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Metabolic profiling by integrated analysis with LC-MS and MSI
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Abstract　The metabolome is a group of small molecules that reflect phenotypic changes; this set of molecules is a poten-
tial source of biomarkers to predict the risk of disease development and progression. Therefore, it is necessary to establish a 
comprehensive and precise method to analyze the metabolome in biological samples. Mass spectrometry (MS) is one of the 
most suitable technologies to detect those molecules for metabolic profiling. In particular, liquid chromatography (LC)-MS-
based methodology has been applied to various disease models and clinical samples, and biomarker candidates have been 
identified in previous studies. However, it is necessary to clarify their functions by in vivo research, and their molecular 
mechanisms in cells and/or tissues should be considered before the markers are deemed clinically applicable. MS imaging 
(MSI) is a promising technology that can visualize molecules on tissue surfaces without labeling and thus can clarify the 
distribution of biomarker candidates on tissue to evaluate the results by means of LC-MS-based analysis. Here, we describe 
the outline of the protocols for biomarker discovery by LC-MS and explain the utilization of integrated analyses using LC-
MS and MSI to evaluate the function of biomarker candidates.
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1.　Introduction
It is expected that next-generation medicine will provide 

us with advanced and accurate medical technologies to pre-
dict and prevent disease processes for early diagnosis and 
personalized medicine1). While genetic diagnosis has made 
remarkable progress in the clinic, the identification of risk 
factors (biomarkers) to anticipate and prevent disease 
development remains a challenge because multiple environ-
mental factors, including lifestyle, habits, diet, stress and 
gut microbiota, are influenced by disease manifestations2). 

Therefore, the development of novel analytical technology 
is required to understand the effects of not only genetic but 
also environmental factors on biological processes.

The metabolome is a group of small molecules that 
directly reflect the phenotypic changes derived from 
genetic and environmental factors3). Therefore, metabolic 
profiling can be utilized to understand the origins and 
mechanisms of disease processes4, 5). Several technologies 
have already been established for metabolic profiling in 
biology6), and recent technological improvements in the 
system sensitivity, molecular coverage and analytical 
robustness of liquid chromatography-mass spectrometry 
(LC-MS) have made it possible to detect and annotate a 
wide variety of metabolomes and have contributed particu-
larly to research on biomarker discovery using disease 
models and clinical samples derived from humans7, 8).

Metabolic profiling for biomarker discovery is generally 
conducted using biofluids, such as plasma, serum, urine and 
cerebrospinal fluid9). Although metabolic profiling by 
LC-MS can obtain quantitative information, the tissue must 
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be homogenized as part of the preparation process before 
metabolic profiling, and information on the localization of 
the molecules is lost10).

Mass spectrometry imaging (MSI) is a promising 
approach that allows label-free detection and mapping of 
the metabolome on biological sample surfaces and provides 
localized information by visualizing molecules on tissue 
sections11, 12). Thus, MSI enables the spatial localization of 
molecules. This approach has been utilized to facilitate bio-
marker discovery, and it has contributed greatly to validat-
ing molecular functions10, 13). Therefore, combining LC-MS 
and MSI is expected to provide additional reliability and 
clarify the functions of biomarker candidates14). In this 
review, we first describe the typical protocol, including 
sample preparation; data acquisition by LC-MS-based meta-
bolic profiling; data processing; and multivariate analysis 
for biomarker discovery. Then, we illustrate the integrated 
use of LC-MS and MSI by summarizing previous studies 
that have used this approach for disease biomarker discov-
ery.

2.　Biomarker Discovery by LC-MS
Recent improvements in methodology for sample prepa-

ration, analytical methods and data processing have enabled 
researchers to realize biomarker discovery using disease 
models and clinical samples15). The typical protocol of met-
abolic profiling for biomarker discovery is shown in Fig. 1.

2.1.　Sample preparation
First, since biomarker discovery generally aims to detect 

a wide range of molecules in the metabolome, small mole-
cules are often extracted from plasma and tissue samples 
using deproteinization methods with organic solvents, such 
as methanol and acetonitrile16, 17). However, while depro-
teinization has advantages in extracting hydrophilic mole-
cules, including amino acids, organic acids and sugars, it is 
less efficient in extracting hydrophobic molecules, such as 
lipid species. Therefore, it is recommended to select the 
Folch method or the Bligh and Dyer method18, 19), both of 
which are suitable for extracting hydrophobic molecules to 
target lipid species in biomarker discovery research20).

Comprehensive analysis of lipid species is known as lipi-
domics21, 22), and a number of disease-related lipid media-
tors have been identified in previous studies23). However, it 
is important to consider targeting lipid species according to 
their polarity range by means of different extraction meth-
ods. Fig. 2(a) illustrates the total ion current/chromatogram 
(TIC) from lipidomic profiling by LC-MS using methanol 
deproteinization and the Folch method for extraction from 
human plasma based on the previously established method.

The most abundant and significantly different molecules 
indicated by the S-plot of orthogonal partial least square 
discriminant analysis (OPLS-DA) in the deproteinization 
method are shown in Fig. 2(b). The identified lipid species 
that were significantly more abundant with the deprotein-
ization method were lysophosphatidylcholines (LPCs), 
lipid species that are relatively hydrophilic due to a group 
of phosphates in their molecular structure, whereas they 
were detected at lower levels with the Folch method. In 
contrast, the hydrophobic lipid species annotated as tri-

Fig. 1.　Typical protocol of metabolic profiling by LC-MS for biomarker discovery.
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glycerides (TGs) and cholesteryl esters (CEs) were signifi-
cantly more abundant with the Folch method because they 
were extracted with high efficiency by chloroform. In fact, 
similar results were observed in the tissue lipidomics analy-
sis (data not shown). Thus, appropriate sample preparation 
methods for biomarker discovery targeting lipid species 
should be carefully considered.

Recently, kit-based metabolic profiling has become possi-
ble with ultrahigh-performance liquid chromatography tri-
ple quadrupole mass spectrometry (UHPLC-MS/MS), 
which is performed in strict accordance with a standard 
operating procedure involving detailed documentation for 
sample preparation, instrument setup, system suitability 
testing, and data analysis; this technique can quantify sev-
eral hundred metabolites24‒26). For example, UHPLC-MS/
MS can detect representative metabolites such as amino 
acids, amino acid‒related metabolites, bile acids, biogenic 
amines, cresol, fatty acids, hormones, indole derivatives, 
nucleobases and vitamins; for this reason, the technique is 
widely applied in biomarker discovery projects27, 28). How-
ever, the lipid species detected by the kit (such as acylcarni-
tines, ceramides, CEs, diacylglycerols, dihydroceramides, 
and glycerophospholipids including LPCs and phosphati-
dylcholines (PCs), glycosylceramides, sphingolipids, and 
TGs) include several isobaric and isomeric compounds that 
cannot be separated by flow injection analysis (FIA)-MS/
MS. These isomers are detected together, and low-abun-
dance species are detected due to ion suppression, which 
particularly compromises the accurate quantification of 
lipid species26). Therefore, it is necessary to first select the 
optimal pretreatment method for metabolic profiling.

2.2.　 Data acquisition by LC-MS-based metabolic 
profiling

In the process of data acquisition, the run order should be 
considered by metabolic profiling by LC-MS analysis29, 30). 
The quality control (QC) standard was first prepared by 
mixing all the samples. Then, this QC sample is subjected 
to LC-MS analysis 5 to 10 times under the appropriate con-
ditions for the step, which depends on the type of analytical 
column31). After the QC injection, the actual samples are 
injected in randomized order, with the QC being repeated 
once in an optimized number of injections to correct for the 
trends of intensity variation among individual molecules or 
the overall median value, which may be influenced by the 
run order31). Previous studies recommend injecting the QC 

sample every 2 h32).
Methods of LC-MS-based metabolic profiling targeting 

hydrophobic molecules have been developed using C18 
columns in previous studies33). However, functional metab-
olites contain many types of hydrophilic molecules, such as 
amino acids, organic acids, nucleic acids and sugars, and 
hydrophilic interaction chromatography (HILIC) columns 
have been utilized to retain those hydrophilic molecules by 
means of LC-MS analysis31, 33‒35). Ten injections of the QC 
as the conditioning column were necessary to maintain sta-
ble analysis using the HILIC column until data acquisition 
was completed31).

Recently, mixed-mode columns that can retain both 
hydrophilic and hydrophobic molecules have been devel-
oped and demonstrated to be useful for biomarker discov-
ery36, 37). Shotgun metabolic profiling by FIA analysis with-
out columns has been conducted for large-scale analysis for 
high-throughput metabolic profiling38). However, there are 
still disadvantages for the accuracy of quantitative values, 
and careful evaluation is needed in future studies.

2.3.　Data processing
Metabolic profiling is generally classified into global 

metabolomics (G-Met), which consists of untargeted metab-
olomics for comprehensive analysis of thousands of mole-
cules, and targeted metabolomics (T-Met) or widely tar-
geted metabolomics (WT-Met) for quantified analysis of 
tens to hundreds of molecular species7).

High-resolution MS (HRMS), such as time-of-flight 
(TOF) or Fourier transform (FT) MS, is generally used for 
G-Met and is suitable for biomarker discovery because it 
provides a large quantity of spectral data and has the poten-
tial to detect unknown compounds6, 33‒35). However, data 
analysis of G-Met consumes much time due to complicated 
data preprocessing, such as chromatogram alignment, peak 
detection, and data curation to eliminate artifacts7). Indeed, 
expertise in data analysis for MS spectra is often required 
to identify molecules using databases.

In contrast, T-Met and WT-Met were analyzed with an 
MS/MS system. The data preprocessing is generally simple 
because the spectra have been obtained by chemical stan-
dards of known metabolites, and these techniques can be 
used as a beginning step in biomarker discovery6). 
Although there is a possibility that significant unknown bio-
markers will be missed, the quantitative information pro-
vided by these techniques also provides a major advantage 
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in later functional analysis.

2.4.　Multivariate analysis for biomarker discovery
Multivariate analysis is widely used for large amounts of 

metabolome information39). Although the analysis of each 
detected individual metabolite has the potential to be a bio-
marker, multivariate analysis is often utilized to capture 

trends as the first step to perform metabolic profiling in 
such a large-scale data set without bias. In particular, princi-
pal component analysis (PCA), in which data obtained in 
multiple dimensions are represented in fewer new dimen-
sions designated PC1, PC2, PC3, ..., PCn by reducing a 
data set that originally contained hundreds to thousands of 
dimensions, is an essential method to understand the trends 

Fig. 2. Example of the difference in detected molecules between the deproteinization and Folch extraction methods by lipid-
omic profiling by LCMS analysis.
(a) Total ion current/chromatogram (TIC) using methanol deproteinization (Dep.) and the Folch extraction method for human 
plasma lipidomic profiling. The sample preparation procedures are shown below, and the analytical method was performed by the 
previously established method (ref. 26). Surrounded by dots square at 5 and 20 min indicates the detection ranges for lysophosphati-
dylcholines (LPCs) and cholesterylesters (CEs)/triglycerides (TGs), respectively. NL: normalized
(b) S-plot of orthogonal partial least square discriminant analysis (OPLS-DA). The left bottom surrounding dotted square shows 
36 significantly lower features in Folch with p(corr)[1]＜－0.9, p[1]＜－0.02, p value＜0.05, and fold change＞2.0. The right upper 
surrounding dotted square shows 91 significantly higher features in Folch with p(corr)[1]＞0.9, p[1]＞0.02, p value＜0.05, and fold 
change＞2.0.
(c) Histograms of molecules significantly different between the two extraction methods.
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in the metabolic profiles of interest40). Therefore, PCA is 
the first option for multivariate analysis in biomarker dis-
covery, as it often yields characteristic distributions on a 
score plot or PCA.

On the other hand, metabolic profiles of human speci-
mens are often affected by not only environmental factors 
such as diet and lifestyle but also artifacts such as time of 
blood collection and storage procedures and periods, mak-
ing it impossible to observe a clear PC axis that captures 
trends of data and distributions that show characteristics on 
a score plot of PCA for extracting disease biomarkers41). 
Discriminant analysis methods such as PLS-DA and 
OPLS-DA, which add group parameters as a new dimen-
sion, can be used to observe the trends of data and extract 
the contributing factor(s). In fact, volcano plots and S-plots 
provide a variable importance projection score, a criterion 
for evaluating significance, and are utilized for extracting 
metabolites as biomarker candidates that contribute to dif-
ferences between the two selected groups40, 42).

Although license-based software and programs have 
already been developed by the producers of MS systems to 
perform multivariate analysis, the freely available online 
software MetaboAnalyst (https://www.metaboanalyst.ca/) 
has become increasingly popular in recent years due to the 
simple process of loading data prepared in text or csv for-
mat, and it can be used for most multivariate analyses43, 44). 
In fact, there are several options for multivariate analysis 
that contain complicated parameters for metabolic profil-
ing; however, it is essential to consider the variation in met-
abolic changes in groups or biological specimens to select 
an optimal multivariate analysis.

An overview of typical protocols for metabolic profiling 
by LC-MS has been described above, but there are still 
points to be noted depending on the type of biological spec-
imens. In general, plasma and serum are used for biomarker 
discovery using metabolomics techniques7). However, 
metabolome analysis in a large-scale cohort revealed that 
blood-derived metabolites show large variation due to envi-
ronmental factors, such as age, gender, body mass index, 
food and lifestyle habits, as well as genetic factors45, 46). 
Therefore, it must be considered that identified molecules 
take into account the possibility of false positives and/or 
negatives in blood-based biomarker discovery.

Recently, there have been some studies on metabolic pro-
filing using extracellular vesicles derived from blood biopsy; 
these studies have reported the possibility of a new approach 

to biomarker discovery47, 48). This method has the potential to 
identify biomarker candidates indicating the characteristics 
of disease with higher sensitivity and specificity without 
being affected by the artifacts described above.

Metabolic profiling has also been conducted with urine, 
feces, cells and tissues. Although a large variation in molec-
ular concentration could be observed in urine among indi-
viduals, it has been found that reliable urine results can be 
achieved with appropriate dilution according to a preanaly-
sis of creatinine values49). In addition, the effect and rela-
tionship with gut microbiota can be analyzed by metabolic 
profiling of feces50). On the other hand, some previous stud-
ies have identified markers directly related to diseases by 
using cells and tissues derived from patient specimens51, 52); 
however, it was extremely difficult to obtain control sam-
ples because most of the samples were collected from 
patients in hospitals.

Thus, biological specimens for metabolic profiling are 
becoming more diverse, and it is necessary to have more 
bioinformatics knowledge and techniques to treat more 
complicated and large data sets to extract biomarkers and 
understand their biological function with a simpler and 
more precise strategy for metabolic profiling in the future.

3.　 Analysis of Metabolic Profiles by Com-
bined LC-MS and MS Imaging

3.1.　Impact of metabolic profiling in tissue
Although several biomarker candidates have been identi-

fied by LC-MS-based T-Met, sensitivity and specificity are 
not satisfactory for application in the clinical field due to 
the metabolites, such as amino acids and lipid molecular 
species, being altered by multiple diseases53, 54). In contrast, 
most metabolites annotated by G-Met are often less known 
or unknown in relation to disease; however, G-Met some-
times has extremely high potential to identify biomarkers 
even if the metabolites were unknown at the time of identi-
fication55).

For instance, Kikuchi et al. reported phenyl sulfate (PS), 
which is derived from the intestinal microbiota and pro-
duced via biosynthetic enzymes in the liver, as an unknown 
molecule that accumulates in plasma from a rat model of 
diabetic kidney disease by treatment with streptozotocin55). 
They demonstrated that accumulation of PS in the kidney 
was suppressed in transgenic rats with the excretion trans-
porter SLCO4C1 in proximal tubular cells. They examined 
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molecular biological techniques to demonstrate the function 
of PS using animal models and showed that the inhibitor 
suppressed PS accumulation in the kidney. Furthermore, 
they quantified PS in hundreds of human samples and 
revealed that PS could be a prognostic marker for diabetic 
renal dysfunction after 2 years of correlation with clinical 
information, indicating that environmental factors have 
potential as biomarkers for application in clinical practice.

Furthermore, they clarified the distribution and accumu-
lation of PS contained in kidney sections by MSI and 
showed by visualization that administration of azatyrosine, 
which is an inhibitor of PS synthetic enzymes, suppressed 
the accumulation55). A previous study showed the impor-
tance of validating molecular function using other metabo-
lomics techniques, such as tissue metabolomics, to demon-
strate the advancement of candidate disease biomarkers to 
understand function with a high degree of confidence10).

3.2.　Strategies of metabolic profiling in tissue
The characteristics of strategies for tissue metabolic pro-

filing are shown in Fig. 3. In general, metabolites are 
extracted by homogenizing a certain amount of tissue with 
an organic solvent (Fig. 3(a)). Since whole or partial tissue 
is prepared for biomarker discovery, it is utilized to reveal 
the differences in metabolic changes associated with the 
level, presence or absence of disease onset between the dis-
ease model and control56, 57). However, the spatial distribu-
tion of metabolites is completely lost during the sample 
preparation procedure. Therefore, it is necessary to apply 
the optimal method to preserve the localized information of 
metabolites for the tissue, which has a complicated struc-
ture such as the brain.

In this case, a cryosection of tissue is often used for dis-
tribution analysis58). Two typical analytical techniques are 
shown in this review. One is a laser microdissection (LMD) 
technique, which can cut the small region of interest for 
molecular localization. The other is the MSI technique rep-
resented by matrix-assisted laser desorption/ionization 
(MALDI)-MSI, which can visualize the detailed distribu-
tion by reconstructing the spectral intensity and spatial 

Fig. 3.　Strategies of metabolic profiling in tissue.
(a) Bead-homogenizing procedure of whole or partial tissue by organic solution
(b) Laser microdissection (LMD) procedure of a tissue section
(c) MALDI-MSI procedure of a tissue section
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information.

3.3.　LMD for metabolic profiling
As shown in Fig. 3(b), LMD can capture the characteris-

tics of a wide range of tissues, such as the brain, kidney, 
liver, and spleen, which are assumed to be widely distrib-
uted to some extent, whereas it cannot observe the cell 
level of distribution59, 60). Wang et al. demonstrated the 
localization of sphingosine 1-phosphate (S1P), which is one 
of the lipid mediators in the red and white pulp on the 
spleen, quantified by LC-MS/MS, showing the difference in 
S1P concentration in the LMD sections61).

While the tissue distribution of metabolites in LMD sec-
tions highly corresponds with the results of partially 
homogenized tissue analysis by LC-MS/MS, LMD works at 
room temperature due to the combination with a micro-
scopic system. Therefore, the stability of temperature for 
target metabolites should be evaluated in advance by LMD 
assay because some metabolites, such as S1P, have a phos-
phate group in the chemical structure, and the observed 
time depends on the reduction in tissue at room tempera-
ture59). In some cases, a heat stabilizer technique is utilized 
to suppress the decomposition of tissue metabolites; how-
ever, the other effects of heating specimens should be con-

sidered62).

3.4.　MALDI-MSI for metabolic profiling
Recently, MSI technology has been improved and uti-

lized in many studies to reveal the localization of metabo-
lites in tissue sections63). MALDI is the most widely used 
technique for MSI, whereas other ionization technologies, 
such as desorption electrospray ionization, secondary ion 
mass spectrometry imaging or liquid extraction surface 
analysis, have been developed64, 65). Although this review 
does not describe much about the development of MSI 
instruments, MSI is utilized in the research field of bio-
marker discovery, and many biological molecules have 
been identified with the development of MSI technology. 
The typical strategy of biomarker discovery by MSI is 
shown in Fig. 4. After preparing the tissue section and 
obtaining the visualized image by the MSI protocol, as 
shown in Fig. 3(c), the localized spots were selected by 
imaging software. Then, biomarker candidates were 
extracted by multivariate analysis, and a similar process to 
the protocol of biomarker discovery by G-Met was used. 
Therefore, the combination of G-Met by LC-MS and distri-
bution analysis by MSI using tissue samples has promoted 
research that takes advantage of the benefits of both meth-

Fig. 4.　Typical strategy of biomarker discovery by MSI.
Experiment 1 (ex.1) or ex.2 was the representative comparison between wild type and knockout or nontumor and tumor analysis by MSI.
*OPLS-DA: orthogonal partial least square discriminant analysis
#PCA: principal component analysis
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ods13, 14). A summary of the combination studies based on a 
previous publication is listed in Table 1.

Irie et al. analyzed rat transient middle cerebral artery 
occlusion (MCAO) brain tissue after ischemia‒reperfusion 
to characterize the detailed metabolomic response to patho-
logical alterations66). They compared the spatially resolved 
metabolic state between ischemic and contralateral hemi-
spheres of the MCAO brain, and coronally sliced tissues 
were subjected to MSI. They also measured the metabolites 
extracted from three different cerebral regions, including 
the whole cortex (CTX), hippocampus and corpus striatum 
(CPu), by LC-MS, and significant metabolic changes in the 

CTX and CPu were observed after reperfusion, demonstrat-
ing that the correlation between MSI and LC-MS data was 
relatively high in the CTX and CPu.

Sato et al. analyzed retinal samples from a mouse model 
of glaucoma in which retinal ganglion cell (RGC) death 
was induced by nerve crush (NC) treatment by G-Met anal-
ysis and identified molecules that were significantly 
increased or decreased on NC day 2, day 4, or day 7 com-
pared with their controls67). The identified metabolites were 
detected in RGCs, and histological sections were obtained 
for MSI. Two metabolites, L-acetylcarnitine and phospho-
lipids, were increased not only preceding the peak of RGC 

Table 1.　Combination analysis of biomarker discovery by LCMS and MSI

Disease Model/human Specimine Molecule/s LCMS MSI Ref.

clear cell renal cell 
carcinoma human kidney lipid species LC-FTMS MALDI-LTQ-FTMS 14)

hepatocellular 
carcinoma (HCC) human liver triglycerides LC-QTOF/MS DESI-MSI 52)

diabetic kidney disease 
(DKD) DKD model mice kidney phenylsulfate LC-QTOF/MS MALDI-TOF/MS 55)

ischemia‒reperfusion 
injury

middle cerebral artery 
occlusion brain

amino acid, nucleotides, 
tricarboxylate cycle 
metabolites

LCMS-IT-TOF MALDI-TOF/MS, QIT, 
TOF/TOF 66)

glaucoma optic nerve crush mice retina L-acetylcarnitine, 
phosphatidylcholine

LC-FTMS,  
LC-QTOF/MS MALDI-TOF/MS 67)

diabetic db/db mice

Whole body, brain, 
liver, kidney, heart, 
spleen, lung, muscle, 
and pancreas

alanine, aspartate, and 
glutamate metabolism LC-FTMS

airflow-assisted desorption 
electrospray ionization  
(AFADESI)-MSI

79)

acute liver failure
acetaminophen-in-
duced acute liver 
failure mice

liver oxidized 
phosphatidylcholines

LC-FTMS,  
LC-MS/MS

MALDI-MS/MS, 
MALDI-MSI 80)

knee osteoarthritis human tibial plateau tissue N-glycans LC-QTOF/MS MALDI-TOF/TOF 81)

Niemann-Pick disease 
type C1 (NPC1) NPC1 model mice brain phosphoinositides LC-ESI-QTOF/MS,  

LC-MS/MS MALDI-TOF/TOF 83)

adenocarcinoma human lung phosphatidylcholines, 
sphingomyelins LC-QTOF/MS MALDI-TOF/MS 84)

cauda equina 
compression (CEC) CEC model rat spinal cord, dorsal 

root ganglia lysophospholipids LC-MS/MS MALDI-TOF/MS 85)

sarciopenia
adenine-induced 
chronic kidney disease 
(CKD) model mice

skeletal muscle indoxyl sulfate LC-MS/MS MALDI-TOF/MS,  
MALDI-QIT-TOF/MS 86)

CKD
adenine-induced 
chronic kidney disease 
(CKD) model mice

kidney indoxyl sulfate, p-cresyl 
sulfate LC-MS/MS MALDI-TOF/MS,  

MALDI-QIT-TOF/MS 87)

preeclampsia (PE) sFlt-1-overexpressing 
PE mice placenta carnitine and acylcarnitine LC-FTMS,  

LC-QTOF/MS MALDI-TOF/MS 88)

traumatic brain injury 
(TBI) TBI rat brain peroxidized 

phosphatidylethanolamine LC-FTMS
gas cluster ion beam 
secondary ion mass 
spectrometry

89)
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death in the whole retina but also in the RGC layer.
Nagai et al. identified hepatocellular carcinoma (HCC) 

biomarkers in human liver samples by G-Met and demon-
strated their localization in cryosections using the desorp-
tion electrospray ionization (DESI)-MSI technique52). From 
their multivariate analysis, m/z 904.83 and m/z 874.79 were 
significantly high and low, respectively, in tumor samples 
and were identified as TGs and clearly localized in the 
tumor or nontumor areas of the cryosection. Thus, the strat-
egy of combining LC-MS and MSI contributes to the under-
standing of molecular function as a disease biomarker.

However, even if a biomarker was identified with 
LC-MS-based metabolic profiling, some molecules could 
not be detected by MSI due to the compatibility with the 
optimal matrix for MALDI-MSI to promote ionization. In 
addition, the absolute number of ionized molecules is 
reduced by physical means because the laser irradiation of 
MALDI is focused on a small number of cells at 10‒50 μm 
spatial resolution68).

In these cases, chemical derivatization is utilized to over-
come the detection limit for specific molecules and promis-
ing techniques in visualizing minor and poorly ionizable 
molecules by MALDI-MSI69). A target analyte is derivat-
ized by introducing a molecular tag to enhance its ioniza-
tion efficiency. The tag also increases the molecular weight 
to avoid the effect of spectral noise. Recently, a method for 
on-tissue derivatization using chemical reagents, which are 
directly deposited onto tissue, was developed. For instance, 
Girard’s reagent T and 2-picolylamine enhance the detection 
of corticosteroids and free fatty acids, respectively70‒72). 
Specifically, detection in the m/z region, which is not easily 
affected by increased ionic strength or ion suppression, 
allows separation from background ions and high sensitiv-
ity detection.

Iwama et al. developed a novel on-tissue derivatization 
method using Phos-tag, a zinc complex that specifically 
binds to a phosphate monoester group, and made it possible 
to image lysophosphatidic acid and S1P in the mouse brain 
by MSI73). Uruno et al. utilized N-ethylmaleimide to avoid 
nonspecific reactions to the thiol residue of glutathione 
(GSH) by MALDI-MSI and demonstrated that GSH levels 
in various parts of the brain are increased in the Alzheimer’s 
disease model mouse brain, perhaps due to increased 
nuclear factor-erythroid 2-related factor 2 activity74).

In addition, there have been many improvements in 
recent years, such as the development of a two-step laser 

irradiation technique that allows ions to be detected with 
stable intensity even when the spatial resolution is 
reduced75). Sugiyama et al. generated an atlas of serotonin, 
dopamine, and norepinephrine levels in the whole brain of 
the mouse, obtained by the analysis of continuous cryosec-
tion, and the technique was utilized to observe the dynam-
ics of molecules by MALDI-MSI76).

Other new technologies, such as desorption ionization 
using a through-hole alumina membrane (DIUTHAME), 
based on premanufactured nanostructured membranes to be 
deposited on top of a tissue section77), show promising fea-
tures for easy and reproducible sample preparation and 
have demonstrated a higher lateral resolution of 5 μm at 
high mass resolution using atmospheric-pressure MSI of 
biomolecules from native tissues from different organisms 
in a previous publication78).

Thus, novel methods that enable highly precise evaluation 
of candidate biomarker molecules identified by LC-MS have 
been developed and are expected to be used in the future.

3.5.　Technical limitations of LC-MS and MSI
Although MS-based techniques are utilized for biomarker 

discovery, there are still some technical limitations. For 
instance, in the data preprocessing step, time-dependent 
variation could sometimes be observed on the score plot of 
PCA by LC-MS analysis. Normalization by the result of 
intermediate QC analysis is able to work to suppress the 
effect of the variation; however, it is impossible to apply 
the result on a large scale, such as over tens of hundred 
sample analyses in the clinic and cohort. Moreover, even if 
biomarker candidates have been extracted in several stud-
ies, it is difficult to annotate accurate molecular structures 
by hand using database searching due to isomeric and iso-
baric molecules, especially lipid species. Recently, software 
using fragment mass spectra has been developed90). It is a 
promising approach and is utilized for the accurate identifi-
cation of molecular structures and estimating future 
improvements.

In contrast, technical limitations of sample preparation 
and system limitations of data acquisition by MSI could be 
observed. For instance, due to the size limitation of laser 
irradiation of the MSI system, it is still difficult to observe 
the molecular distribution at the single-cell and organelle 
levels. In addition, the stability of the laser control system 
of MSI is essential for reproducible imaging and maintain-
ing the higher sensitivity detection of molecules. Although 
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the molecular localization could be observed at 0.6 μm of 
spatial resolution, which reached the single-cell level of 
detection by a t-MALDI 2 MSI system75), higher abundant 
molecules could be detected on the tissue section, and more 
improvement is still needed to see lower abundant mole-
cules. In addition, when the spatial resolution reaches the 
single-cell level, higher quality tissue sections are required 
for MSI analysis. A conductive adhesive film has been 
developed for cutting high-quality tissue sections and has 
been applied for MALDI-MSI58). Therefore, future techno-
logical improvements are needed for MSI analysis for bio-
marker discovery.

4.　Conclusion
Metabolic profiling is a promising approach for future 

precision medicine to identify disease-specific and sensitive 
biomarkers. MS-based methodologies have already been 
developed, and the technique seems almost mature, espe-
cially in terms of the comprehensibility and sensitivity of 
LC-MS. However, the optimal sample preparation proce-
dure must be selected according to the type of targeted mol-
ecule. In addition, the annotated biomarker should be evalu-
ated by another methodology to clarify the biological 
function. In this case, the combination of LC-MS and MSI 
is utilized for metabolic profiling for biomarker discovery 
using tissue samples, and we expect that further significant 
technological improvements will be made in MSI method-
ology in future studies.

Acknowledgments
This work was supported in part by KAKENHI Grant 

Number JP20H03374 [D.S. and AMED LEAP under Grant 
Number J200001087 [D.S.]. A part of this work was also 
supported by the Tohoku Medical Megabank Project from 
MEXT, the Japan Agency for Medical Research and Devel-
opment (AMED; under grant numbers JP20 km0105001 
and JP21tm0124005).

Conflict of Interest
The author declares no conflict of interest.

References

1) Mirnezami R, Nicholson J, Darzi A: Preparing for preci-
sion medicine. N Engl J Med 366(6): 489‒491, 2012.

2) Nicholson JK, Holmes E, Kinross JM, Darzi AW, Takats 

Z, et al: Metabolic phenotyping in clinical and surgical 

environments. Nature 491(7424): 384‒392, 2012.

3) Holmes E, Wilson ID, Nicholson JK: Metabolic pheno-
typing in health and disease. Cell. 134(5): 714‒717, 2008.

4) Trifonova OP, Maslov DL, Balashova EE, Lokhov PG: 

Current state and future perspectives on personalized me-
tabolomics. Metabolites 13(1): 67, 2023.

5) Rinschen MM, Ivanisevic J, Giera M, Siuzdak G: Identifi-
cation of bioactive metabolites using activity metabolom-
ics. Nat Rev Mol Cell Biol 20(6): 353‒367, 2019.

6) Azad RK, Shulaev V: Metabolomics technology and bio-
informatics for precision medicine. Brief Bioinform 20(6): 

1957‒1971, 2019.

7) Saigusa D, Matsukawa N, Hishinuma E, Koshiba S: 

Identification of biomarkers to diagnose diseases and find 

adverse drug reactions by metabolomics. Drug Metab 

Pharmacokinet 37: 100373, 2021.

8) Chen CJ, Lee DY, Yu J, Lin YN, Lin TM: Recent advanc-
es in LC-MS-based metabolomics for clinical biomarker 

discovery. Mass Spectrom Rev e21785. 2022.

9) Johnson CH, Ivanisevic J, Siuzdak G: Metabolomics: 

Beyond biomarkers and toward mechanisms. Nat Rev 

Mol Cell Biol 17(7): 451‒459, 2016.

10) Saoi M, Britz-McKibbin P: New advances in tissue me-
tabolomics: A review. Metabolites 11(10): 672, 2021.

11) Spengler B: Mass spectrometry imaging of biomolecular 

information. Anal Chem 87(1): 64‒82, 2015.

12) Shimma S, Sugiura Y, Hayasaka T, Zaima N, Matsumoto 

M, et al: Mass imaging and identification of biomolecules 

with MALDI-QIT-TOF-based system. Anal Chem 80(3): 

878‒885, 2008.

13) Scott AJ, Jones JW, Orschell CM, MacVittie TJ, Kane 

MA, et al: Mass spectrometry imaging enriches biomark-
er discovery approaches with candidate mapping. Health 

Phys 106(1): 120‒128, 2014.

14) Martín-Saiz L, Abad-García B, Solano-Iturri JD, Mosteiro 

L, Martín-Allende J, et al: Using the synergy between 

HPLC-MS and MALDI-MS imaging to explore the lipid-
omics of clear cell renal cell carcinoma. Anal Chem 

95(4): 2285‒2293, 2023.

15) Zhou J, Zhong L: Applications of liquid chromatogra-
phy-mass spectrometry based metabolomics in predictive 

and personalized medicine. Front Mol Biosci 9: 1049016, 

2022

16) Vuckovic D: Current trends and challenges in sample 

preparation for global metabolomics using liquid chroma-
tography-mass spectrometry. Anal Bioanal Chem 403(6): 



June 2023 Medical Mass Spectrometry Vol. 7 No. 1 

13

1523‒1548, 2012.

17) Roca M, Alcoriza MI, Garcia-Cañaveras JC, Lahoz A: Re-
viewing the metabolome coverage provided by LC-MS: 

Focus on sample preparation and chromatography-A tuto-
rial. Anal Chim Acta 1147: 38‒55, 2021.

18) Folch J, Lees M, Sloane Stanley GH: A simple method for 

the isolation and purification of total lipides from animal 

tissues. J Biol Chem 226(1): 497‒509, 1957.

19) Bligh EG, Dyer WJ: A rapid method of total lipid 

extraction and purification. Can J Biochem Physiol 37: 

911‒917, 1959.

20) Hornemann T: Lipidomics in biomarker research. Handb 

Exp Pharmacol 270: 493‒510, 2022.

21) Holčapek M, Liebisch G, Ekroos K: Lipidomic analysis. 

Anal Bioanal Chem 412(10): 2187‒2189, 2020.

22) Holčapek M, Liebisch G, Ekroos K: Lipidomic analysis. 

Anal Chem 90(7): 4249‒4257, 2018.

23) Yang K, Han X: Lipidomics: Techniques, applications, 

and outcomes related to biomedical sciences. Trends Bio-

chem Sci 41(11): 954‒969, 2016.

24) Siskos AP, Jain P, Römisch-Margl W, Bennett M, Achain-
tre D, et al: Interlaboratory reproducibility of a targeted 

metabolomics platform for analysis of human serum and 

plasma. Anal Chem 89(1): 656‒665, 2017.

25) Thompson JW, Adams KJ, Adamski J, Asad Y, Borts D, et 

al: International ring trial of a high resolution targeted me-
tabolomics and lipidomics platform for serum and plasma 

analysis. Anal Chem 91(22): 14407‒14416, 2019.

26) Saigusa D, Hishinuma E, Matsukawa N, Takahashi M, In-
oue J, et al: Comparison of kit-based metabolomics with 

other methodologies in a large cohort, toward establishing 

reference values. Metabolites 11(10): 652, 2021.

27) Diboun I, Ramanjaneya M, Majeed Y, Ahmed L, Bashir 

M, et al. Metabolic profiling of pre-gestational and gesta-
tional diabetes mellitus identifies novel predictors of pre-
term delivery. J Transl Med 18(1): 366, 2020.

28) Hishinuma E, Shimada M, Matsukawa N, Saigusa D, Li 

B, et al: Wide-targeted metabolome analysis identifies po-
tential biomarkers for prognosis prediction of epithelial 

ovarian cancer. Toxins (Basel) 13(7): 461, 2021.

29) Want EJ, Wilson ID, Gika H, Theodoridis G, Plumb RS, 

et al: Global metabolic profiling procedures for urine us-
ing UPLC-MS. Nat Protoc 5(6): 1005‒1018, 2010.

30) Want EJ, Masson P, Michopoulos F, Wilson ID, Theodor-
idis G, et al: Global metabolic profiling of animal and hu-
man tissues via UPLC‒MS. Nat Protoc 8(1): 17‒32, 

2013.

31) Saigusa D, Okamura Y, Motoike IN, Katoh Y, Kurosawa 

Y, et al: Establishment of protocols for global metabolom-
ics by LC-MS for biomarker discovery. PLoS One 11(8): 

e0160555, 2016.

32) Kamleh MA, Ebbels TM, Spagou K, Masson P, Want EJ: 

Optimizing the use of quality control samples for signal 

drift correction in large-scale urine metabolic profiling 

studies. Anal Chem 84(6): 2670‒2677, 2012.

33) Lewis MR, Pearce JT, Spagou K, Green M, Dona AC, et 

al: Development and application of ultra-performance liq-
uid chromatography-TOF MS for precision large scale 

urinary metabolic phenotyping. Anal Chem 88(18): 9004‒
9013, 2016.

34) Vorkas PA, Isaac G, Anwar MA, Davies AH, Want EJ, et 

al: Untargeted UPLC‒MS profiling pipeline to expand tis-
sue metabolome coverage: Application to cardiovascular 

disease. Anal Chem 87(8): 4184‒4193, 2015.

35) Zhang T, Creek DJ, Barrett MP, Blackburn G, Watson 

DG: Evaluation of coupling reversed phase, aqueous nor-
mal phase, and hydrophilic interaction liquid chromatog-
raphy with Orbitrap mass spectrometry for metabolomic 

studies of human urine. Anal Chem 84(4): 1994‒2001, 

2012.

36) Yanes O, Tautenhahn R, Patti GJ, Siuzdak G: Expanding 

coverage of the metabolome for global metabolite profil-
ing. Anal Chem 83(6): 2152‒2161, 2011.

37) Kanemitsu Y, Asaji K, Matsumoto Y, Tsukamoto H, 

Saigusa D, et al: Simultaneous quantitative analysis of 

uremic toxins by LC-MS/MS with a reversed-phase/cat-
ion-exchange/anion-exchange tri-modal mixed-mode col-
umn. J Chromatogr B Analyt Technol Biomed Life Sci 

1068‒1069: 1‒8, 2017.

38) Sarvin B, Lagziel S, Sarvin N, Mukha D, Kumar P, et al. 

Fast and sensitive flow-injection mass spectrometry me-
tabolomics by analyzing sample-specific ion distributions. 

Nat Commun 11(1): 3186, 2020.

39) Considine EC, Thomas G, Boulesteix AL, Khashan AS, 

Kenny LC: Critical review of reporting of the data analy-
sis step in metabolomics. Metabolomics 14(1): 7, 2017.

40) Worley B, Powers R: Multivariate analysis in metabolom-
ics. Curr Metabolomics 1(1): 92‒107, 2013.

41) Konishi T: Principal component analysis for designed ex-
periments. BMC Bioinformatics 16 Suppl 18(Suppl 18): 

S7, 2015.

42) Wold S, Antti H, Lindgren F, Ohman J: Orthogonal signal 



June 2023 Medical Mass Spectrometry Vol. 7 No. 1 

14

correction of near-infrared spectra. Chemometr Intell Lab 

44(1‒2): 175‒185, 1998.

43) Xia J, Psychogios N, Young N, Wishart DS: MetaboAna-
lyst: A web server for metabolomic data analysis and in-
terpretation. Nucleic Acids Res 37(Web Server issue): 

W652‒W660, 2009.

44) Pang Z, Zhou G, Ewald J, Chang L, Hacariz O, et al: Us-
ing MetaboAnalyst 5.0 for LC-HRMS spectra processing, 

multi-omics integration and covariate adjustment of glob-
al metabolomics data. Nat Protoc 17(8): 1735‒1761, 

2022.

45) Tadaka S, Hishinuma E, Komaki S, Motoike IN, 

Kawashima J, et al: jMorp updates in 2020: large en-
hancement of multi-omics data resources on the general 

Japanese population. Nucleic Acids Res 49(D1): D536‒
D544, 2021.

46) Koshiba S, Motoike IN, Saigusa D, Inoue J, Aoki Y, et al: 

Identification of critical genetic variants associated with 

metabolic phenotypes of the Japanese population. Com-

mun Biol 3(1): 662, 2020.

47) Zhang Y, Liang F, Zhang D, Qi S, Liu Y: Metabolites as 

extracellular vesicle cargo in health, cancer, pleural effu-
sion, and cardiovascular diseases: An emerging field of 

study to diagnostic and therapeutic purposes. Biomed 

Pharmacother 157: 114046, 2023.

48) Saigusa D, Honda T, Iwasaki Y, Ueda K, Hishinuma E, et 

al: Lipidomic and metabolic profiling of plasma and plas-
ma-derived extracellular vesicles by UHPLC-MS/MS. 

Medical Mass Spectrometry 6(2): 126‒137, 2022.

49) Khamis MM, Adamko DJ, El-Aneed A: Mass spectromet-
ric based approaches in urine metabolomics and biomark-
er discovery. Mass Spectrom Rev 36(2): 115‒134, 2017.

50) Chen S, Gui R, Zhou XH, Zhang JH, Jiang HY, et al: 

Combined Microbiome and Metabolome Analysis Re-
veals a Novel Interplay Between Intestinal Flora and Se-
rum Metabolites in Lung Cancer. Front Cell Infect Micro-

biol 12: 885093, 2022.

51) Saigusa D, Motoike IN, Saito S, Zorzi M, Aoki Y, et al: 

Impacts of NRF2 activation in non-small-cell lung cancer 

cell lines on extracellular metabolites. Cancer Sci 111(2): 

667‒678, 2020.

52) Nagai K, Uranbileg B, Chen Z, Fujioka A, Yamazaki T, et 

al: Identification of novel biomarkers of hepatocellular 

carcinoma by high-definition mass spectrometry: Ultra-
high-performance liquid chromatography quadrupole 

time-of-flight mass spectrometry and desorption electro-

spray ionization mass spectrometry imaging. Rapid Com-

mun Mass Spectrom 34 Suppl 1(Suppl 1): e8551, 2020.

53) Meng L, Shi H, Wang DG, Shi J, Wu WB, et al: Specific 

metabolites involved in antioxidation and mitochondrial 

function are correlated with frailty in elderly men. Front 

Med (Lausanne) 9: 816045, 2022.

54) Heath H, Degreef K, Rosario R, Smith M, Mitchell I, et 

al: Identification of potential biomarkers and metabolic 

insights for gestational diabetes prevention: A review of 

evidence contrasting gestational diabetes versus weight 

loss studies that may direct future nutritional metabolom-
ics studies. Nutrition 107: 111898, 2023.

55) Kikuchi K, Saigusa D, Kanemitsu Y, Matsumoto Y, Tha-
nai P, et al: Gut microbiome-derived phenyl sulfate con-
tributes to albuminuria in diabetic kidney disease. Nat 

Commun 10(1): 1835, 2019.

56) Rashad S, Saigusa D, Yamazaki T, Matsumoto Y, Tomio-
ka Y, et al: Metabolic basis of neuronal vulnerability to 

ischemia; an in vivo untargeted metabolomics approach. 

Sci Rep 10(1): 6507, 2020.

57) Sato T, Kawasaki Y, Maekawa M, Takasaki S, Saigusa D, 

et al: Value of global metabolomics in association with di-
agnosis and clinicopathological factors of renal cell carci-
noma. Int J Cancer 145(2): 484‒493, 2019.

58) Saigusa D, Saito R, Kawamoto K, Uruno A, Kano K, et 

al: Conductive adhesive film expands the utility of ma-
trix-assisted laser desorption/ionization mass spectrome-
try imaging. Anal Chem 91(14): 8979‒8986, 2019.

59) Saigusa D, Okudaira M, Wang J, Kano K, Kurano M, et 

al: Simultaneous quantification of sphingolipids in small 

quantities of liver by LC-MS/MS. Mass Spectrom (Tokyo) 

3(Spec Iss 3): S0046, 2014.

60) Tachikawa M, Sumiyoshiya Y, Saigusa D, Sasaki K, 

Watanabe M, et al: Liver zonation index of drug transport-
er and metabolizing enzyme protein expressions in mouse 

liver acinus. Drug Metab Dispos 46(5): 610‒618, 2018.

61) Wang J, Kano K, Saigusa D, Aoki J: Measurement of the 

spatial distribution of S1P in small quantities of tissues: 

Development and application of a highly sensitive LC-
MS/MS method combined with laser microdissection. 

Mass Spectrom (Tokyo) 8(1): A0072, 2019.

62) Sugiura Y, Taguchi R, Setou M: Visualization of spatio-
temporal energy dynamics of hippocampal neurons by 

mass spectrometry during a kainate-induced seizure. PLoS 

One 6(3): e17952, 2011.

63) Shimma S: Mass spectrometry imaging. Mass Spectrom 



June 2023 Medical Mass Spectrometry Vol. 7 No. 1 

15

(Tokyo) 11(1): A0102, 2022.

64) Addie RD, Balluff B, Bovée JV, Morreau H, McDonnell 

LA: Current state and future challenges of mass spectrom-
etry imaging for clinical research. Anal Chem 87(13): 

6426‒6433, 2015.

65) Vaysse PM, Heeren RMA, Porta T, Balluff B: Mass spec-
trometry imaging for clinical research̶Latest develop-
ments, applications, and current limitations. Analyst 

142(15): 2690‒2712, 2017.

66) Irie M, Fujimura Y, Yamato M, Miura D, Wariishi H: Inte-
grated MALDI-MS imaging and LC-MS techniques for 

visualizing spatiotemporal metabolomic dynamics in a rat 

stroke model. Metabolomics 10(3): 473‒483, 2014.

67) Sato K, Saigusa D, Saito R, Fujioka A, Nakagawa Y, et al: 

Metabolomic changes in the mouse retina after optic 

nerve injury. Sci Rep 8(1): 11930, 2018.

68) Ščupáková K, Balluff B, Tressler C, Adelaja T, Heeren 

RMA, et al: Cellular resolution in clinical MALDI mass 

spectrometry imaging: The latest advancements and cur-
rent challenges. Clin Chem Lab Med 58(6): 914‒929, 

2020.

69) Zhou Q, Fülöp A, Hopf C: Recent developments of novel 

matrices and on-tissue chemical derivatization reagents 

for MALDI-MSI. Anal Bioanal Chem 413(10): 2599‒
2617, 2021.

70) Cobice DF, Mackay CL, Goodwin RJ, McBride A, Lan-
gridge-Smith PR, et al: Mass spectrometry imaging for 

dissecting steroid intracrinology within target tissues. 

Anal Chem 85(23): 11576‒11584, 2013.

71) Takeo E, Sugiura Y, Uemura T, Nishimoto K, Yasuda M, 

et al: Tandem mass spectrometry imaging reveals distinct 

accumulation patterns of steroid structural isomers in hu-
man adrenal glands. Anal Chem 91(14): 8918‒8925, 

2019.

72) Wu Q, Comi TJ, Li B, Rubakhin SS, Sweedler JV: On-tis-
sue derivatization via electrospray deposition for ma-
trix-assisted laser desorption/ionization mass spectrome-
try imaging of endogenous fatty acids in rat brain tissues. 

Anal Chem 88(11): 5988‒5995, 2016.

73) Iwama T, Kano K, Saigusa D, Ekroos K, van Echt-
en-Deckert G, et al: Development of an on-tissue derivat-
ization method for MALDI mass spectrometry imaging of 

bioactive lipids containing phosphate monoester using 

phos-tag. Anal Chem 93(8): 3867‒3875, 2021.

74) Uruno A, Matsumaru D, Ryoke R, Saito R, Kadoguchi S, 

et al: Nrf2 Suppresses oxidative stress and inflammation 

in App knock-in Alzheimer’s disease model mice. Mol 

Cell Biol 40(6): e00467‒19, 2020.

75) Niehaus M, Soltwisch J, Belov ME, Dreisewerd K: Trans-
mission-mode MALDI-2 mass spectrometry imaging of 

cells and tissues at subcellular resolution. Nat Methods 

16(9): 925‒931, 2019.

76) Sugiyama E, Guerrini MM, Honda K, Hattori Y, Abe M, 

et al: Detection of a high-turnover serotonin circuit in the 

mouse brain using mass spectrometry imaging. iScience 

20: 359‒372, 2019.

77) Naito Y, Kotani M, Ohmura T: A novel laser desorption/

ionization method using through hole porous alumina 

membranes. Rapid Commun Mass Spectrom 32(21): 

1851‒1858, 2018.

78) Müller MA, Bhandari DR, Spengler B: Matrix-free 

high-resolution atmospheric-pressure SALDI mass spec-
trometry imaging of biological samples using nanostruc-
tured DIUTHAME membranes. Metabolites 11(9): 624, 

2021.

79) Zhu Y, Zang Q, Luo Z, He J, Zhang R, Abliz Z: An or-
gan-specific metabolite annotation approach for ambient 

mass spectrometry imaging reveals spatial metabolic al-
terations of a whole mouse body. Anal Chem 94(20): 

7286‒7294, 2022.

80) Matsuoka Y, Takahashi M, Sugiura Y, Izumi Y, Nishiyama 

K, et al: Structural library and visualization of endoge-
nously oxidized phosphatidylcholines using mass spec-
trometry-based techniques. Nat Commun 12(1): 6339, 

2021.

81) Lee YR, Briggs MT, Young C, Condina MR, Kuliwaba 

JS, et al: Mass spectrometry imaging spatially identifies 

complex-type N-glycans as putative cartilage degradation 

markers in human knee osteoarthritis tissue. Anal Bioanal 

Chem 414(26): 7597‒7607, 2022.

82) Sparvero LJ, Tian H, Amoscato AA, Sun WY, Anthony-
muthu TS, et al: Direct mapping of phospholipid ferro-
ptotic death signals in cells and tissues by gas cluster ion 

beam secondary ion mass spectrometry (GCIB-SIMS). 

Angew Chem Int Ed Engl 60(21): 11784‒11788, 2021.

83) Pathmasiri KC, Pergande MR, Tobias F, Rebiai R, Rosen-
house-Dantsker A, et al: Mass spectrometry imaging and 

LC/MS reveal decreased cerebellar phosphoinositides in 

Niemann‒Pick type C1-null mice. J Lipid Res 61(7): 

1004‒1013, 2020.

84) Muranishi Y, Sato T, Ito S, Satoh J, Yoshizawa A, et al: 

The Ratios of monounsaturated to saturated phosphatidyl-



June 2023 Medical Mass Spectrometry Vol. 7 No. 1 

16

cholines in lung adenocarcinoma microenvironment ana-
lyzed by Liquid Chromatography-Mass spectrometry and 

imaging Mass spectrometry. Sci Rep 9(1): 8916, 2019.

85) Uranbileg B, Ito N, Kurano M, Saigusa D, Saito R, et al: 

Alteration of the lysophosphatidic acid and its precursor 

lysophosphatidylcholine levels in spinal cord stenosis: A 

study using a rat cauda equina compression model. Sci 

Rep 9(1): 16578, 2019.

86) Sato E, Mori T, Mishima E, Suzuki A, Sugawara S, et al: 

Metabolic alterations by indoxyl sulfate in skeletal mus-
cle induce uremic sarcopenia in chronic kidney disease. 

Sci Rep 6: 36618, 2016.

87) Sato E, Saigusa D, Mishima E, Uchida T, Miura D, Mori-
kawa-Ichinose T, et al: Impact of the oral adsorbent AST-
120 on organ-specific accumulation of uremic toxins: LC-
MS/MS and MS imaging techniques. Toxins (Basel) 

10(1): 19, 2017.

88) Sato E, Tsunokuni Y, Kaneko M, Saigusa D, Saito R, et 

al: Metabolomics of a mouse model of preeclampsia in-
duced by overexpressing soluble fms-like tyrosine kinase 

1. Biochem Biophys Res Commun 527(4): 1064‒1071, 

2020.

89) Sparvero LJ, Tian H, Amoscato AA, Sun WY, Anthony-
muthu TS, et al: Direct Mapping of Phospholipid Ferro-
ptotic Death Signals in Cells and Tissues by Gas Cluster 

Ion Beam Secondary Ion Mass Spectrometry (GCIB-
SIMS). Angew Chem Int Ed Engl 60(21): 11784‒11788, 

2021.

90) Tsugawa H, Kind T, Nakabayashi R, Yukihira D, Tanaka 

W, et al: Hydrogen rearrangement rules: Computational 

MS/MS fragmentation and structure elucidation using 

MS-FINDER software. Anal Chem 88(16): 7946‒7958, 

2016.


