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1. INTRODUCTION

One of the trends in mecdern biomedicine is the increasing understanding
that many, if not all, diseases may be linked in some way with deviations
from, or alterations in, one or more of the several thousand chemical reac-
tions that normelly fake place inside the cells and body. It does not seem un-
reasonable to assume that if one were eble to identify and determine the con-
centrations of zll compounds inside the human body, including both high- and
low-molecular-weight substances, one would probably find that almost every
known disease would result in characteristic changes in the biochemical com-
position of the cells and of the body fluids. Such a2 “total” analysis is, of
course, impaossible to carry cut at present. However, the promising results
achieved during the last few years have substantiated the importance of multi-
component anslyses. Chromatographic profiling of the body fluids in particular
has been useful both for diagnostic purposes and for obtaining new informa-
tion about the biochemical reactions that take plsce inside the body in healthy
and diseased states. T

Moest workers have favoured the use of gas chromatography (GC) for sep-
aration purposes, combined with mass specizometry (MS) to identify the in-
dividual components in the body fluids. It is, however, important to bear in
mind that GC and GC—MS can handle only volatile constituents and com-
pounds that can be converted into volatile derivatives. Estimates have indicated
that, because of this limitation, gas-phase analytical methods can only detect
about 20% of the total number of substances present in complex biological
materials [1,2]. The needs for alternative analytical methods are therefore
obvious. High-performance liquid chromatography (HPLC) -is considered to
be one such alternative {3—6], although its methodology has not yet been
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advanced to the stage where, e.g., mixtures of hundreds of different proteins,
lipids, polysaccharides, nucleic acids, etc., can be separated. Recent advances,
however, such as the computer-operated multi-wavelength array spectrometer
detector [7,8], the coupling of HPLC to mass spectrometers [3—11] and new
areas of application [12—14]}, indicate that HPLC will find its place beside
GC—MS, where it is badly needed for multicomponent analyses of high-
molecular-weight and/or temperature-labile compounds. Isotachophoresis [15]
and high-performance thin-layer chromatography (HPTFTLC) [16] may =also
become of considerable value in the analysis of body fluids in the future, as
these techniques also have the potential of determining many of the widely
different substances present in biological materials. Rapid-scanning fluores-
cence spectroscopy [17] and ion chromatography [18] are two recent tech-
niques that might prove to be useful for the analysis of biological materials.

At present, however, it is clear that GC, and in particular GC—MS, are the
major techniques for muiticompound analyses of the body fluids. Therefore,
only these gas-phase methods will be considered here. The profiling approach
is applicable to many different classes of biological compounds, from volatiles
to complex carbobydrates, and several reviews have appeared recently. Vol-
atiles were reviewed by Politzer et al. [19] and it is striking that the meth-
odology has now been advaneed to the stage where only 50—100 pl of body
fluid is required for a complete recording of all of the volatiles present [20}.
The scope of MS in clinical chemisiry was reviewed by Roboz {2] and by
Lawson [21}, and the profiling approach in the study of microorganisms is
considered in a recent book edited by Mitruka {22]. Comprehensive reviews
on GC [23] and MS [24] discuss instrumentation, applications and exper-
imental results.

The analyses of amino acids by paper (PC) and ion-exchange chromato-
graphy have proved over the last 25 years to be of great clinical value. In a2
similar manner, chromatographic profiling of organic acids in particular has
become of diagnostic importance and has led to an improved understanding
of many human disorders. It is therefore the purpose of this paper to review
recent advances in organic acid profiling of human body fluids in healthy and

diseasad states.

2. RECENT ADVANCES INK INSTRUMENTATION PERTINENT. TO CHROMATO-
GRAPHIC PROFILING

A. GC and cambined GC—computer

Many modern GC instruments, available from over 30¢ manufacturers [ 23],
are suitable for analyses of the widely different, often labile constituents of
body fluids. All-glass systems seem to be preferred for this type of separation
and packed GC columns with some type of silicone oil as the stationary phase
{e.g., SE-30, OV-17, OV-22} have so far predominated. However, when the
purchase of & new instrument is considered, many warkers in the field now
agree that the instrument of choice should be designed to handle glass capillary
.- columns also, as these columns are becoming increasingly useful for profiling

work. E‘azcel‘ient themcstabfe, wa!l-coated open-tubular giass capillary columns v
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suitable for the ansalysis of body fluids are now commereially avaifable from
several manufacturing companies. The glass capillary column not only offers
greatly improved separation, but as the peaks are very sharp and as adsorption
on the column wall is negligible, increased sensitivity is actually obtained.
However, as was propased in g round-table discussion on biomedical applica-
tions of GC—MS held during the Tth International Conference on Mass Spec-
trometry in Florence in 1876 [25], one should not advocate the view that
packed columns zre obsolete for the analysis of body fluids. Indeed, many
problems, e.g., roul:_. 22l7se. of a given drug or of certain metabolites, can be
carried out equally weh on packed columns. Recent results (e.g., refs. 26—31),
on the other hand, show that when one is dealing with multi-component anal-
yses, where the aim is to separate and identify as many constituents in the
body fluids as possible, then capillary columns are superior and give consider-
ably more information.

Computerized GC has undergone major developments during the last 2—3
years. On-line mini- and micro-computer systems, ranging from programmable
calculators o advanced time-shared systems, now offer the analyst 2 number
of possibilities, such as adaptive program inferaction, integrator/calculator
functionality, instrument automation, automatic data acquisition and data
reduction, reai-time control of the sampling system, digital flow and tempe-
rature controllers, automatic peak detection, automatic baseline correction,
calculation of retention indices, prediction of component resolution, detection
and measurement of overlapping peaks and pattern recognition techniques
(for references, see ref. 23). For example, a fully automated high-resoclution
GC system suitable for chromatographic prefiling of the volatile constituents
in body fluids was recently described [30]. It incorporates repetitive sampling
on to a glass capillary column and simultanecus flame-ionization and nitrogen-
sensitive detection prior to data acquisition and computer handling. Other
sophisticated, automated and computerized GC systems have also been design-
ed for studying volatiles (e.g., ref. 31) and for studying plasma lipid profiles
[32]. Computerized GC has also proved useful for the chromatographic pro-
filing of microorganisms [22]. )

Although automated high-resolution GC methods combined with powerful
computer evaluation techniques are likely to find an increasing number of
applications in the biomedical field, these methods cannot provide positive
identification of individual GC peaks. Retention times alone are unfortunately
not sufficient for identification purposes and should be used with caution
when one is dealing with biologica! fluids. These materials, particularly urine,
are so complex that even when highly efficient capillary columns with nearly
100,000 theoretical plates are used, many, if not most, of the GC peaks are
still not resolved, but consist of & mixture of two or even more metabolites
[25]. Much of the diagnostic value of chromatographic profiling ultimately
depends on the identification of ‘“‘disease-specific” compounds and it is there-
fore clear that methods in addition to GC must be sought. It is fully recognized
to-day that MS at present is the best choice for provinding such informstion.
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B. Combined GC—MS—computer

Excellent reviews on MS and on GC—MS—computer methads have been
written, e.g., by Burlingame et al. {24, 331, Brooks and Middleditch [341,
Homing et al. {35}, Roboz [2], Lawson [21} and Politzer et al. [18] and, in
addition, several books {e.g., refs. 22, 36—88) are available.

Both electron-impact ionization and chemical ionization techniques are now
widely used. The availability of mini- and more recently micra-computers with
suitable disc-oriented operzting systems, graphic display units and electro-
static printer/plotier units as well as the continually increasing performance/
cost ratios have greatly improved and facilitated the technigue of MS [24].
Even the physical sizes of the equipment have changed recently, an¢ a com-
plete GC—MS system that can be placed on a laboratory bench-top is no
commercially available. :

It is now possible, both with quadrupole instruments and with the newer

——— magnetic sector mass spectrometers, to cary outthe fast scanning (about 1
sec) required for tandem operation.with capillary columns, making the use
of these high-resolution columns even more attractive. Selected ion monitoring
(SIM), also called mass fragmentography and multiple-ion detection, has
become completely computerized in recent years, i.e., software-operated in
contrast with the tradifionsl hardware-based systems (e.g., ref. 40). The high
sensitivity and specificity of SIM is well recognized and this technique is now
widely used for qualitative and particularly for quantitative analyses of a
variety of endogenous metabolites and of exogenous compounds, e.g., drugs
and drug metabolites, that occur in physiological fluids (for example, see the
review by Falkner et al. [41] and the books cited in refs. 36—39, 42 and 43).

Some novel techniques of interest for multicompound analysis include
elemental composition chromatogrephy (accurate mass chromatography)
[24, 441, field ionization MS combined with computer techniques {45] and
ultramicro-scale automatic MS analyses [46}. In the first cf these methods,
glass support-coated open fubular columns have been coupled fo a high-resolu-
tion {(dynamic resolution about 16,000} mass spectrometer—computer system.
The scan cycle time is about 10 sec for the mass range 60—8800 and several hun-
dred high-resolution mass spectra can be obtained during 2 chromatographic
run f44}. In the second method [45], extracts of the biclogical material (e.g.,
urine} are infroduced into the mass spectrometer without prior chromatograph-
ic separation. The instrument is fitted with a heatable field ionization scurce.
This type of ionization results in minimal fragmentation of the components in
the mixture and therefore produces moiecular weight profiles of the analysed
samples. Using suitable computational methads, the system could readily dif-
ferentiate between normal urine and urine from patients with infectious hepa-
titis [45].

The third system utilizes a mass spectrometer, coupled t{o automatic sample
preparation devices and an electro-optical ion detector/computer system
capable of detecting many ion species simultaneously [46]. o

Some recent advances in pyrolysis MS [47] are of interest. Thus, if is now

possible to obtain reasonably reproducible “fingerprints” of complex biological

samples such as whole cells, using either the Curie-point principle or the carbon
dioxzide Taser beam for flash heating of the samples. This method is already
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of value for characterizing multicompound mixtures such as bacteria [22, 47].

During the last few years, much attention has been focused on the problem
of interfacing liguid chromatography (LC) with MS. Several different systems
are now in use, e.g., the method developed in Horning’s laboratory {9], where
a portion of the vaporized LC sclvent is forced through an atmeospheric-pres-
sure ionization source [48]. In the system used by McLafferty et al. [10],
about 1% of the LC effluent is introduced into the ion source of a chemical-
ionization mass spectrometer. The vaporized solvent serves as the reagent gas
for the sample. A third system utilizes a moving-wire or, more recently, a
moving-belt interface. The set-up consists of an auxiliarzy vacuum chamber
through which the wire or belt continually carries aliquots of the LC column
effluent, and where the solvent is removed. The sample is further transported
into the ion source of a guadrupole instrument where the final vaporization
and ionization take place (e.g., ref. 11).

C. Library search of mass spectra and computer evalugtion of chromatographic
profiles

Apart from pattern recognition techniques that have been of great value in,
for example, analyses of volatiles (see p. 430) and for baeterial classification
[22], most of the work on profiling ultimately ends up with the problem of
identifying certain peaks on the gas chromatogram. Manual interpretation of
the corresponding mass spectra is often difficult and time consuming. The
visual comparison of unknown spectra with a catalogue of known mass spectra
often gives valuable elues with regard to the structure. The collection entitled
“Mass Spectra of Compounds of Biological Interest”, compiled by Markey et
al. [49] and available through the National Technical Information Service, U.S.
Department of Commeree, Springfield, Va. 22161, U.S.A,, is very useful, The
“Registry of Mass Speetral Data” [50], containing about 25,000 spectra, and
the “Eight Peak Index™ {51}, which contains over 31,000 entries, are also
valuable although most of the spectra in these collections relate to non-bio-
logica! compounds. Kany sophisticated computer programs, including inter-
active library searching, heuristic techniques and learning machine technigues,
have been published [24, 52, 53}. At least two such search programs are now
available over international computer networks. One system, McLafferty et
al.’s self-iraining, interpretative and retrieval system for mass spectra (STIRS)
[54}, including probability based matching [55}, is available through
TYMNET [56]. The second system, developed by Heller at al. [57], is avail-
able through the General Electries computer network, and in Scandinaviz is
available through SCANNET [58]. Several systems {59, 60} are now in apera-
tion for the rapid computerized identification of compounds in complex bio-
logical mixtures by GC—MS. The system used in Biemann’s faboratory has been
widely used for drug analyses [61] and the system developed by Sweedy et al.
[60] has been used, for example, for the rapid characterization of uringry or-
ganic acids. Sjovall’s group (e.g., ref. 62} has been used advanced computer 5¥s-
tems for several years for the interpretation of steroid profiles. The system of
dellum et al. [63] has been designed to recognize anomalies in muita—compounc{
. _rmxtufes, and is in principle able to detect the presence cf abronna; comz~
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pounds as well as the lack of normal censtituents. Although the first version
of the program needs refinements, the approach has already proved useful
f641.

In many instances the need for computer evaluation of the chromatographic
profiles may saem unnecessary. This may be true when one is dealing with the
diagnosis and detection of metabolic disorders that lead to gross metaholic
changes. Other clinical conditions, however, may result in more subtle, yet
perhaps important, changes in the metabolic patterns. It seems reasonable
to assume that the best way to detect these minor alterations will be by means
of advanced computer methods. For further discussion on computers and MS,
see refs. 24, 52 and 53.

3. TREATMENT OF THE HUMAN BODY FLUIDS PRIOR TO CHROMATOGRAPHIC
SEPARATION

A. Collection, storage and transport of specimens

Although increasing in number, there are still few clinical laboratories and
hospitals that have at their disposal combined GC—MS—computer equipment.
Many more laboratories, however, are equipped with simple gas chrcmato-
graphs, and much useful sereening of body fluids for abnormal metabolites
can be carried out by GC alone. However, when a patient presents with an
abnormal GC peak, the structure and identity of the substance concerned
normally needs to be verified by MS and the sample can be submitted to a
specialized laboratory. Transport is also necessary when clinicians have to
rely on specialized laboratories for carrying out the complete chromatographic
profiling. It is, of course, always important that the samples should undergo
as little change as passible from the time of collection until they reach the
place where the multicomponent analyses are to be carried out. Recommen-
dstions for collection, storsge and transport of physiological fiuids for chro-
matographic profiling have been made [65]. Blood samples from fasting
patients and urine collected in the morming appear to be preferred, and no
preservatives should be added. The urine and serum samples should be frozen
and stored at -20°C or preferably at an even lower temperature 50 as to pre-
vent decomposition of certain metabolites, e.g., peptides [see 25]}. When
moming urine samples are anslysed, quantitative results are usually expressed
relative to the crestinine content. For more exzact quantiftative data, 24-h urine
samples should be coBected. Care must be taken to obtain information about
drug intake and particular dietary habits [66—69]. Whenever unusual peaks
are noted on gas chromatograms, especially in laboratories that lack GC—MS—
computer facilities, it is a good rule to suspect the peaks of being drugs or drug
metabolites [65]. This suspicion can sometimes be confirmed either by re-
peating the fluid collection from the patient at & later date when drug therapy
has been discontinued, or by obtaining samples of physiclogical fluids from
suitable control subjects who are receiving the same drugs as the patient. One
should alzo realize, however, that many metabolic disorders are of intermittent

types 701 |
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B. Isolation of orgaric acids from urine

Three principal methods for the isolation of the acidic constituents of urine
prior to derivatization and GC are currently in use. The first is based on solvent
extraction, usually with diethyl ether and/or ethyl acetate. Batchwise extrae-
tions using manual or mechanical shaking are normally carried out, although
these procedures are not quantifative and polar compounds such as di- and
tricarboxylic acids and polyhydroxy acids are poorly extracted [71}. More
quantitative extraction is obiained by continuous extraction overnight, e.g.,
in a Soxhlet apparatus. Improved extraction is also obfained by saturating the
sample with salts, e.g., sodium chloride hefore extraction. This treatment,
however, precludes the use of the remaining agueous phase for further anal-
ses of, e.g., carbohydrates, ainino acids and conjugates f{1}.

A gcod solvent should have a high volatility, a high solvent power with
low water solubility and z high stability, and it should be commercially avail-
able in a2 high-purity analytical or chromatographic grade. In a recent inves-
figation [72], isopropyl chloride was proposed as the solvent of choice for the
extraction of volatile compounds in biological fluids. From the physico-
chemical characteristics (b.p. 35.7°, dielectric constant 9.82 (diethyl ether
4.3) and water solubility 1.3% (diethyl ether 6%), it appears that isopropyl
cloride should also be suitable for the extraction of organic acids.

The second method for tha isolation of the acidic constituents is based on
anion exchange, as first suggested by Homing and Horning [73] and sinee
used in many laboratories. Ion-exchange methods give quantitative recoveries
of the organic acids in urine. Comperative studies on solventextraction and
ion-exchange procedures have recently been carried out {71}. DEAE-Sephadex
appears to he the most widelv used ion-exchange material, aithough other
resins, e.g., Dowex 3, are also suitable [74}. After capture on the resin, the
acids are usuaily eluted with agueous pyridinium acetate {e.g., refs. 66, 73)
before lyophilization. In order to avoid any loss of the more volatile acids
during the lyophilization step, it has been suggested that the column should
be eluted with hydrochloric acid followed by neutralization of the eluate with
sodium hydrogen carbonate, before lyophilization [75}. The direct silylation
of the resuiting sodium salts then follows {75, 76]. Thompson and Markey
[71] introduced a clean-up step prior to ien exchange on DEAE-Sephadex.
Their method involves removal of the interfering inorganic su!phate and phos-
phate as ingoluble barium salts, followed by oxime formation, ion exchange.
silylation and GC. Lawson et ak. [66], however, warned that many organic
acids are coprecipitated in this method, and that several organic acids would
decompcse when the alkaline barium hydroxide is added.

A third, more special, method, limited to the isolation of the more volatile
constituents, makes use of eztiu: steam distilation [T7—79] or vacuum dxstxi-
lation [80} to isclate the organic acids from the biological materials. =

The problem of choosing between the solvent-extraction and amon-exchange
methods offen arises. It has been the experience of several | graups that if the
problem concerns screening for gross metabolic disorders, the detection. of

.. which does not require quantitative separation pracedures, then solyent extmc

'.--‘tmn is spplicable. Even metabolic disorders that result in the excretion of
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polar compounds such as pyroglutamic acid [8E] or glutaric acid [82] are
easily detected by solvent-extraction methods. On the other hand, very palar
and highly water-soluble compounds such as tetronic and decxytetronic acids
are poorly extracted intc organic solvents and may remain undetected unless
ion-exchange methaods are used. For quantitative work {e.g., refs. 66—68) and
work involving subtle changes in the chromatographic profiles, the use of
anion-exchange procedures is not only recommended, but is essential. Some
lzboratories therefore prefer always to use the quantitative methods, whereas
others, particularly those engaged in diagneosis and studies of metabglic disor-
ders, have found it convenient to be able fo use both isclation procedures. Sol-
vent extraction is used in emergency cases, e.g., on samples from severely ill
acidotic children, in order to obtain a gualitative answer as soon as possible.
Anjon-exchange methods, which are meore laborious and time consuming, are
subsequently used for quantitative extraction and asszy of the pathelogical
metabolites.

C. Isolation of arganic acids from protein-containing fléicfs

Urine is the only human body fluid that normally is devoid of proteins. All
other body fluids {and tissue homogenates)} contain small {in amniotic fluid,
spinal fiuid) or large amounts of protein (in serum, seminal fluid, synovial
fluid, etc.). Urne, spinal fluid [83] and amniotic fluid [84] can therefore
be extracted directly as discussed above, whereas most other physiological
samples usually are handled so as to avoid inferference by the proteins. If
non-destructive methads (gel filtration, dialysis, membrane filtration) are used
to remove the proteins prior to the GC analyses, the tightly protein-bound
andfor water-insoluble low-molecular-weight substances (e.g., long-<chain
fatty acids) will be lost. Several organic acids have a tendency to become more
or less protein bound, indicating that removal of protein by non-denaturing
methods should he used with caution if the aim is to obtzin a total organic
acid profile. Other classes of metabolites, e.g., carbohydrates and amino acids,
are not protein bound, and membrane filtration through a Millipore PSAC
filter, for example, yields a protein-free eluste that is ideally suited for, e.g.,
earbohydrate profiling hy GC methads [23]. Protein precipitation with, e.g.,
sulphosalicylic scid followed by extraction of the organic acids by organic
solvents is sometimes used, although certzin organic acids may be coprecipi-
tated with the denatured protein. Direct extraction of serum, e.g., with the
ion—solvent pair emmonium carbonate—ethyl acetate, is widely used for the
extraction of drugs, but this methaod obviously does not extract the organic
A convenient method for obtaining profiles of tatal organic acids in protein-
containing body fluids and tissue homogenates makes use of ethanol as a pre-
cipitating agent {e.g., refs. I, Z, 85 and 86}. After removal of the proteins by
centrifugation and removal ‘of the ethano! in vacuo, the resulting agueous
solution can be treated as if it were urine.

Faity scids and lipids are usually extracted by special methods e.g., Folch
extraction. The literature on the analyses of these compounds in biological
ﬁuxds iz vast. -Procedures for their extraction and analysis by GC and GC—MS,

“
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methods can be found, for example, in three issues of Journal of Chromato-
graphic Science (Sept. 1975, Oct. 1875 and Jan. 1876} devoted to this topic.
Packed GC columns containing liquid phases such as DEGS, DEGA, EGSS-X,
Silar §C and 10C or Apolar 10C, are used extensively for the separation of fat-
ty acids, usually as methyl esters. Methods for the separation of underivatized
fatty acids have also been published [87, 88]. Highly efficient glass capillary
columns are used to separate cis and trens isomers [88]. A review on the
analysis of lipids in general has recently appeared §89].

4. DEREVATIZATION OF THE OCRGANIC ACIDS

The “organic acid fraction” of biological fluids contains mono- and poly-
carboxylic acids, mono- and polyhydroxy acids, keto acids, phenols, phenclic
acids and conjugates of the organic acids, particularly with glycine. Numerous
publications have dealt with methods for preparing volatile derivatives of the
different organic acids and the most widely used approches are discussed below.

A. Silylation, oximation

Trimethylsilyl (TMS) ethers and esters are probably the most popular deriv-
atives used for studying the organic acids (e.g., ref. 85). TMS derivatives are
comparztively easy to prepare, safe to handle and most of them have excellent
chromateographic properties. Further, deuterium-labelled TMS derivatives can
readily be prepared with commercially available silylating reagents. The latter
zpproach is frequently of great value in elucidating the structures of unknown
metabolites by GC—MS. The collecHons of mass spectral data (see p. 432)
contzin more information on TMS derivatives than on any other type of deriv-
ative. The most widely used silylating reagents are bis{trimethylsilyl)trifluoro-
acetamide (BSTFA) and bis(trimethylisiiyl)acetamide (BSA) (with or without
pyridine, trimethylchlorosilane or other ecsfalysts), which form derivatives
with the earboxyl groups, hydroxzyl groupns and phenal groups of organie acids.
Sodium salts are generally more difficult to silylate than the free acids, al-
though recent investigations [75, 76} have shown that BSA in the prasence of
trimethylchlorosilane and/or hydrozylamine converts the sodium salts directly
into volstile TMS derivatives of the organic acids. Certain metabolites, partic-
ularly keto zcids, have a tendency to yield multiple derivatives, and there are
problems also with the siylation of shori<hain dicarboxylic acids [74} and
with o-hydroxyhippuric acid (sslicyluric scid [91]). In both instances the
corresponding methyl esters appesr to be hetter. Previously it was observed
that N-acylglycines also gave multiple peaks after trimethylsilylation, but
this effect can now be avoided [92}. The GC behaviour of 20 N-acylgiycines
of clinical interest is described in refs. 92 and 93. Keto acids are more readily
determined if double derivatives are prepared, particularly oxime—FMS [94],
methoxime—TMS [95] and ethoxzime—TMS derivatives [66]. Other O-sub-
gtituted oxime—TMS derivatives, e.g., benzyloximes, have also been considered
by Lawson et af. {96] although they prefer ethogime—TMS derivatives for the -
 defermination of urinary organic acids in generzl [66—68}. Alipathic 2-kéto

.#cids ean also be determined with o-phenylenediamine and BSTFA, yielding -
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O-TMS-—wquinoxalinel derivatives that are suitsble for GC analysis [97}. The
separation of the many biologically accurring kete acids is best acieved by
using highly efficient glass capillary columns [98]. Combined silylation and
methylation also vields derivatives with excellent chromatographic properties,
and this procedure has been successfully for many vears by Homing and co-

workers {e.g. refs. 35 and 85).
Combined silylation and ethylation has been the preferred derivatization

method in studies on the simultaneous determination by selected ion momi-
toring of the levels of four acid metabglites of catecholamines in urine, serum
and cerebrospinal fluid [99].

B. Methylation

The methyl esters of organic acids also have excellent chromatographic .
properties and can readily be prepared. The mass spectra of methyl esters are
ususally simple, and are often easier to inferpret than those of the corresponding
TMS derivatives. Usually it is therefore easier to predict the fragmentation
pattern of a methyl ester than that of a silyl esterfether. This is frequently very
useful in profiling work, because on the hasis of a predicted mass specfrum
one is often able, using mass chromatography, to search for the presence in a
body fluid of a given metabolite, even if the zuthentic compound and/or in-
formation on its GC—MS hehaviour are lacking.

In several lzhoratories, therefare, fe.g., refs. I, 85, 100—102) methylation
techniques are frequently used. Despite the hazards associated with diazo-
methane, it still appears to be the preferred methylating agent, the method
being smooth, simple and rapid. This method, like silylating procedures, may
also lead to certain by-products, artifacts and unexpected results. For example,
more than one derivative is usually formed by the action of diazomethane on
keto acids; pyrazolines are formed as by-products during the methylation of
fumaric and aconitic acids; and an artifect resembling 3-hydroxypropicnic
acid is formed if water is present during the methylation [104]. Dizzometh-
ane reacts not only with carboxyl groups, but also methylates the hydroxy:
groups of phenols and the thiol group of thiols. Thus, a number of important
phenolic acids, e.g., p-hydroxyphenyliactic acid, may yield one or two deriv-
atives depending on the temperature and length of treatment with diazo-
methane. For further discussior on this topic and on other artifacts and pit-
falls aseocizted with the chromatographic profiling of body fluids, see p. 439
and refs, 183, 104.

Alternstive methylation procedures include esterification with methanol/
hydrochloric acid, methanclfthionyl chloride or methanol/boron trifluoride
and on-column methylation [105]. In the Iast method, the organic acids are
converted into their trimethylenilinium salts by the addition of trimethyl-
anilinium hydroxide, and subsequent pyrolysis of the salts in the injection
port of the gas chromstograph generates the methyl esters {105, 106]. Thxs
method, combined with neopentylidene profection of the amino groups, is
also stitable fo: the rapid denvatzzaﬁon end ansalysis of amino acids by GC

[IC‘TE =
seiectzvs estenﬁcatm:x of f:he carboxyi group can be achieved by the cIassxcaE :
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method of treating the organic acids with alcohol in the presence of an acidic
catalyst. Subsequent removal of excess of alcohol and acid before injection
into the gas chromatograph often results in loss of the more volatile esters.

An alternative method for the selective derivatization of the carboxyl
group involves sddition of silver nitrate to an agueous extract of the organic
acids, followed by lyophilization and treatment of the dry silver salts with
ethyl iodide (or methy! iodide) dissclved in pentane {108, 109]. The ethyl
(or methyl) esters will be formed in the pentane solution, which can be in-
jected directly on to, e.g., 2 capillary GC column.

The relative merits of the various approaches considered in this chapter are
frequently discussed. There is no simple answer to the problem, as all methods,
including solvent extraction, ion exchange, trimethylsilylation and methylation.
have their advantages and disadvantages. Most workers, however, will agree
with what Stokke [110] peointed out in a recent editoriai, namely that the
main peint is to hecome familiar with one methaod, and to learn its pitfalls
and to be able to use alternative procedures when reguired.

5. SPECIAL METHODS FOR SHORT-CHAIN VOLATILE ACIDS

Shortchain (C,—Cg) monocarboxylic acids are volatile and therefore re-
quire no derivatization. Special methods for handling these acids, several of
which are associated with metabolic disorders, have been published. In one
of these [77—79] the volatile acids are separated after steam distillation (on
a column containing neopentyl glveol adipate—orthophosphoric acid), or after
vacuum distillation- {80}. Other methods (e.g., refs. 111—113) utilize solvent
extraetion followed by separation on columns containing, e.g., Porapak [111}
or FFAP (Carfjowax 20M—nitroterephthalic acid [113]). In another method
[114], the urine is mixed with Bowex 59-H" and the free acids released are
separated on the porous polymer Chromosorb 135. In the method of Remesy
and Demigne [115], as used by Wysocki et al. [116], the acids are separated
on a celumn packed with 16% SP-1280 containing 1% of orthophosphoric
acid on Chromosorb W. Special GC methaods have been devised for the de-
;erm;}natmn of acetate {117] and for propionic and methylmaionic acids

118

The GC determination of the latter two acids in the presence of each other
requires special care, as a portion of the free methyimalonic acid may become
decarbozylated to yield propianic acid in the injection port of the gas chroma-
tograph (e.g., ref. 113). The finding of large amounts of propionic acid in, e.g.,
the vrine of patients with mathylmalonic aciduria, may therfore be misleading.
Possibly the simplest means of overcoming this problam is to use two different
teraperatures on the inlet block of the gas chromatograph, as suggested by
Frenkel and Kitchens [118]. Their method is based on the spontaneous and
quantitative decarboxylation of methylmalonic acid at 225° to give propionic
acid. By utilizing another substituted malonic ecid (ethylmalonic acid) as an
interna! standard, accurate gquantitation is- _possible, -Endogenous propionic
acid is then measured at 130°, & temperature at which roethylmalonic scid

does not decarboxylate 118]. The use of ethylmalonic acid as an infemal
standard may be. quesﬁczaeé, as it has been described - as & normaI ‘gon-.
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stituent of human urine (aithough present in small amaounts} [120] and may
occur int considerable amcunts in, for example, patients with Jamasaican vom-
iting sickness (p. 450) or with glutaric aciduria, type II (sce Table 1}. An alfer-
native procedure was used by Stokke et al. {121] in their investigation of a
patient with combined methylmalonic acidemia and g-hydroxy-n-valeric acid-
emia. Propionic and methylmalonic acids were first separated on buffered TLC
plates so as to avoid lass of the volatile acids. The bands containing the two
acids (ss sadium salts) were subsequently analysed separstely by GC {propi-
onic acid as the free acid, methylmalonic acid as the methyl ester). .

6. ARTIFACTS AND PITFALLS

The application of GC and GC—MS——computer methods to the analysis of
body fluids is associated with many difficulties and pitfails. There are problems
of =z technological nature (instrument breakdown), of a2 chemical nature {e.g.,
contaminated solvents, confamination from column bleeding and environ-
mental econtamination such as plasticizers), and problems related to the hand-
ling of the biological samples. Spiteller and Spiteller discussed several of these
aspects in their book {122}, which alsc contains the mass spectra of numerous
commonly cccurring contaminants. Plasticizers in biological materials have also
been studied by other workers (e.g., refs. 123 and 124). Perry and Hansen
[103} and more recently Jellum et al. [104] have reviewed the most usual
pitfalls associated with the chromatographic profiling of biological materials
using GC and GC—MS methods. Firstly, there are problems with collection
and storage of the samples. Depending on the container used, contamination
may occur from chemicals not only from plasticizers but alse from rubber
. stoppers [104, 125], added preservatives and added anticoagulants [103,

104} (e.g., heparin contains benzyl alcohol as a stabiliser; see also ref. 126).
Secondly, numerous problems exist with sample work-up and with the deriv-
atization methods, e.g., formation of artifacts and multiple derivatives. The
production of artifacts (e.g., crotonic acid formed from g-hydroxybutyrie
acid [127]) and the formmation of unexpected compounds in the GC cclumn
(e.g., 5-hydroxycoumaran from homogentisic acid [1041 and 3-methylcro-
tonic acid from 3-hydroxyvaleric acid [128]} may lead fo serious errors. De-
carboxylation resctions (e.g., of methylmalonic acid to yield propionic acid
(p. 438) and of phenylpyruvic acid to yield phenylacetic acid [129]) during
gample work<ip and GC may lead to erroneous results. New compounds
formed by trans-esterification processes [180} and artifacts praduced by
bacteriz (e.g., benzoic acid [131, 132}) are potential sources of error. in
methads where the biclogical matesial is made alkaline to prevent loss of vola-
tile acids, one should realize that part of the glucase may be converted into
acetate [133]. Perhape the most serious problems arise from artifacts due to
dietary factors and intake of drugs (e.g., refs. 183 and 104). Particular atten-
tion should be paid to drugs that are metabolized to give organic acids that one
normally sssoeiates with metabolic disorders. An example is the anticon-
vulssnt sodium dipropylacetate, which leads to increased urinary excretion
‘of propionic ‘acid {134], Z-oxodipropylacetic acid and 2-{n-propyl)glutaric
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acid {135]. In general, many problems ean be avoided if correct and complete
information zbout drug intake slways accompanies the samples submitted for
chromatographic profiling. (See also a recent review on difficulties and pit-
falls in the interpretation of screening tests for the detection of inborn errors
of metabaolism §136}.)

7. NORMAL ORGANIC ACID PROFILES OF VARIOUS BEODY FLUIDS
A. Normal patterns in urine from adults and newhorns »

A table of the urinary organic zcids identified prior to 1873 was ecompiled
by Markey et al. [137]. Since then, many new metabolites have been idenfifiecd
by GS—MS methods. More recent lists of the prevailing urinary acidic metab-
olites in normal adults {66, 128} and in newhorns [138] have been reported.
The list of Bjorkman et al. {139}, showing the qualitative and quantitative
pattern of organic acids in urine from newhorns, also contains the character-
istic mass spectral fragments of each compound. Comparison of the organic
acids in adults and newborns shows that the iatter urine contains large amounts
of succinic, fumaric, 2-ketogiutaric and 3-hydroxy-3-methyliglutaric acids.
These acids are present in only small amounts in adults. Hippuric acid, on the
other hand, is 2 minor component in urine from newborns and & major con-
stituent of adult urine. Knights et al. [138], using glass capillary columns
and MS, identified over 30 of the peaks in the chromatogram. They examined
pooled urine specimens from controls and post-partum subjects; no major
differences were observed.

B. Normai patterns in other body fluids and tissues

Most papers have dealt with urine, and less information exists on the organic
acid compaosition of other beody fluids. Amniotic fluid, at 2 mezn gestational
age of 17.6 weeks (range 15—20 weeks), contains lactate ss the dominating
water-soluble acid and smaller amounts of pyruvate, 3-hydroxy-butyrate,
succinate, 2-oxoglutarate, cifrate, Z-ketoisovalerate, 2-ketoisocaproate, malate
and p-hydroxybenzoate [84}. Cholsatersl [140] and fatty acids, the deter-
mination of which is important in connection with respirstory distress syn-
- drome, are present (see p. 451). 2-Hydroxybutyrate is sisc found [141} in
amniotic fluid, probably as 2 consequence of the high lactate content (sce p.
445, The concentration of 2-hydroxybutyric acid in this fluid is about 10Q
times lower than that of the predominant acid, lactic acid.

Faw normal organic acid profiles of serum have been published. In genevsl,
the fatty acids dominate whereas the waterscluble organic scids sre present
in smnall amounts awing to high rensl clearance. Many ofganic scid profiles of
sera from patients with metabolic disease have been reported (see Table 1} -

Cerebrospinal fluid. (CSF} confains, apart: from the falfy acids le.g., ref.
142), various ather metabolitez such as $-metboxy-4-hydroxyphenylethenal,
5-hydroxyindoleacetate, citrate, homovanillste, 3.4-dihydroxyphenylacetate,
- 3,4«lihydroxyphenylethano! and 3-methoxy-4-hydrozyphenyl. glyeol -{83].-

‘Catecholamine metabolites are now. frequently assayed in CSF by means of
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selected ion monitoring with stable isotope-labelled compounds as internat
standards. Several tryptophan metabolites in CSF have been determined hy
single-ion monitoring [143]. Lactate, succinate, cifrate and maleate are normal
constituents in CSF from newhorns. Variations in the chromatographic profile
of neutral and acidic metabolites in CSF from newborns and infants with dif-
ferent neurological disorders have been reported [144]}. Further work, how-
ever, is reqguired in order to determine whether the alterations seen are suffi-
ciently specific to be used as major diagnostic criteria [ 144}. :

Capillary GC—MS methods have been utilized to evaluate the organic acid
profile in human salive §145]. Lactic, 2-bydroxyisocaproic, succinic and
phenylacetic acids, 2,6-dibutylcrescl (an antioxidant present in foed), phenyl-
lactic, p-hydroxyphenylacetic and p-hydroxyphenylprapionic acids, several
fatty acids and cholesterol were identified in unstimulated saliva.

Seminal fluid zlso contains several organic acids of the type found in urine,
with citric acid and fatty acids as dominating compounds (Jelfum, untpublished
results). Synovial fluid has been examined with both packed [146] and capil-
lary columns [147].

Piasma from haemodialysis patients has been profiled with respect to vol-
atiles [148}. Pialysis fluid from nephrectomized patients [149] contains
organic acids of the same type as normally found in urine, plus additional
compaounds assaciated with uremia.

Little information on organic acid profiles of tissues exists, whereas certain
other classes of compounds have been determined by GC methods. Thus, the
volatile constituents of lung, brain and liver from rats have been assessed.
There were marked differences, and it appears that certain volatile constituents
mayv be characteristic of a particular tissue [150]. The volatiles that produce
the odours of the human vagina [151}, the amino acid composition of human
nails 1521 and the content of polyols and aldoses in cataractous human lens
tissuze [153] have recently been measured by GC and MS methods. Snedden
and Parker [154] investigated the presence of altered purine metabolites in
skeletal muscle of normal and gouty individuals before and after allopurinol
therapy. :

With the advent of glass capillary columns, increased sensitivity of the in-
struments and improved computer handling of the data, it is to be expected
that the analycis of small (1—3 mg) tissue biopsies will become feasible and
important in the future.

C. Identification of new rnormal metabolites

Lawson et al. [66] have identified some new polyhydroxy (aldonic and
deoxyaidonic} acids in addition to those previously reported by Horning and
Homming [73]. Thompson et al. {155] alsc reported on the occurrence of
polyhydroxy compounds in urine and identified 4-deoxyerythronic, 4-de-
oxythreonic and 2-methylglyceric acids [155] as new normal metabolites.
Fell et al. [156] determined Z-deoxytetronic acid in blaod. :

Many dicarboxyiic acids have been identified as constituents of normal
_ urine. Petterson and Stokke [157} found that a series of 3-methyl branched
‘short-chain (Cc—Cs } dicarboxylic scids are excreted in small amounts, except
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3-methyladrpxc -acid, which often is present in considerable amounts (0.1 —
0.9 mmole per 24 h) in urine. Lindstedt et al. {158] have shown that 3,4
methylenchexanedicie acid (cyclopropaneadipic acid) is a2 normal urinary
constituent (10 mg excreted per 24 h). They also identified an acetylenic
compound (5-decynedioic acid) {159} and a series of cis- and f{rans-mono-
unsaturated aliphatic dicarboxylic acids in normel urine {160]}. Considerable
amounts of cyclopropaneadipic acid have been found in urine after the intake
of a certzin cheese [104}.

i The presence of various furan<ontaining carboxylic acids In urine is well
established. These metabolites appear to be of dietary origin [161}. Certain
fructose-containing solutions designed for infravenocus feeding may contain
considerable amounts of furan derivatives, formed during heat-sterilization
of the fructose solution. Patients receiving such mixtures will excrete large
amounts’of furan mono- and dicarboxylic acids in their urine [162].

Mamer and Tjoa identified 2-ethylhyvdracrylic acid in urine [163]. The
compound stems from the degradation of isoleucine.

Duncan et al. [164] noted that in most of the GC profiles obfained on
methylation of human urinary extracts, a peak, sometfimes large and some-
times small, appeared immediately after hippuric acid (methyl ester). GC—HMS
and nuclear magnetic resonance (NMR) spectroscopy provided conclusive
evidence that this peak was due to §-(m-hydroxyphenyl)hydracrylic acid. This
compound was first identified in human urine in 1857 by two-dimensional
paper chromatography [165] and is of distary origin. Wadman et al. [166]
have reported that g-{p-hydroxyphenyl}hydracrylic acid was present in the
urine from a patient with gastrointestinal disease. The para-isomer is apparent-
ly not a normal urinary constituent.

Human urine also contains highly varigble amounts (from non-detectable

to 2 peak comparable in size to that of hippuric acid) of 4-hydroxycyclo-
hexane-1l-carboxylic acid of unknown origin {167} . The TMS derivative of this
compound has a molecular weight of 288. An unknown compound with the
sarne molecular weight was recently found in a2 patient with «-ketoadipic
aciduria [168] and was tentatively suggested to be 1,2-butenedicarboxylic
acid. As the retention times of this compound and of the newly recognized
cyclohexanecarboxylic acid are similar, Bindel et al. {167] suggested that
Przyrembel et al. {168} may in fact have isolated the eyclohaxzne comnpound
from their patient.

Nearly all of the compounds mentioned above were separated on packed
GC columns. A normal organic ecid profile on such columns yields ahout
40—80 peaks. If the separation is carried ouf instead on modern glass capil-
lary eolumns, at least three {imes 23 many peaks are seen [64]. Mast of these
peaks are siill unidentified. In the future, the denﬁficatmn ofa w'de tange of
further metabohtes shouid Become pessmie.

D. Quarztztctwe rzmges and effects af mdwzdt.af mrmtmn a:zd d’xet on tfze
chromatqgmphtc pmfu’os :

+.. Factors that- mﬂnence ‘the cizexmvai cempcaztxon of human body ﬂm&s
hawe been the mb;ect ‘of numerous’ investigations i tne Iaat few decacia. é.
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few years ago, Young and co-workers [ 163, 170} reported on the effectsof a
chemically defined diet on a wide range of urinary and serum metaholites.
Witten et al. [171} also usad a palatable standard diet and measured the means
and standard deviations of the excretion rates of individual urinary organic
acids, using GC—MS methods. In the latest and most comprehensive studies
carried out by Chaimers and co-workers [66—68], both the effects of in-
dividual variations and of diet were studied. All three research groups observed
that the coefficient of variaton for the excretion of the major and consistently
excreted metabolites were large for gll of the subjects studied. Extreme dietary
alterations produced relatively small changes in the patterns or amounts of
metaholites excreted, hut large individuzl within-subject variations were ob-
served [67]. The data of Chalmers et al. [67]} therefore indicate that variations
in the ranges of excretion depend mainly on individual metaholic alterations
rather than on dietary factors. In a survey of 420 normal subjects on an un-
restricted diet, quantitative ranges and frequency distribution patterns of the
urinary organic acids were assessed [68]. Histograms of excretion values were
prepared for all metabolites and could be allocated to four groups: (a) uni-
modal distributions with detectable values in almost all subjects {examples:
tetronic, 2- and 4-deoxytetronic, cifric and cis-aconitie acids); (b} apparently
unimaodal distributions with a number of values below the level of detect-
ahility {examples: p-hydroxyphenviacetic, glucaric and 3-deoxytetronic acids};
(c) clearly bimodal distributions, a unimodal sub-group + a black of undetect-
able values {examples: 3-hydroxyisovaleric, hippuric and glucuronic acids);
and (d) irregular distributions with a majority of undetectable values (examples:
benzoic, succinic and 2-ketoglutaric acids).

It is important to bear in mind results such as those referred to above when
discussing “pathological amounts” of normal metshbolites present in healthy
and diseased persons. .

8. APPLICATION OF GC—MS PROFILING TO DISCOVER NEW METAEBOLIC DIS-
ORDERS

Widespread amino acid screening programmes in the 1950s and early 1960s
using paper and ion-exchange chromatography resulted in the discovery of
numerois amino acidemizs and amino acidurias. In 1963, Klenk and Kahlke
[172] used GC and MS methods to ssparats and identify an unknown metab-
olite {(phytanic acid) present in & patient who had died of Refsum’s disease
[173]. Since then, gas-phase analytical methods have become increasingly
important for diagnasis and studies of metabolic disorders. Chromatographic
profiling in general is 2 complex, timeconsuming, highly specialized and ex-
pensive technique that is not suitable for mass screening. Apart from research
tasks, these methods are therefore usually applied fo patients who are partic-
ularly suspected of having & metabolic disesse, rather than to large papula-
tion groups.. In general, the signs and symptoms fo look for include peculiar
smells from the body and body fluids of the patients, a heredifary history of
gimilar diseases-in the family, Iasting metabolic acidoses, mental retardation,
failure to thrive, disturbances in pigment development, severe vomiting in
early life and involuntary movements [174—176]. Major deviations in the ex-
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cretion of end-products {e.g., urea) of the various metabolic pathways, and
disagreement between the sums of the amounts of cations (Na*, K*, Mg?°*,
Ca?*, ete.) and anions (Cl -, SO, 7, PO,3 7, ete.} in a body fluid {e.g., an “anion
gap™’), are signals to be aware of.

Chromatographic proefiling using GC and GC—MS have resulted, up to early
1977, in the discovery of 28 different, new diseases. In addition, about 5069
previously described inborn errors can also conveniently be diagnosed by means
of GC—MS techniques. In Tsable I the new metabolic disorders are listed, to-
gether with the chearacteristic (disease-specific) compounds that occur in each
instance.

In general the diseases shown in Table 1 were recognized because of the
occurrence of pathological metabolites, identifiable by means of GC—MS.
Subisequent biochemical investigations, such as enzyme studies on biopsies,
on cells grown in tissue culture, metabolic studies using stable and/or radio-
active isotopes, dietary studies and loading experiments, are required in order
to pin-point and, if possible, to treat the metabolic defect. Studies of this
character, and the finding of additicnal cases with the same disorders as listed
in Table 1, heve been described in numercus publications. In many of these
studies, GC and MS were utilized, e.g., to follow changes in the profiles after
a loading test. In 1974, Gompertz [177] reviewed inborn errors of organic
acid metabelism, and a year later Tanaks [178] prepared an even more com-
prehensive chapter (with 284 references) on the same topic (disorders of
organic acid metabolism). These two excellent publications review in detail
what is known about the biochemistry of many of the disorders listed in Table
1, 2nd consider both the first patients and the additional cases that have been
reported. Therefore, no attempt is made in this review to go into details about
the biochemical defects behind the diseases shown in Table 1.

9. APPLICATION OF GC—ME PROFILING TO [INVESTIGATE KNOWN
METABOLIC DISORPERS AND OTHER HUMAN DISEASES

Profiling techniques using GC and MS have been used extensively not only
to study the new disorders shown in Table 1 (see also refs. 177, 178}, but also
to diagnose and to obtzin more biochemical information on several sther
previously known metabolic errors and other defined clinical conditions. In
books edited by Stanbury et al. [70}, Nyhan {205}, Hommes and Van den
Berg [206] and particularly in refs. ¥, 176 and 207 are tabulated numeraus
inborn errors that can be disgnosed by means of gas-phase analytical methods.
Approximately half of the 200 metabolic disorders that are recognized today
can be studied by such methods. These techniques are of coasiderable value
for confirming the diagnosis of patients suffering from any one of these
diseases. The GC—MS methods are therefore used rcutinely in several spe-
cialized hospifal laboratories and other instifutions for the examinsation ef
specimens from patients suspected of suffering from metabolic disease, ~ -

Some of the disesses and clinical conditions that have tecentiy been smdzeci
by means of GC—MS techmques are d:scussed helow. '
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A. Ketoacidosis

‘Fhis elinical condition has many causes and has been subjected to numerous
investigations by means of chromatographic profiling techniques. The volatiles
in the urine and breath from patients with diabetic ketosis have been separated
and identified, e.g., by Zlatkis et al. [208] and Liebich and Al-Babbili [209]
(for a review of volatiles, see ref. 19). Pettersen and co-workers [157, 210—
212} and Landaas [213—215] focused their attention on the organic acids.
It was found that ketozcidosis leads fo increased excretion of adipic and
suberic acids [210], whereas the levels of several 3-methyl branched-chain
dicarboxylic acids, previously not recognized as normal constituents of human
urine [157], were not raised significantly during ketosis. In uncorrected ju-
venile diabetics there were considerable amounts of adipic and suberic acids,
which disappeared on insuiin therapy [211]. The formation of the Cs; and C,
dicarboxylic acids involved an initial omega-oxidation of long-chain fatty acids
followed by beta-oxidation [212]. Landaas has shown that ketoaeidosis also
results in enhanced exzcretion of 3-hydroxyisovaleric acid [213] and of 3-hy-
droxyisobutyric and Z-methyl-3-hydroxybutyric acids [214]. These new
metabolites stem from the degradation of leucine, valine and isoleucine and
accumulate in ketoacidosis because acetoacetate and 3-hydroxybutyrate impair
their further metabolic breakdown [215].

B. Lactic acidasis

This condition is known to accompany anaerobic metabolism and is also
known to be associated with many diseases {e.g., glucose-8-phosphatase de-
ficiency, fructose-diphasphatase deficiency, methyimalonic acidemia and
pyruvate carboxylase and dehydrogenase deficiencies (see review by Teanaka
f178] and a recent article [216} describing lactic acidosis in three siblings
due to a double enzyme defect). GC—MS has been used to investigate many
cases of lactic scidosis and Landaas and Pettersen [217, 218] showed that
there is a close relationship between the urinary excretion of 2-hydroxybutyr-
ic acid and the occurence of lactic acidosis. The main factor responsible for
the increased formation of 2-hydroxybutyric acid appears to be an increased
NADH,/NAD ratio [218] (2-hydroxybutyrate, incidently, is a metabolite
also seen in oast-house disease or methionine malabsorption syndrome, and is
g normal constituent of amniatic fluid [141]).

C. Maple syrup urine disease (MSUD)

MSHD of varicus types and degrees of severity is one of the best known
and most widely studied metabaolic disorders, and has been extensively ex-
amined by means of paper chromasafography and ion-exchange techniques.
Chromatographic profiling using GC—MS methods [79, 97, 98, 218] has
vielded additional information eon the diseassze. For instance, clinical atfacks
result not only in mcrea&d excretion of the branched-chain 2-keto and 2-
hydrogy acids, but also give tise to an accumulation of szl of the metabolites
(see above} asscciated with kefoecidosis end lectic acidosis. Altogether 15
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metabolites [95] were excreted by MSUD patients during attacks. A glass
capiilary column was required in order to separate these closely similar com-
pounds. The roles of the newly recognized additional metabolites in MSUD
and their possible eontribution o the clinical picture are not yet known.

B. Crromatographic profiling of urine from mentafly retaerded patients

Many of the known inherited metabolic diseases lead to mental retardaiion
and a likely place to start a systematic search for new inborn errors might
therefore be in institutions for mentally retarded children. Jellum et al. [111]
reported the initiation of such studies in 1971 using a2 comprehensive GC—
MS system capable of detecting organic acids, aldehvdes, ketones, amino acids
cerbobydrates and conjugates. The system was designed primarily for qual-
itative and semi-quantitative analyses. In 1972, they briefly reported [1}
that after analysing urine from more than 450 mentally retarded children
no indication of unknown metabolic diseases had been found.

In 1975, Watts et al. {207] reporied on a comprehensive study of urinary
organic acids in specimens from 1778 mentally retarded patients in comparison
with 420 age- and sex-matched controls. Quantitative extraction and deter-
mination of the various organic acids were carried out. Approximately 5% of
the patients had an abnormal organie aciduria, of which 1% was due to phenyl-
alanine metabolites in cases of phenylketonuria, about 1% was due to in-
creased excretion of benzoic acid and about 1% of the patients showed raised
urinary excretion of 2-ketaglutaric and citric acids. Gomperiz [220] pointed
out that excretion of benzoic acid may be due to bacterial infection of the
urine, as Perry and Hancen [103] had shown earlier. If the benzoic acid ex-
creters and the phenylketonuria cases were excluded from the results de-
scribed by Watts et al. [207], the incidence of organic aciduria in the mentally
retarded patients fell to 1.95% [220]. In a reply to Gompertz’s letter [220],
Chalmers et al. [221]. who were aware of exeretion of benzoic acid in urinary
tract infections, discussed the occurrence of benzoic aciduria further and the
potential effects of drug therapy on the organic acid profiles.

The main conclusion to be drawn from the studies discussed above is that
the known organic acidurias do not account for a significant proportion of the
children who have survived long enough to be admitted to institutions for
mentally retarded patierts. On the other hand, it is not unreasonable to assume
that many cases of mental retardztion patients must be due to an underlying
biochemical defect. The problem is the failure of GC—MS to detect these bio-
chemical abnormalities. Gas-phase analytical methods are probable not the
moss suitable, and the unsatisfactory results obtained by systemstic chroma-
tographic profiling emphasize the need for alternative methads, e.g., procedures
for detecting changes in the patterns of medium- and/for high-molecular weight
baedy constituents. .

E. Stroke patients

_ Lin and Horning [222, 223] have developed a method for the concurrent
- analyses of long-chain fatfy acids, chelesterol and tocopherols {222} in plasma,
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using glass eapillary columns. Their method was applied to a study of plasma
samples from stroke patients and the results {223} indicated the existence of
altered lipid metabolism and altered phosphatidylcholine structures. . The
changes may be due to depletion of «-tocopherol and linolenic acid.

The clinieal valie of these profiling techniques is not yet known but, as Lin
and Horning suggest 2231, it may be passible to define conditions of minimal
biochemical risk and high risk of thrombotic disorders by use of these GC

analyses.
F. Glycogen storage diseases

Samples from patients with this disease have been examined by GC—MS
methads, and elevated levels of Cg—C,¢ dicarboxylic acids were found in the

urine [2241.
G. Hyperprolinemia

Further studies using GC—MS on patients with hyperprolinemia, type II,
showed the presence of considerable amounts of a new metabolite, the glycine
conjugate of pyrrole-4dcarboxylic acid [225]}. The organic acid prefile also
contained an additional unknown derivative of the pyrrolecarboxylic acid and
very large amounts of succinic acid.

H. Formiminoglutamic aciduria

This previously recognized metabolic disorder has been subjected to further
studies, and GC—MS proved useful for the identification of the abnormal
urinary metabolite (formiminoglutamic acid) {226} and for its determination
using multiple ion detection [227]. Analyses showed that this disorder salso
leads to inecreased urinary excretion of hydantoin-3-propionic acid {228].

I, Congenital dicarboxylic aciduria

Further studies [160}] on samples from s child who had died from a new
disorder, possibly Acyl-CoA dehydrogenase deficiency, showed that impaired
g-oxidetion resulted in the production not only of lactic aid and saturated
dicarboxylic acids, but also of z series of unsaturated dicarboxylic acids. Their
metabolic origin, methods for their chemical synthesis and GC—MS data have
been described [160]. This investigation also showed that normal urine
confains smalt amounts of the same dicarboxylic acids.

4. Prenatal diagnosis of methyimalonic acidemic

‘The usual procedure for obtaining a prenatal diagnosis involves withdrawal
of amniotic fluid, growing of the fostal cells in tissue culture followed by the
assay of the suspected enzyme. A direct GC method has been used in the
prenatal disgnosis of methylmalonic acidemia by measuring methylmalonic
gcid in urine and in ammot:c fiuid from pregnant heferozygous women at risk

E'Tﬁ
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K. Jainaicen vomiting sickness

‘Thls condition has been extenszvely imfestigated by GC—MS, particulazly by
Tenaka [178}. The disease is caused by a plant toxin, hypeglycin A. Urine
from intoxicated patients contains methylenecyelopropylacetic, 2-ethylmezlonic

2-methylsuceinic and other dicarhoxylic acids [228—231].
L. Phenylketonuria

The classical metabolic disorder phenylketonuria (PKU) continues to be
studied, now by advanced GC—MS—computer methods. Chalmers and Watts
[232] earried out quantitative studies on the urinary exeretion of phenyl-
giycollic, 2-hydroxyphenylacetic, phenyllactic, phenylpyruvic, 4-hydroxy-
phenyllactic and 4-hydroxyphenylpyruvic acids in over 49 cases of PKU. Pol-
lit: [233] found unusual amounts of phenylpropionic acid in the urine of a
PKU patient, This acid apparently arose from the action of gut bacteriz on
poorly absorbed phenylalanine. It was pointed out that differences in gut
flera may be 2 contributing factor to the apparent heterogeneity of PKU.
Wadman et al. [234] described a new, probably inherited variant of phenyl-
alznine metabolism in two sisters, 12 and 14 years old, both in normal mental
health. They had a permanently increased excretion of the typical PKU me-
tabolites, in spite of normasl phenylzlanine concentrations in the bload and
urine. GC has been used to determine phenylalanine and its metabolifes in
serum and urine of varicus hyperphenylalaninemic subjects, their relatives and
controls [285]. New chemical-ionization MS methods have also been applied
to analyses of samples from PKU patients [236]. GC analyses seem suitable
for the detection of heterozygotes for PKU. Profiles are determnined after a
dose of phenylalanine {237]}. '

M. Gastrointesting! disorders

Van der Heiden and co-workers [238—2460) described the excessive urinary
excretion of p-hydroxyhippuric acid and other p-hydroxypheny! compounds in
patients with gastrointestinal disorders. These metabolites originated from in-
testinal bacterial metabolism of non-abscrbed tyrosine, which also appeazed to
be the precursor. of p-hydroxyphenylhydracrylic acid [166]. Normat urine
contzins about 50—180 mg of volatile phenols per day {(mainly p-cresol, phencl
and smaller amounts of 4-etylphenol), all of which are the products of the
metabolism of tyrasine in the gut by bacteria. GC methods have recently been
used to study the urinary excretion of such phenols in patients with ileostomy,
colostomy and diverticular disease [241}. Several patients with gastrcenteritis
were found to have increased plasma and urine levels of pyroglutamic acid
[242]. This acid is the characteristic metabolite in the disease pyrogiutamic
aciduriz (glutathione synthetase deficiency} {see Table 1}. The source of this
acid in the patient= with gastroenteritis; however, proved to be a law-lactose
food, Nutramigen, which had been used in treatment of the: ‘patients. Certain
- patients with gastrointestinal dysfunction ezerete mhcgmrc acid even. thaugh ,

'{th; y do not receive galicy¥iates [S1]. -
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N. Digorders related to catecholamine metabolism

Determinations of catecholamines and their metabolites (e.g., homovanillic
acid, vanillylmandelic acid and 3-methoxy-4-hydroxyphenylgivcol) are of con-
siderable importance in eertain psychiatric and neurologieal disease and in dis-
eases that involve inecreased activity in the peripheral adrenergic neurons, e.g.,
hypertension and tumours such as phaschremocyfoma and neuroblastoma.
GC—MS methods have been extensively used to diagnose and investigate such
disorders. The use of stable isotopes in particular has opened up new possibili-
ties for the study of the turnover and metabolism of catecholamines. SjGquist
and coworkers [243, 244] devised mass fragmentographic methods for the de-
termination of 4-hydroxy-3-methoxymandelic acid and 4-hydroxy-3-methoxy-
phenylglycol in urine, cercbrospinal fluid, serum and brain. Narasimhachari
et al. [99] measured homovanillic and ischomovanitlic acids, and some ad-
ditional metabolifes from L-DOPA by a similar selected ion monitoring meth-
od. Rapid and simple GC procedures for the determination of homovanillic and
vanillylmandelic acids [245, 246}, 4-hydroxy-3-methoxyphenylgiycol {246,
2471, 3,4-dihydroxyphenylglycol [248} and 3,4-dibydroxyphenylacetic acid
[249] in urine have been described. Wadman et al. [ 250} reported the applica-
tion of GC and TLC methods to the study of urinary catecholamine metabo-
lites in normal and reconvalescent children withouf neurological tumours and
in 150 cases with neuroblastoma, ganglioneuroma or phaeochromocytoma.
Zambotti et al. [251] used GC—MS to study the catecholamine metabolites in
human amniotic fluid, and concluded that the assay of 4-hydroxy-3-methoxy-
phenyigiveol in amniotic fluid is Hkely to be of importance in the prenatal
diagnosis of congenital neuroblastoma. Free and conjugated 3-methoxy-4-hy-
droxyphenylglycol and vanillylmandelic acid in human ventricular fluid have
provided some quantitative information on the role of the latier metabolite in
human central nervous system catecholamine metabolism. Selected ion mon-
itoring was used in this study [252].

Q. Respiratory distress syndrome

Assessment of human foetal lung maturity in uterc is based on the deter-
mination of the Iung surfactznt in the amniotic fluid. This may be expressed
as lecithin or as the ratio of lecithin to sphingomyelin (L/S ratio). The most
widely used methods involve extraction of the phospholipid fraction from
amniotic fluid, foellowed by TLC [253}. L/S ratios above 2.0 indicate ade-
quate maturity and little chance that the newborn child will develop res-
piratory distress syndrome. Several reports, however, indicate that LS ratios
may be of doubtful prognostic vaiue in diabetic pregnancies, and in the critical
region with L/S ratics around 1.5-2.0.

GC methods have therefore been taken into use to measure more accurately
the fatty acids derived from lecithin hydrolysis. Rapid and convenient {rans-
esterification of aminotic lipid extracts, using sodium methoxide andfor meth-
anci—horon trifluoride prior te GC have been used by several authors, e.g. by
Lindback [254-256] and by Cooper and Brush [257] who also used MS.
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Since dipalmitoyl lecithin is the major alveolar surfactant, GC methods
for the specific measurement of lecithinpalmitic acid in amniotic fluig have
been worked out. In the latest one of these [258] a hexane—2-propancl—sul-
phuric acid system was used to obviate major interferences from triglycerides
and free fatty acids. Lecithin palmitic acid values, as determined by GC, ex-
ceeding 8 mg per liter of amniotic fiuid, indicate that the infants are unlikely
to develop respiratory distress syndrome. Resulis obtained by the above groups
and other investigators [259, 260} indicate that amniotic fluid lipid profiles
may be of some clinical value in asessing maturation of the foetal lung.

P. Bacterial and viral infections

The first attempts to classify microorganisms by GC profiling techniques
viere made by Abel et al. in 1963 [2611. Since then, many investigators have
established that GC and GC—MS, particularly if combined with computer
statistics and numerical taxonomy, are valuable supplementary methaods in
bacterial and viral classification. Two principally different approaches were
made. The first involves the analysis of the chromatographic profiles of the
microorganisms and their growth environment after in vitro cultivation and
isolation. This approach has proved successful and is in common use. Com-
prehensive work-up procedures for the determination of, e.g., fatty acid pro-
files and carbohydraie profiles have been described (e.g., refs. 22, 262 and
263). Pyrolysis methods are also much used (e.g., ref. 47).

The second approach involves the direct analysis of the infected material,
ie., body fluids or tissues, without cultivation of the infectious agents. This
approach was introduced by Mifruka et al. [264] and is based on the detec-
tion of bacterial and viral metabolites among a multitude of host specific
compounds. The fechnique appears to be very attractive owing to its rapidity,
and is under consideration by several laboratories {146, 265—267}. Problems
regarding the unstandardizable host background have not yet been solved. Mi-
truka [22] recently edited a book on the application of GC in microbiology in
which all work prior to 1975 is discussed. The latest overview of the topic was
prepared by Jantzen {263].

Q. Miscellaneous

Although it is outside the scope of this paper to review the GC—MS analysis
of. steroids, carbohydrates, amino 2cids and peptides, it scems appropriate at
this stage to emphasize that many metabolites belonging to these chemical
classes are disease-related and therefore of diagnostic value. Increased urinary
excretion of oligosaccharides andfor glycopeptides is found in the diseases.
aspartyl-glucosaminuria, mannosidosis, glycogen storage disease types H and
Il and GM, -gangliosidesis. GC—MS profiling techniques have been developed
to diagnose and study these disorders fe.g., refs. 268, 268} and some other -
lysosomal diseases have also recentily been studied by GG—MS fe.g., ref. 270}
Carbohydrate profiles have been recorded in semingl fluid from normal and
. sterile men [28F. -~ = - e LT e e
.. - Profiling of amino acids and peptides for diagnostie purpose is carried out
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mainly by methods other than GC—MS, e.g., thin-layer, paper and ion-exchange
chromatography. Some recent advances in GC—MS methodolagy, particularly
on<column derivatization [167], the use of direct chemiczl-ionization MS
[236] and the use of deuterated amino acids as internal standards in conjunc-
tion with computerized GC—MS systems [271—273], have led to rapid, highly
sensitive and specific alternatives to the traditional methodology. The new
methods have been used to study patients with phenylketonuria, cystinuria
and maple syrup urine disease [236}, and to study a child [272] and a man
[274] with defects in collagen metzsholism. Both patients excreted consider-
able amounts of dipeptides, particularly glycylproline. Such dipeptides may be
associated with several disorders [275], e.g., prolidase deficiency {272].

The profile approach to the study of inborn errors of metabolism is also
refevant to steroid analysis. Several defects in steroid metabolism, e.g., 38-hy-
droxy-sferoid dehydrogenase deficiency [276}1, stercid Z1-hydroxylase de-
ficiency [277] and congenital adrenal hyperplasia [278], have been studied
by GC—MS methods. The major advance in recent years has been the introdue-
tion of open-tubular glass capillary columns, which permit the separation of all
major physiclogically occurring steroids. Steraid profiles, using high-resolution
separation methods, have been ebtained from normal males and pre- and post-
menopausal females and from patients with congenital adrenal insufficiency,
adrenal tumours and Cushing’s disease [279, 280}. Advanced computerized
GC—MS equipment [272, 281] and semi-automated GC methods [280]
greatly facilitate such studies.

10. USE OF STABLE ISOTOPES

Many countries are now reluctant to permit the administration of radio-
active isotopes to human patients. The use of stable isotopes and GC—MS
for in vivo studies on metabolic pathways in healthy and diseased states is an
atternative appreach that is likely to increase rapidly in importance. Several
international conferences on stable isotopes have zlready been arranged. A
considerable number of deuterium-lzbelled and !’C-labelled metabolites are
already commercially available, and new compounds are regularly added fo
the various catalogues. & review of the biomedical applications of stable iso-
fopes has recently been published by McCloskey [282]. Curtius et al. [283]
administered deuterium-iabelled amino acids fo patients with phenylketonuria,
hyperphenylataninemia and cligophrenia of unknown genesis. More recently
they have mede an elegant study of the metabolism of tyrosine in the human
intestine by means of stable isotopes and GC—MS [284]. Mamer and Tioa
[285} used z deuterium-iabelled precurser te explain the production of 2 new
acidic metabolite in normai human urine, viz., 2-ethythydracrylic acid [163].
Apparently it is produced in & new, minor catabolic pathway from isoleucine.
Stable isotopes aud GC—MS techniques have been valuable, e.g., for studies
on steroid metsbolism fe.g., ref. 288}, for investigations on glucose metabo-
lism (e.g., ref. 287}, in numerous experiments on drug metabolism (e.g., ref.

. 288}, for studies of nifrogen retention in growth hormone deficient children

f289] and for studies on the in vivo synthesis of the “essential” amino acid
valine from Z-keto['*Clisgvaierate $2901. Stable isotope-labelted compounds
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are partr‘ularly suitable for pharmacokineiic studies, as recenily shown by
Horning and co-workers [288, 281}.

Selected ion monitoring (SE¥) is today a widely used method for the quan-
titative and specific determination of drugs and their metaholites, steroids and
biogenic amines and their metabolites. The technigue has been intraduced as
a definite or sbsolute reference method in clinical chemistry, and cholesterol,
triglycerides, urea, glucose, cortisol, progesterone and testosterone can now be
determined in plasma or serum with high accuracy [293]. All of these methods
utilize molecules lakelled with *H, *°C, **C or **N as internal standards. Apart
from the determination of catecholamine metabolites (see p. 451}, several of
which are organic acids, very few other organic scids have so far been quanti-
tated by SIM and stable isofope-labelled internal standards. It is to be expected
that this measurement will be achieved in the futvre.

11. CONCLUSIONS

1t is evident from the many results reviewed here that the profiling approach
to the study of body fluids has already become a valuable method in bio-
medicine. It is to be expected that progress will continue rapidiy, and that
high-resolution separztion methods {e.g., with capiliary columns) will increase
the poiential of the approach even further. The development of zdvanced
computer methodology opens up new possibilities, not only for the study of
gross alterations, but also for the detection of more subtle changes in the pro-
files. Information of this type may throw new light on metabolic processes
in normal and diseased states. The use of stable isotopes and profiling meth-
ods is also likely to expand in the future.

However, numerous problems remain to be solved and much information
is still lacking. For example, most of the work has so far been concentrated
on urine profiling, and much less on other body fluids such as serum and
spinal fluid. Hardly any work has been done on tissue profiling, although it
seems reasonable to assume that much information could be gained by applying
advanced GC—MS to the analysis of such specimens. One can only hope that
the methodology will be advanced seo as to be able to handle 1—38 mg of tissue
biopsies.

Apart from technical difficulties, artifacts and pitfalls, one is also con-
cerned with the problem of identifying all of the normal peaks that occur in
. the various chromatograms. For example, when the organic scids in human
urine are separated on glass capillary columns, less than one third of the peaks
can be identified. Slowly but surely, more of these unknown peaks are likely
to be identified, sometimes perhaps with surprising results.

12. SUMMARY -

This review summarizes recent advances in the apphcatmn of gas chroma-
tography and mass spectrometry to the study of human diseases. Emphasis is
placed upon the organic acid profiles of the varicus body fluids. Methods: ‘for
. sample work-up prior to separation and mass spectrometric analysiz are re-
y'newed and aztzfacts anzi pitfalls are discussed. Orgamc acid p’oﬁ!es, obtained -
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with packed or capillary ccolumns attached to mass spectrometers with or
without computer systems, have led to the discovery of new normal metab-
olites, new metabolic disorders, and to new knowledge about z number of
other diseases. Stable isotopes and gas chromatographv—mass spectrometry
are suitable for guantitative analysis of many compounds in the body fluids,
and well suited for investigation of metaholic pathways.
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