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Preface

After accepting the task to edit a volume of Methods in Molecular Biology devoted to
metabolic profiling, I began to contemplate the definition of the term. Fiehn referred
to “metabolic profiling” as the identification and quantification of a select number of
metabolites in an entire metabolic pathway or intersecting pathways (1). Closely related
disciplines were targeted metabolite analysis, metabolic fingerprinting, and metabolomics,
the latter of which was defined as the quantitative measurement of perturbations in the
metabolite complement of a biological system (2). These four terms are often used inter-
changeably; indeed, in reviewing the literature over the past 40 years, it is evident that
these various disciplines of metabolite analysis are related via an evolution of methods and
technology. For example, while the field of metabolomics is now 10 years old, the pro-
tocols and instrumentation that form the foundation for the myriad approaches of this
discipline are based on those originally established for the diagnosis of inborn errors of
metabolism and drug metabolite analysis. Thus, in compiling this volume, I have made an
attempt to incorporate protocols that are illustrative of the evolution of metabolic profil-
ing from single molecule analysis to global metabolome profiling. The constraints of this
volume necessitate that its contents will be perspective based, rather than comprehensive.
However, it is my hope that the methods contained herein will be a resource for both
established and new investigators in the field of metabolic profiling.

Thomas O. Metz
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Chapter 1

Origins of Metaholic Profiling

Arthur B. Robinson and Noah E. Robinson

Abstract

Quantitative metabolic profiling originated as a 10-year project carried out between 1968 and 1978 in
California. It was hypothesized and then demonstrated that quantitative analysis of a large number of
metabolites ~ selected by analytical convenience and evaluated by computerized pattern recognition —
could serve as a useful method for the quantitative measurement of human health. Using chromato-
graphic and mass spectrometric methods to measure between 50 and 200 metabolites in more than
15,000 human specimens, statistically significant and diagnostically useful profiles for several human dis-
cases and for other systematic variables including age, diet, fasting, sex, and other variables were demon-
strated. It was also shown that genetically distinct metabolic profiles for each individual are present in
both newborn infants and adults. In the course of this work, the many practical and conceptual problems
involved in sampling, analysis, evaluation of results, and medical use of quantitative metabolic profiling
were considered and, for the most part, solved. This article is an account of that research project.

Key words: Metabolic profiling, metabolomics, urine, breath, chromatography, mass spectrometry,
aging, diagnostic medicine, preventive medicine.

1. Introduction

Since the dawn of the age of modern chemistry, biochemistry
has been of great interest. When molecular structure became
established as an exact discipline, the minds of scientists natu-
rally turned toward those molecules of which they themselves are
made. Extensive cataloging and structure determination of these
substances followed.

As the role of proteins in catalyzing the chemical reactions of
metabolism was revealed, progress was made in understanding the
metabolites — the smaller molecules required for life that protein

T.O. Metz (ed.), Metabolic Profiling, Methods in Molecular Biology 708,
DOI 10.1007/978-1-61737-985-7_1, © Springer Science+Business Media, LLC 2011
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Robinson and Robinson

catalysts select from the many atomic combinations available and
produce to make life possible.

Detailed understanding of metabolism was not, however, pos-
sible until the discovery of carbon 14 (1) and the development
of tracer methodology (2), which now includes both radioactive
and stable isotopes. When it became possible to label the atoms of
metabolites and trace their paths through living systems, a thor-
ough understanding of metabolism was achievable.

This understanding and the rapid advance of protein chem-
istry then led to explanations for some of the simplest metabolic
diseases — genetic errors that cause well-defined inborn errors of
metabolism. As analytical technology advanced, the list of known
genetic illnesses expanded to include a large number of such dis-
eases which, while individually rare, together cause much suffer-
ing. This work was further accelerated by findings that, in some
cases such as phenylketonuria, understanding of the disease could
lead to effective therapy.

Simultaneously, improvements in analytical chemistry led to
a search for single metabolites that are diagnostic of more preva-
lent diseases — including those with non-genetic components. An
extensive armament of single-substance measurements entered
the inventory of clinical laboratories — tests for both inborn errors
and other illnesses. Businesses arose to measure these substances,
primarily in blood and urine, which have now grown in the
United States alone into a $100 billion industry.

This work usually involved the correlation of one substance
with a condition of interest in human health. Scientists searched
for metabolites and proteins, the quantities of which contained
sufficient information about health and disease to warrant their
measurement. A few such measurements became standard in
health screening of ordinary patients, while a much larger number
were made available in clinical laboratories, available upon request
by physicians for specific patients.

While the many substances measureable in human samplcs
were increasingly evident as analytical methods improved, no
practical efforts were made to test the possibility that the simulta-
neous quantitative analysis of large numbers of metabolites fol-
lowed by computerized pattern recognition could yield health
information of significant value.

Forty years ago, however, there arose in California an exper-
imental project with the potential to cause a paradigm shift
toward the use of simultaneous measurement of large numbers of
metabolites for the quantitative measurement of human health.
This effort was ahead of its time and, therefore, faced daunting
challenges in the construction of analytical and computational
capabilities.

This work was known in the 1970s as “quantitative metabolic
profiling.” It is now a growing part of “metabolomics.” While
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metabolomics still contains substantial single-substance compo-
nents, extraordinary advances in analytical and computational
technology are rapidly moving this field toward metabolic pro-
filing — a continuation of that 1970s’ effort with greatly superior
modern analytical equipment and computers.

The California work was funded by private donors, NIH
grants, and the personal savings of some of the scientists them-
selves. This effort proved the enormous analytical power of
metabolic profiling as applied to human tissues and developed
new analytical and computational tools. It had its origin in a
collaboration beginning in 1968 between Linus Pauling and Art
Robinson at the University of California at San Diego (UCSD).
Later, it continued at Stanford University and the Institute of
Orthomolecular Medicine (later renamed the Linus Pauling Insti-
tute of Science and Medicine), which Pauling and Robinson co-
founded in Menlo Park, California, in 1973.

2. Orthomolecular
Psychiatry

Pauling hypothesized (3) that the distribution functions of opti-
mum human nutritional requirements are very wide, leading to
nutritional deficiencies and illness, especially mental illness, in
many people. He invented the term “orthomolecular psychia-
try” — meaning right molecule in the right amount for mental
health - to designate the treatment of mental illness by means of
megavitamin therapy. Later this was designated “orthomolecular
medicine” to include treatment of other illnesses in a similar way.

Having worked together at Caltech in 1962-1963 on the
chemical basis of general anesthesia (4), both Pauling and
Robinson were faculty members at UCSD when Pauling made
this proposal. At the time, Pauling was developing a theory of
the structure of the atomic nucleus, and Robinson and his stu-
dents were studying the deamidation of asparginyl and glutaminyl
residues in peptides and proteins. In addition to this ongoing
work, in 1968 the two men began a collaboration to test Pauling’s
ideas about orthomolecular psychiatry, with Robinson direct-
ing the experimental work and Pauling extending the theoreti-
cal aspects, which led eventually to his widely known hypotheses
concerning the role of vitamin C in health and disease.

Pauling initially proposed an experimental program using
vitamin-loading tests, in which large doses of vitamins were given
to experimental subjects — those having mental illnesses and con-
trol subjects — and the urinary excretion of the vitamins measured.
It was postulated that those individuals with greater needs for
the substances would retain more, excreting lesser amounts in
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their urine. Robinson assembled a small research group and set
up a laboratory for this purpose, while continuing to direct his
own laboratory - the size of which was increased by UCSD to
accommodate the new work. The initial experiments emphasized
loading tests with ascorbic acid, niacin, and pyridoxine, and some
interesting results were obtained.

It soon became evident, however, that this approach was of
less value than hoped. The experiments gave very limited infor-
mation, and the necessary analytical procedures of that day were
laborious, time consuming, and expensive, which diminished their
practical value.

3. Origin of the
Profiling
Hypothesis

In the course of this work, Robinson utilized a method for mea-
surement of pyridoxine in chemically derivatized urine by means
of packed-column gas chromatography, which involved resolu-
tion of the pyridoxine peak from the large number of metabolic
products that are present in urine. During these experiments,
Robinson began to think that the information they needed might
be more readily available in the many metabolic constituents evi-
dent in the chromatograms rather than in the pyridoxine peak
itself. He reasoned as follows. The fundamental need was for a
method to measure health vs. the amounts of ingested nutrients,
as is illustrated in Fig, 1.1. This required, however, a means of
measuring metabolic health quantitatively. He hypothesized that
the needed values might be obtained by measuring the amounts
of a large sampling of urinary metabolites and statistically corre-
lating the patterns in these profiles with various states of human
health and disease. Robinson, therefore, initiated an experimental
program, with Pauling’s support, to test the hypothesis that quan-
titative metabolic profiles contained sufficient information for this
purpose. As this work progressed, he assembled a skilled group of
co-workers for this project.

4. Scientists Who
Tested the
Hypothesis

These included Roy Teranishi, Dick Mon, and Robert Flath —
highly skilled experts in gas chromatography; Martin Turner and
Carl Boehme — engineers who built and maintained the PDP-11
vintage computer hardware used for lab automation and data col-
lection; Laurelee Robinson — who wrote the computer software



