving metabo-
lism beyond lipids may employ extraction approaches that
involve the addition of MeOH: H,O (1:1, v: v) or ACN: H,O
(1:1, v: v) during homogenization followed by the introduc-
tion of an organic solvent into the vortex for the extraction
of polar metabolites.

3.5 Relative peak area analysis

The intensities of different metabolites are used to evaluate
the coverage and efficiency of the method, usually using the
sum of the normalized peak area (Fritsche-Guenther et al.,
2020), median peak height (Peterson et al., 2016), and rela-
tive peak area (Xu et al., 2021). With regards to the metab-
olite extraction method implementing organic extraction
followed by aqueous extraction, the peak areas of the metab-
olites were normalized to the sum value of the S2 group, and
the relative peak area of the amino acids, fatty acids, organic
acids, and sugar metabolites in the skin tissue extracts from
the S1, S3, and S4 extract solvents were calculated and com-
pared (Fig. 7a). In the S1 group, with the exception of amino
acids, the relative peak area of the other types of metabolites
were lower when compared to those in the S2 group. In the
S3 group, the relative peak area of amino acids, fatty acids,
and organic acids were 1.423, 1.267, and 1.154 times higher
than those in the S2 group, respectively. As for the S4 group,
the relative peak area of all types of metabolites were lower
than those in S3. According to the above results, the recov-
ery rate of the metabolites extracted from S3 was the highest
among the S1-S4 extraction solvent systems. Therefore, the

a
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Fig. 7 Comparison of the relative peak area of various metabolites in
skin tissue extracted from S1-S4(a) and S7-S11(b) extraction solvents.
The peak area of metabolites is normalized to the sum of the mean
values of each metabolite in S2(a) and S7(b), respectively. The data

S3 solvent is recommended for the extraction of non-polar
metabolites.

The results of the comparison of the relative peak areas of
various metabolites among the S7-S11 extraction solvents
are shown in Fig. 7b. Compared with S7, the extraction
efficiency of several common metabolites (except organic
acids) in S8 was lower. The relative peak area of sugars and
sugar alcohols in S7 were slightly higher than that in the
other solvent systems. However, the relative peak area of
fatty, amino, and organic acids in solvents S7 were lower
than those in S9, S10, and S11. In particular, the relative
peak area of amino acids and fatty acids extracted with S11
were the highest compared to the solvents, suggesting that
metabolite recovery was high in S11, and the advantage was
substantial.

S2 was extracted with 900 pL of MeOH/Chloroform
(2:1)-120 pL of H,O, and S7 was extracted with 900 puL of
MeOH/H,0 (1:1)-120 pL chloroform, which suggested that
the highest number of metabolites were extracted using the
traditional MeOH/chloroform/H,0O extraction combination,
which were consistent with previous studies (Buszewska-
Forajta et al., 2019; Foroutan et al., 2020).

4 Conclusion

This study is the first to evaluate different extraction solvent
systems for metabolomics study of skin tissue. To evaluate
different extraction solvent systems for skin tissue metab-
olomics, non-target metabolite profiling was performed
using gas chromatography/mass spectrometry and high
metabolite coverage, recovery, and reproducibility were
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are displayed as mean + SD, n=15.The same lowercase letter on the bar
indicates that there was no difference between the two groups in terms
of extracted metabolites of the same type (p <0.05)
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compared. Metabolites with high abundances in the extrac-
tion systems with organic extraction, followed by aqueous
extraction, were involved in the biosynthesis of unsaturated
fatty acid metabolism, while metabolites with high abun-
dances in the systems with aqueous extraction, followed
by organic extraction, were involved in amino sugar and
nucleotide sugar metabolism, and glycerolipid metabo-
lism. MeOH/chloroform-H,0O and MeOH/H,0O-chloroform
were the extraction systems that yielded the most metabo-
lites, while MeOH/ACN-H,0 and ACN/H,O-IPA exhibited
higher metabolite recoveries.

Although it has been difficult to find a method that can
extract metabolites comprehensively with high abundance
and high repetition rate for skin tissue metabolomics thus
far, this study demonstrated that these results are highly sig-
nificant for skin metabolomics experiments, and the most
suitable extraction approach can be selected according to
the purpose of the experiment.
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