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Metabolome, a total profile of whole metabolites, is placed on downstream of proteome. Metabolome is
thought to be results of implementation of genomic information. In other words, metabolome can be called
as high resolution phenotype. The easiest operation of metabolomics is the integration to the upstream ome
information including transcriptome and/or proteome. Those trials have been reported at a certain scientific
level. In addition, metabolomics can be operated in stand-alone mode without any other ome information.
Among metabolomics tactics, the author’s group is particularly focusing on metabolic fingerprinting, in
which metabolome information is employed as explanatory variant to evaluate response variant. Metabolic
fingerprinting technique is expected not only for analyzing slight difference depending on genotype dif-
ference but also for expressing dynamic variation of living organisms. The author introduces several good
examples which he performed. Those are useful for easy understanding of the power of metabolomics. In
addition, the author mentions the latest technology for analysis of metabolic dynamism. The author’s group
developed a facile analytical method for semi-quantitative metabolic dynamism. The author introduces the
novel method that uses time dependent variation of isotope distribution based on stable isotope dilution.
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INTRODUCTION

Genome is thought to be a blueprint of life. Therefore fate
of organisms should be almost decided by own genomic in-
formation. However, genomic information would not be suf-
ficient to explain all features of organisms. Genome science
has developed explosively since the end of the last century.
The contribution of genome to life science is extremely high
but one of the biggest findings was found to be far from the
perfect elucidation of the mystery of life, even if the whole
genome sequence information would be available. Contribu-
tion of genetic trait becomes lower as the higher organisms.
On the other hand, the impact of acquired characteristics
would become more important. Even in identical twins,
their health condition might differ depending on difference
of living environments. Some information downstream of
the genome is important for the understanding acquired
trait. Genomic information is implemented through both
“proteome and transcriptome.” Therefore this dynamic ome
information would be essential for elucidation of trans-
genes expression network. However, both dynamic ome
information would not be sufficient for direct understand-
ing of acquired characteristics. Metabolome, a total profile
of whole metabolites, is placed on downstream of proteome.
Metabolome is thought to be results of implementation of
genomic information. In other words, metabolome can be
called as high resolution phenotype. Metabolome is expected
to contribute to understanding acquired phenotype (Fig. 1).
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Fig. 1. Metabolomics in postgenomic era.

Methods for metabolome analysis are not especially
restricted. Mass spectrometry, FT-NMR, FT-NIR and the
other technology are available. Among them, mass spec-
trometry is often used for both quantitative and qualita-
tive analysis because of its resolution and sensitivity. Some
separation tactics including gas chromatography, liquid
chromatography, supercritical fluid chromatography, capil-
lary electrophoresis, are usually hyphenated prior to mass
spectrometry. The author’s group is conducting these mass
spectrometry systems to yield high quality metabolome.
Data mining from those metabolome information, some
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metabolites clue which might be significant for elucidation
of complicated phenotype can be found. In case of utiliza-
tion for metabolomics, mass spectrometry is employed in
particular fashion that is different from usual protocol.
Analysis of raw mass spectrometry data is rather difficult
due to lack of de-facto standard protocol. In the metabo-
lomics analysis, huge number of metabolites should be
analyzed. Therefore, manual validation should be required
to reduce both false-positive and false-negative annotation.
However, the verified results might be floating depending
on the level of the skill of analysts. That means de-facto stan-
dard analytical methods would be required. The author’s
group has been developed several useful methodology for
mass spectrometry based metabolome analysis.

The other useful methods have been also developed.'”®
The review is useful for understanding the current metabo-
lomics technology advances.” Any kinds of materials can
be subjected to metabolomics driven phenotype analysis.
Animal, plant, microorganisms, and the other living organ-
isms can be subjected to metabomics study. The recent ap-
plication research of metabolomics are well documented in
the review.® The author introduces several good examples
which he performed. Those are useful for easy understand-
ing of the power of metabolomics.

A PRINCIPLE OF “METABOLIC FINGER-
PRINTING”

The easiest operation of metabolomics is the integration
to the upstream ome information including transcrip-
tome and/or proteome. Those trials have been reported at
a certain scientific level. In addition, metabolomics can be
operated in stand-alone mode without any other ome infor-
mation. Among metabolomics tactics, the author’s group is
particularly focusing on metabolic fingerprinting, in which
metabolome information is employed as explanatory vari-
ant to evaluate response variant. In the previous context,
response variants mean quantitative phenotype level. The
concept of metabolic fingerprinting is summarized in Fig. 2.

Metabolic fingerprinting technique is expected not only
for analyzing slight difference depending on genotype dif-
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Fig. 3. Prediction model of zebra fish developmental stage by means

of metabolic fingerprinting.

ference but also for expressing dynamic variation of living
organisms. The following subjects are an easy understand-
able application of metabolic fingerprinting in stand-alone
mode. The author addressed a simple question that is “Is it
possible to express an early development of animal by means
of metabolomics techniques?” To prove the hypothesis, the
time course series of early developmental embryos of zebra
fish (Danio rerio) prepared by artificial fertilization were ex-
tracted to obtain hydrophilic small molecular weight metab-
olites. The extracts containing hydrophilic metabolites were
subjected to GC/MS analysis after appropriate derivatization
including sylilation. The metabolites table matrix was orga-
nized from mass spectrometry data to be subjected to prin-
cipal component analysis (PCA). PCA score plot indicated
PCI vector clearly correlated developmental stage of zebra
fish. Next partial least square projection to the latent struc-
ture regression (PLS regression) was performed to establish
a prediction model of zebra fish developmental stage. In the
model construction, “metabolome information” and “time
after fertilization” were used as “explanatory variant” and
“response variant” respectively. As a result, the high perfor-
mance prediction model of developmental stage of zebra fish
was successfully established with high fitting” (Fig. 3).
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Similar experiments would be applicable to the other ex-
perimental model animals. For example, the authors success-
fully established the similar prediction model of develop-
mental stage using a nematoda (Caenorhabditis elegans) and
a fruit fly (Drosophila melanogaster)."” The present meth-
odology or “metabolic fingerprinting” would be potentially
useful to explain the early development dynamism of lower
animal. The author addressed whether the present method-
ology might be applicable for higher animals. To prove the
above-mentioned hypothesis, some trials of “estimation of
disease class” and “evaluation of degree of seriousness” us-
ing cancer patient bio-fluids were trialed. In this occasion,
biological fluid of patient including serum, plasma, urine
and something like that would be used for the sample of me-
tabolome analysis. One of the most promising applications
is clinical diagnosis. The author and the research collabora-
tors have previously reported some successfully bio-marker
screening for early diagnosis of human cancers including
pancreas cancer, lung cancer, stomach cancer etc.!"™*

STRATEGIC SEEKING OF LIFE-SPAN RELAT-
ED GENES OF BUDDING YEAST

Application area of metabolic fingerprinting is very wide-
ly spread. The technology would be applicable to analysis of
complicated quantitative phenotype in which multiple genes
might synergistically participate. The author regarded repli-
cative life-span of budding yeast (Saccharomyces cerevisiae)
as an example of a quantitative and complicated phenotype
in which multiple genes might concern. The semi-rational
strategic seeking of “life-span related mutants” by means of
metabolic fingerprinting was conducted using the experi-
mental model. The strategy is summarized in Fig. 4.

First both long life-span mutants and short life-span mu-
tants were cultivated respectively in complete media. The
cells in log phase were subjected to metabolome analysis.
Several trials including exclusion of considerably varying
variables, pre-processing and transform of matrix before
multi-variate analysis were performed. Finally orthogonal
partial least square projection to the latent structure regres-
sion (OPLS regression) was performed to successfully estab-
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lish a prediction model of yeast life-span using metabolome
as explanatory variant.

Moreover the metabolome matrix was subjected to prin-
cipal component analysis (PCA). An obtained principal
component loading information suggested some amino ac-
ids correlated to life-span. For example, increment of some
glutamate group amino acids including proline, glutamine
and histidine might be involved in extension of life-span.
A down-regulation of “degradation of glutamate” would be
one of the promising strategies to tenderly increase pool size
of glutamate group amino acids. Uga3 is a transcriptional
factor that up-regulates glutamate degradation system. A
knock out mutant of Uga3 gene showed remarkable exten-
sion of lifespan with 75% increment. These results suggest
Uga3 is a life-span related gene. Aspartate group amino
acids including methionine were also positively correlated
to lifespan. Fzfl is a positive regulator of sulfite excretion.
Down regulation of “sulfite excretion” might contribute to
increment of methionine pool size. A knock out mutant of
Fzf1 also showed significant extension of life span with 64%
increment. Based on the similar tactics, several life spans
related mutants were easily prepared.

Among the mutants, life-span range was “75% up” or less
and “78% down” or more."

“By the way, phenotype in the conventional genetics has
been defined as a ‘qualitative’ feature, but not ‘quantitative’
one.” Therefore classical phenotype analysis is similar to a
“yes/no” problem about existence of quantitative phenotype.
That means it is difficult to seek quantitative phenotype.
Life-span can be thought to be definitely quantitative phe-
notype. Such quantitative phenotype is becoming more and
more important for understanding of human disease. Me-
tabolomics driven phenotype analysis should be employed
in such occasion.

Recently, the author’s group conducted metabolome
analysis of a group that was estimated to be transcriptional
regulatory factor-related mutant strains by using the mutant
library of budding yeast. And succeeded in identifying genes
involved in retro grade pathway of mitochondria."'® These
successes indicate a potential of metabolomics for analysis
of complicated quantitative phenotypes in which multiple
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Strategy of semi-rational strategic seeking of life-span related genes in yeast.
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genes might concern.

APPLICATION TO QUANTITATIVE ANALYSIS
OF FOOD SECONDARY FUNCTION

Food is multi-functional commodity consisting of mul-
tiple components. It is difficult to elucidate component-to-
function relationship. Particularly it is almost impossible in
case of food secondary function, or sensory quality. Even in
case of functional food analysis, a conventional reduction-
ism driven study cannot reveal mechanism of food function
exhaustively. Recently Japan foods are being expected as
strong exporting commodity based on high performance
Japan brand. To establish Japan position of food exporting
country, it is essential to ensure the outstanding food qual-
ity control system of Japan. The required specifications for
quality control system should include robustness, expand-
ability, user-friendliness and cost performance. Although
quality control systems of Japan food are generally out-
standing, however the know-how of those systems is not
shared in public domain. Because most systems are driven
by private companies independently. The most significant
in-house know-how tends to be inherited by the skilled vet-
eran engineers. Actually it is difficult to transfer the know-
how from the aged veteran peoples to younger generation.
Metabolic fingerprinting technology is being expected as
one of the best solution for evaluation of food sensory quali-
ty. The relevance of metabolomics technology is described as
below. The relationship between food components and food
sensory quality is resembled to the relationship between me-
tabolome and quantitative phenotype level. Therefore food
metabolome data can be theoretically used as explanatory
variants in case of prediction model of food sensory quality.
The author’s group has established the prediction models
of green tea quality according to the previous metabolic
fingerprinting methods that we developed. The quantitative
measurements of green tea components were performed by
our in-house methods using various analytical methods,
including GC-MS, LC-MS, FT-NMR and FT-NIR. The green
tea quality was decided by sensory test by skilled veterans.
Prediction model was established by means of partial least

© 2014 The Mass Spectrometry Society of Japan
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square projection to the latent structure (PLS). The scheme
of the experiment is summarized in Fig. 5.7V

All analytical equipment that are mentioned before were
applicable for prediction model constructions although
some know-how for extraction of variants as explanatory
variants is essential.

APPLICATION TO QUALITY ANALYSIS OF
SEVERAL FOODS

The author’s group has already reported metabolic finger-
printing based food sensory quality evaluation studies using
several foods including cheese, soy sauce, and Japanese sake
(Fig. 6).

First the author wants to mention the study of cheese. In
Japan processed cheese is the most common cheese in fam-
ily use. Processed cheese is made from Cheddar cheese and
Gouda cheese via several industrial processes. Among the
process, the most important step is a maturation, which is
based on lactic acid bacteria fermentation in high salt condi-
tion. Taste and flavor of natural cheese are generally floating
according to the seasonal variation. Therefore, buyers in
cheese producing companies always seek the best natural
cheese in consideration of cost performance. Particularly,
Japan cheese producers are making big effort to keep brand
quality in which same flavor is. The most important process,
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maturation step, requires precise sensory qualification.
However, sensory test is depending on the know-how of
skilled veteran. The author’s group established the sensory
quality evaluation model based on the conventional meta-
bolic fingerprinting technique. GC-MS was employed as
analytical equipment for modeling the significant flavor
including “rich flavor” and “sour flavor.” Some clues for bio-
marker of “rich flavor” were obtained from the information
of PLS modeling process.”>* The author’s group proved
that GC-FID (flame ion detector) can be usable for the pre-
diction of cheese sensory quality instead of GC-MS.?* “FID
is a superior detection system with high sensitivity. In addi-
tion, FID would not be expensive. Moreover scan speed of
FID is tremendously fast. The maintenance of FID is easy.
That means GC-FID is one of the most promising equip-
ment in the scene of practical application.”

Next, the author mentions a study of soy sauce. The es-
pecial flavor of soy sauce can be basically explained by a
combination of sodium chloride, sodium glutamate and
“Maillard reaction products.” However, molecular mecha-
nism of slight difference that might be probably derived
from materials and/or producing process have been un-
clear. Metabolic profiling of soy sauce were performed. In
the analysis, coverage of metabolites was including amino
acid, sugar, organic acid, sugar alcohol and dipeptide. The
author’s group finally discovered that some dipeptides might
affect the difference of Umai.”?” These findings can be
theoretically used for design of soy sauce flavor in future.
Japanese Sake is produced via complicated process, in which
saccharification and ethanol fermentation are performed in
parallel. Such complicated process might contribute to vari-
ous flavor of Japanese Sake. The author’s group conducted
metabolome analysis of Japanese Sake. In the study the
authors focused on both hydrophilic small metabolites and
volatile metabolites. The sensory quality test of Japanese
Sake was performed by quantitative descriptive analysis
(QDA). Finally a good prediction model of QDA of Japanese
Sake was successfully constructed.”® Further study is ex-
pected.

APPLICATION TO QUALITY ANALYSIS OF
TRADITIONAL HERBAL MEDICINE

In Japan, the amount of traditional herbal medicine usage
is increasing every year. The Chinese herbal extract prepara-
tion is available on health insurance treatment. The Chinese
herbal preparation originally comes from ancient China
medicine. Usually cocktail of several herb are adminis-
trated. However, contributions of ingredient in the cocktail
have been unclear. Therefore, a quality control of traditional
herbal medicine has been done by sensory test. In fact, the
test has been done by skilled veterans in the dealers of tra-
ditional herbal medicines. Several decades are required to
become independent skilled veteran. It is difficult for most
dealers to keep the quality of sensory test panel due to lack
of successors. The authors want to introduce two good appli-
cations of metabolic fingerprinting of traditional medicinal
plant.

The first example, “Toki” is one of the most commonly
used Chinese traditional medicinal plants in Japan. It origi-
nally comes from dry root of Angelica plant. Among An-
gelica plants, only the specific species, Angelica acutiloba, is

© 2014 The Mass Spectrometry Society of Japan
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authorized to be medicinal plant by the Ministry of Health
Labour and Welfare, in Japan. “Toki” is often administered
to female patients who suffer from chronically-diseased
unidentified complaints. However medicinal properties of
“Toki” are unclear. Therefore, pharmaceutical quality of
“Toki” has been speculated mainly based on sensory test
by skilled veteran of dealers. The author conducted the
metabolic fingerprinting technology to establish a predic-
tion model of sensory value of “Toki.” Hydrophilic extract
of “Toki” was subjected to GC-MS, LC-MS and FT-NMR
to obtain metabolome data information. The obtained me-
tabolome was used as the explanatory variants in the partial
least square projection to the latent structure (PLS). As a
result, the good prediction models were successfully estab-
lished.?~*?

The other topic is about “Senkyu,” which is also com-
monly used for female patients who suffer from chronically-
diseased unidentified complaints. “Senkyu” has been de-
fined as “a hot water washed rhizome” of Cnidium officinale
plant. The medicinal properties of “Senkyu” has been also
unidentified at all. The author conducted metabolic finger-
printing technology to “Senkyu” to establish almost similar
prediction model of sensory value. In addition, cultivar,
production area, post-harvest process were also discrimi-
nated by the prediction model.>** The above results clearly
indicate a power of metabolic fingerprinting as a discrimi-
nation tool for traditional medicine. In future, a utilization
of metabolic fingerprinting on the official evaluation will be
expected.

NOVEL ANALYSIS SYSTEM FOR METABOLIC
DYNAMISM BASED ON STABLE ISOTOPE DI-
LUTION

It is possible to explain a slight difference of metabolism
by means of metabolomics technology. Recently some ap-
plications of metabolomics for improvement of efficiency in
microbial bio production have been attempted. According
to the usual manner, multiple gene sets would be introduced
to host microbial strain for expression of useful features.
However in almost case, the expected performance would
not be obtained at the initial stage. The failure is thought to
be mainly derived from metabolic imbalance. Metabolomics
is expected as a useful tool to seek the imbalance metabolic
pathways, which can be the possible targets for improve-
ment. To complete the task, dynamic analysis of metabolic
perturbation might be required in some occasion. The previ-
ous applications, which are mainly related metabolic finger-
printing, are based on metabolic snapshot. It is derived from
static measurement. In many case, metabolic fingerprinting
is sufficient. However dynamic information would be re-
quired in some occasion. A metabolic flux analysis (MFA)
is a conventional method to estimate metabolic flux. MFA
is useful for optimization of the condition of practical fer-
mentation. But several limitations are required for MFA.
First, MFA requires precise metabolic map information. The
second, at least two different isotopomers with the different
isotope labeling patterns are essential as substrates. In addi-
tion, steady state of culture is necessary. Therefore MFA is
hardly applicable to higher animals and plants. In addition,
MFA is not effective for seeking new metabolic pathway.
The author’s group developed a facile analytical method for
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semi-quantitative metabolic dynamism. The novel method
uses time dependent variation of isotope distribution based
on stable isotope dilution. A theory of the method is simple
as the following explanation. A substrate would be switched
from non-labeled substrate to a stable isotope labeled sub-
strate. Just after change of substrate, time course sampling.
The obtained sample would be performed to be subjected
GC-MS, LC-MS, CE-MS etc. Each isotopomer tends to co-
elute at the similar retention time each other. That means
bad effect of ionization suppression would be reduced by
stable isotope dilution. The time dependent variation of
isotopomer distribution can be calculated from mass spec-
trometry data. We can estimate apparent semi-quantitative
metabolic dynamism. The author suggested the novel meth-
od should be called “Metabolic Turnover Analysis (MTA)”
(Fig. 7).

Just after *C-labeled isotopomer was newly added, time-
course sampling coupled metabolite profiling would be
performed. In the down-stream from the point at which
isotopomer was added, isotope distribution can be observed
by GC-MS, LC-MS or CE-MS (Fig. 7). MTA does not require
steady states. In MTA, labeling substrate is not restricted at
all. Therefore, even if organisms utilize carbon dioxide as
sole carbon source, it can be available into the MTA experi-
ments. The author and collaborators succeeded in monitor-
ing metabolic dynamism of photosynthesis dark reaction

© 2014 The Mass Spectrometry Society of Japan

of tobacco leaf by means of MTA using "*C labeled carbon
dioxide as labeling substrates.*” The labeling elements are
not restricted in MTA. The author’s group reported a study
of monitoring nitrogen containing metabolites by means of
MTA using inorganic nitrogen salts as labeling reagents.*
Finally the author want to introduce a novel application of
MTA. The time dependent variation of isotope distribution
can be calculated from MTA experimental data. Those data
were subjected to principal component analysis (PCA). The
PCA score plots indicate topology of metabolites network.
Using this method semi-quantitative metabolic distance can
be estimated>*>” (Fig. 8).

The author strongly wants to stress that a combination of
the metabolic distance analysis and non-target metabolic
profiling enable to discover unknown significant metabolic
information.

CONCLUSION

Multivariate analysis using metabolome information as
explanatory variants is powerful tool to learn various en-
dogenous metabolic information. Metabolomics technique
is applicable to quality analysis of food and traditional
herbal medicine. The author introduced some application
of metabolomics for quantitative phenotype analysis. Me-
tabolomics is useful tactics in the present form. However
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some trial and error would be required on sampling, mea-
surement, informatics, efc. Mass spectrometry is most
commonly used in metabolomics. Because its sensitivity
and qualification performance are superior. In the practical
operation in metabolomics, sample injections with tremen-
dous amount are always conducted for exhaustive profiling.
However some know-how for keeping the condition of mass
spectrometer would be required in metabolomics operation.
Metabolomics become more and more important to biosci-
ence and bioengineering. Performance advances on mass
spectrometer must be essential in short term. Among the
specifications that are required, the most important matter
is novel ionization system that is perfectly free from bad ef-
fect of ionization suppression. Application scientists in the
field of metabolomics definitely desire it.
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