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I . INTRODUCTION: GENERAL ASPECTS 

This chapter will be devoted to a discussion of abnormal urinary 
metabolites originating from amino acids and newer methods concerned 
with their measurement. The presentation will be restricted to those 
metabolites most frequently regarded as "abnormal metabolites" of 
amino acid metabolism as well as certain newcomers now beginning to 
appear in the current literature. I t is obvious that to some extent the 
selection of metabolites for review and the emphases placed thereon are 
bound to be arbitrary. An attempt, however, will be made to deal with 
metabolites not only of special interest to the author, but also of general 
interest and importance in the field of amino acid metabolism. 

A. Definition of Abnormal Metabolites 
The term "abnormal metabolites" in its most complete sense may be 

defined as those metabolites (in blood and/or urine) which first appear 
in, or are increased (or decreased) above (or below) their normal range 
as a result of, certain metabolic disturbances. As most generally used, 
however, the term refers primarily to increases above normal range 
rather than decreases. The metabolic disturbances may be of genetic, 
pathologic, pharmacologic, toxicologic, homeostatic, or nutritional origin. 
The biochemical geneticist may use the term to refer primarily to those 
metabolites which relate to a congenital abnormality of molecular struc
ture [e.g., the abnormality of the hemoglobin molecule in sickle-cel] 
anemia (1, 2)] or of metabolic function [e.g., the abnormal accumulation 
of homogentisic acid in alkaptonuria or phenylpyruvic acid in phenyl
ketonuria (3, 4 ) ] . Such a definition supposes that abnormal metabolites 
arise from a genetic mutation or defect in an enzyme system. This 
represents perhaps, the most restricted use of the term. The clinical bio
chemist, on the other hand, has extended the use of this term to certain 
metabolites normally found in small amounts, but markedly increased 
in pathological states. This is especially true where a defect may exist 
in renal tubular reabsorption [e.g., cystinuria (5)] or where an alternate 
metabolic pathway may be involved [e.g., the serotonin—5-hydroxyin-
doleacetic acid pathway from tryptophan which is known to be increased 
in carcinoid disease (6)]. Similarly, the pharmacologist often speaks of 
abnormal metabolites arising from the administration of drugs [e.g., the 
increase in urinary tryptamine or serotonin after administration of 
monoamine oxidase inhibitors (7)]. The toxicologist is inclined to think 
of detoxicants as abnormal metabolites which serve to indicate the in
gestion of toxic chemical compounds [e.g., the excretion of mercapturic 
acid after intake of chlorobenzene (8)]. The stress physiologist talks 
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about abnormal increases of metabolites resulting from disturbances in 
homeostatic mechanisms due to a variety of stress stimuli (9) [e.g., 
increase of catecholamines in emotional disturbance (10-12)]. And 
finally, even the nutritional biochemist can lay claim to the importance 
of studying abnormal metabolites which may arise as a result of diet 
[e.g., increased 5-hydroxyindoleacetic acid excretion as a result of in
gestion of bananas and certain other fruits (13-15)], vitamin deficiency 
states [e.g., xanthurenic acid excretion in vitamin B 6 deficiency (16)], 
and a host of other factors. 

I t is apparent, therefore, that the term "abnormal metabolites" is a 
loose term which has come to assume a shade of meaning peculiar to the 
field of study involved. As currently used in the literature, it applies not 
only to metabolites which first appear only under abnormal conditions, 
but also to certain metabolites which normally occur in relatively small 
amounts, yet are markedly increased under abnormal conditions. In 
this review, we shall use the term "abnormal metabolites" as set forth 
in the first two sentences of the preceding paragraph. Moreover, we shall 
limit ourselves to a discussion of abnormal metabolites of natural origin, 
as distinguished from those resulting from the intake of a chemical 
compound foreign to the body (e.g., detoxicants). 

B. Origin of Abnormal Metabolites: Metabolic Aspects 
At the biochemical level, abnormal metabolites arise as a result of 

disturbances in the metabolic pathways of intermediary metabolism. 
Hence, a brief discussion of the general aspects of intermediary metab
olism is in order for a better understanding as to how abnormal metabo
lites develop. A simplified diagram is presented in Fig. 1. For a recent 
review, see Kopin (17). 

In Fig. 1 any given substrate (S) may be metabolized over a number 
of different (alternate) metabolic pathways (PW 1, PW 2, etc.). Each 
pathway may involve a number of enzyme systems (E1} E 2 , etc.) oper
ating in sequence and giving rise to a series of intermediates I 2 , etc.) 
which eventually are transformed into one or more end products (EPi, 
EP 2 , etc.). During the course of metabolism, any given intermediate of a 
single pathway may be channeled into "divergent reactions" (17) to 
form deviate metabolites (DM 1 ? DM 2 , etc.) leading, perhaps, to new 
pathways. Conversely, intermediates from different pathways may be 
channeled into "convergent reactions" (17) to form common inter
mediates (CI) or common end products (CEP). In normal metabolism, 
certain alternate pathways assume major or minor priority, depending 
on a number of factors to be discussed in the next section (Section I,C). 
In acquired metabolic disease states, the priority of such pathways may 
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be altered by the pathological process. In an inborn metabolic disorder, 
the normal pathway may be blocked by the congenital absence of an 
enzyme system or altered by excessive channeling into a particular path
way (e.g., as in gout). In any of these conditions, an abnormal increase 
(or decrease) of substrate, enzyme, intermediary metabolite, or end 
product may result in the blood or urine. These substances can then be 
regarded as abnormal metabolites. 

In terms of intermediary metabolism, therefore, abnormal metabolites 
are known to develop in at least six different ways. A discussion of each 
follows. 

FIG. 1. Schematic diagram of metabolic pathways. S = substrate; PW 1, 2, 
etc. = pathway 1, 2, etc.; Ε = enzyme; I = intermediate; DM = deviate metab
olite ; CI = common intermediate; EP = end product; CEP = common end prod
uct. Exponents refer to pathway number. Subscripts refer to sequence number 
within a given pathway. 

1. Abnormal Increase in the Blood or Urine of the Substrate Itself 
This occurs in a number of different types of aminoacidurias which 

will be discussed in Section II,B. At this point, it may suffice to give 
some examples of a few of the more well-defined aminoacidurias wherein 
an abnormal excretion of the substrate (amino acid) itself takes place. 
The probable cause of the aminoaciduria in the following instances is 
noted in parentheses. Thus, for example, in phenylketonuria (congenital 
enzymatic defect), there may be an increase in urinary phenylalanine 
(18); in cystinuria (congenital renal tubular defect), an increase in 
urinary cystine, lysine, arginine, and ornithine (19); in Wilson's disease 
(acquired renal tubular defect), an increase in urinary threonine and 
cystine (20) and the appearance of urinary proline and citrulline, the 
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latter two not found in normal urine (21); and in chronic protein de
ficiency of the kwashiorkor type ("no threshold" aminoaciduria), an 
increase in β-aminoisobutyric acid and ethanolamine (22, 23). 

2. Abnormal Appearance or Increase in the Blood or Urine 
of an Intermediary Metabolite 

Such cases generally result from an enzyme defect which may be 
congenital or acquired. Examples of intermediary metabolites excreted 
abnormally in the urine due to a congenital enzymatic defect are: homo-
gentisic acid in alkaptonuria (3), phenylpyruvic acid in phenylketonuria 
(4), and monoiodotyrosine and diiodotyrosine in cretinism related to a 
defect of "dehalogenating enzyme" also known as iodotyrosine de-
iodinase (24). Among the intermediary metabolites which arise by 
virtue of an acquired enzymatic defect and appear abnormally in 
the urine are pyruvic acid in thiamine deficiency (25) and the p-
hydroxyphenyl compounds (p-hydroxyphenylpyruvic acid and p-hydroxy-
phenyllactic acid) in ascorbic acid deficiency (26, 27). 

3. Abnormal Appearance or Increase in Blood or Urine 
of a uDivergent Reaction" Metabolite 

Perhaps, the most outstanding example of this type is the urinary 
excretion of xanthurenic acid in pyridoxine deficiency (16). Another ex
ample which fits into this category is the recently reported excretion of 
5-methoxytryptamine, a metabolic deviate of serotonin metabolism, in 
rheumatic fever (28). Both of these cases may be regarded as acquired 
enzymatic defects. As an example of a congenital defect of this type, 
there may be considered the increased urinary oxalate excretion of 
primary hyperoxaluria (29). In this disease, oxalate is thought to be a 
metabolic deviate of glyoxylic acid metabolism. The precise nature of the 
biochemical defect in primary hyperoxaluria, however, is not yet known. 

4. Abnormal Alteration of Metabolic Pathways Resulting in the 
Diversion of Substrate from a Normally Preferred Pathway 

into One of Lesser Priority 
A number of examples of this type of metabolic abnormality readily 

come to mind. As in preceding instances, the aberrant alteration may 
originate from a congenital disorder or an acquired disease state. Ex
amples of congenital disorders of this type are to be found, again, in 
phenylketonuria and also in albinism. In phenylketonuria, phenylalanine 
is diverted from its usual conversion into tyrosine and its metabolites 
(p-hydroxylation pathway) to the formation of phenylpyruvic acid and 
its metabolites (keto acid pathway). This is due to the congenital 
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absence of phenylalanine hydroxylase (4). A similar situation may occur 
in albinism, wherein tyrosine cannot form melanin due to the congenital 
absence of the enzyme tyrosinase (30). Tyrosine may thus be channeled 
into other pathways, but, as yet, this aspect has not been sufficiently 
investigated (30). Examples of alterations of metabolic pathways ac
quired in a disease state are to be found in carcinoid disease and in 
melanogenuria. In carcinoid tumors, tryptophan is diverted from its nor
mal oxidative pathway (kynurenine, nicotinic acid, etc.) into the 5-
hydroxylation pathway (5-hydroxytryptophan, serotonin, etc.). I t has 
been estimated that, in normal subjects, only about 1% of dietary 
tryptophan is converted to 5-hydroxyindole compounds; in carcinoid dis
ease, this may rise to 60% (6). In melanogenuria, tyrosine, which nor
mally is metabolized by the transamination pathway (p-hydroxyphenyl-
pyruvic acid, homogentisic acid, etc.), is channeled in increased amounts 
into a pathway of lesser priority, the oxidative pathway (dopa, dopa 
quinone, and melanogens) (31). The excreted melanogens undergo auto-
oxidation in air to form melanin, the dark brown pigment found in the 
urine of melanoma. 

5. Enzymes in Relation to Abnormal Metabolites 
In certain pathological situations (e.g., myocardial infarction, liver 

disease, etc.), enzyme activity levels (e.g., serum transaminases) may be 
elevated. In such cases, however, the enzymes involved cannot be re
garded as truly abnormal metabolites of intermediary metabolism since 
their increased levels are due primarily to liberation from damaged 
tissue rather than an inherent metabolic disturbance at the biochemical 
level. Most cases of enzymes dealing with abnormal intermediary 
metabolism are characterized by the congenital absence or acquired 
malfunction of a normally occurring tissue enzyme, as in phenyl
ketonuria (absence of phenylalanine hydroxylase) or in pyridoxine de
ficiency (lack of coenzyme for kynureninase), respectively. Recently, 
two excellent monographs have appeared dealing with metabolic dis
turbances of enzymes in congenital and acquired disease states. See 
Abderhalden's book on "Clinical Enzymology" (32) and Wilkinson's 
publication "An Introduction to Diagnostic Enzymology" (33). 

6. Abnormal Increase in Blood or Unne of a Metabolic End Product 
Metabolic end products may also be increased in abnormal amounts 

as a result of congenital disorders or acquired disease states. Such in
creases may be the basis for diagnostic tests in clinical chemistry. Thus, 
o-hydroxyphenylacetic acid is excreted normally in urine in amounts of 
1 to 2 mg per day in nonphenylketonurics. In phenylketonuria this range 
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may be increased from 100 to 400 mg per day (34, 35). At such elevated 
levels, this urinary metabolite is practically diagnostic for this disorder. 
o-Hydroxyphenylacetic acid is an end product chiefly of phenylalanine 
metabolism via (?) the intermediary metabolite, phenylpyruvic acid 
(35). I t is, therefore, a metabolic end product directly related to the 
congenital disorder, phenylketonuria. Another case in point is 5-hydroxy-
indoleacetic acid. Normally, it is excreted in a range of 3 to 10 mg per 
day; in carcinoid disease, this range is elevated from 25 to 1000 mg per 
day. Values of 5-hydroxyindoleacetic acid greater than 25 mg per day are 
considered diagnostic for carcinoid (36). 5-Hydroxyindoleacetic acid is an 
end product of tryptophan metabolism via the serotonin pathway. I t is, 
therefore, a metabolic end product directly related to an acquired disease 
state, carcinoid disease. 

C. Factors Involved in Formation of Abnormal Metabolites 
From the preceding sections, over-all intermediary metabolism may 

be pictured as a biochemical milieu resulting from a vast network of 
different substrate-enzyme systems, capable of operating over a number 
of alternative metabolic pathways, and organized into patterns of steady 
state activity for the maintenance of the organism. When metabolic 
pathways are made to operate at steady state levels by factors best 
suited for the maintenance of the organism in health, they are said to be 
functioning normally, and they give rise to normal metabolites. When 
these same pathways are altered by interfering factors (e.g., congenital 
absence or acquired malfunction of an enzyme system), they are said to 
be functioning abnormally, and they give rise to abnormal metabolites. 

The factors which affect steady state patterns of metabolic pathways 
are of two general types: (1) cellular factors, acting at the cellular level, 
and (2) organismal factors, occurring within the organism, but affecting 
the cellular factors. Cellular factors are those dealing with concentrations 
of substrates, enzymes, coenzymes, cations, anions, and activators or 
inhibitors. Also involved are the effects of cytoarchitecture, permeability, 
active transport, pH, oxidation-reduction potentials, negative feedback, 
repression, induction (enzyme adaptation), and mutation. A discussion 
of these factors is beyond the scope of this chapter. For this, the reader is 
referred to the excellent reviews of Conn and Stumpf (37), Pardee (38), 
Cold Spring Harbor Symposia in Quantitative Biology of 1962 (39), and 
Drabkin (40). Organismal factors are those involving (1) genetic dis
orders, (2) acquired disease states, (3) stress and hormonal influences, 
(4) diet, and (5) miscellaneous factors such as sex, age, environmental 
influences, and drug intake. Examples of some of these factors have 
already been noted in preceding paragraphs. These, together with ex
amples of additional factors, are now summarized in more concise form. 
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1. Genetic Disorders 
Abnormal metabolites are known to result from genetic defects in 

(a) molecular structure (e.g., abnormal hemoglobin of sickle-cell anemia), 
(b) enzymatic function due to lack of an enzyme (e.g., phenylketonuria), 
(c) abnormal channeling of a metabolic pathway (e.g., gout), (d) renal 
tubular absorption (e.g., cystinuria), or (e) intestinal absorption, as well 
as renal tubular absorption [e.g., Hartnup disease (41)]. References to 
the first four types of genetic defects are to be found in Sections I,A and 
I,B. In some instances a renal defect may be coupled with a specific 
enzyme deficiency, as suggested by Dickinson for xanthinuria (42) and 
by Jepson for Hartnup disease (41). 

2. Acquired Disease States 
Abnormal metabolites can arise from metabolic disturbances in

duced by acquired disease states. Acquired disturbances may be in the 
nature of: (a) enzymatic malfunctions due to lack of necessary coen
zymes (e.g., vitamin deficiency states, pyridoxine, thiamine, etc.), (b) 
alterations in metabolic pathways due to acquired disease states (e.g., 
carcinoid disease), (c) acquired renal tubular defects (e.g., Wilson's 
disease), or (d) excessive tissue destruction [e.g., excretion of β-amino-
isobutyric acid and ethanolamine in kwashiorkor (22)]. 

3. Stress and Hormonal Factors 
Various types of stress increase normal metabolites to abnormal 

levels. Physiological stress (exercise) increases the blood content of 
pyruvate and lactate. Psychic stress increases the blood content of 
hydrocortisone (43) and the urinary level of catecholamines (10-12). 
Both of these stress hormones are known to increase the levels of 
certain tissue enzymes. For example, hydrocortisone raises the level of 
tryptophan pyrrolase (44, 44a) and tyrosine transaminase (45) in rat 
liver. The catecholamine epinephrine also elevates tryptophan pyrrolase 
to some extent (44, 46) and has been shown to stimulate phosphorylase 
activity (47, 47a). These and many other examples which could be cited 
suggest that hormones may alter metabolic pathways to produce ab
normal metabolites. However, it should be emphasized that, despite 
numerous observations, no conclusive demonstration has yet been made 
of such a direct relationship. For a recent review, see Karlson (48). 

4. Dietary Factors 
Dietary factors can give rise to abnormal metabolites. Space permits 

only a few examples. Thus, coffee is known to increase urinary phenols 
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(49), bananas increase urinary 5-hydroxyindoleacetic acid (13-15), and 
rhubarb increases urinary oxalic acid (29). Care must be taken to avoid 
ingestion of these foods prior to clinical testing of urine for these 
metabolites. Another case in point is sprue (malabsorption syndrome), 
wherein an abnormal excretion of urinary indoles has been observed 
(50, 51). The increased indole excretion is considered to be a nonspecific 
secondary effect reflecting a disturbance in intestinal transport and 
metabolism of proteins and peptides (51). Symptoms of this disease 
can be traced to the ingestion of wheat, rye, oats, and barley. The 
offending substances have been found to be glutamine peptides which 
are believed to be harmful to the small intestine. The defect may be 
due to the genetic maldevelopment of intestinal proteolytic enzymes. A 
disturbance in folic acid metabolism has also been implicated (52, 52a,b). 

5. Miscellaneous Factors 
A number of other factors may influence the formation of abnormal 

metabolites. For example, sex and age are factors involved in the 
metabolic abnormality of gout. Thus, it has been found that gout occurs 
twenty times more frequently in men than in women. Moreover, male 
relatives of gout patients show high values of plasma urate after puberty; 
female relatives show such values generally only after menopause (53). 
Environmental factors such as cold are known to alter protein metab
olism to the extent of increasing the urinary excretion of certain amino 
acids and other nitrogenous compounds (54). Urinary catecholamine 
excretion is also elevated (55). Finally, the administration of drugs may 
raise the urinary levels of naturally occurring metabolites to abnormally 
high values [e.g., the increase in urinary tryptamine or serotonin after 
administration of monoamine oxidase inhibitors (7)] . 

D. Methods Used in Determination of Relative Magnitudes 
of Metabolic Pathways 
The existence of alternate pathways of metabolism for a given com

pound immediately raises the question of how can the relative magnitudes 
of the degree of channeling of the various pathways be determined. Once 
this could be achieved, a measurable comparison of the activity of any 
given pathway under normal and abnormal conditions of metabolism 
(i.e., in health and disease) would then become possible. This would 
extend our insight into the origin of abnormal metabolites and, perhaps, 
point the way to their metabolic control. 

In recent years, the problem of relative magnitudes of metabolic path
ways has been approached by the use of radioactive isotopes. Estima
tion by isotopic analysis becomes necessary (a) when one or more 
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key metabolites or end products of a given pathway can be formed from 
several precursors (e.g., expired C0 2 ) or (b) when one or more key 
metabolites or end products originating from a single precursor can be 
formed by more than one pathway (e.g., metabolism of epinephrine). A 
single isotope (single-labeling technique) or two different isotopes ad
ministered simultaneously (double-labeling technique) may be used, 
depending on the nature of the study involved. At this point, it may be 
in order to discuss briefly three examples of metabolites which have 
been studied in considerable detail by such methods, namely glucose, 
epinephrine, and tryptophan. 

1. Glucose Metabolism Studies 
The relative magnitudes of the alternate pathways of glucose have 

been investigated with a single isotope, e.g., radioactive carbon C 1 4 

(56-58). The approach has been to use glucose labeled with C 1 4 in 
various positions (e.g., glucose-l-C 1 4, glucose-6-C1 4) and to determine 
the relative utilization of these labeled compounds by the different 
pathways of glucose metabolism, namely glycolysis, the tricarboxylic acid 
cycle, the hexose monophosphate shunt system, etc. This is accomplished 
by comparing the relative yields of C 1 4 0 2 formation, disappearance and 
randomization of C 1 4 from glucose, and the appearance of C 1 4 in certain 
key metabolites, such as serum lipids, from the specifically labeled 
glucose-C1 4 precursors. 

2. Epinephrine Metabolism Studies 
More recently, the relative magnitudes of the alternate pathways of 

epinephrine in man have been studied by utilizing two isotopes simul
taneously, e.g., carbon C 1 4 and hydrogen (tritium) H 3 . The method as 
described by Kopin (59) for general application involves the estimation 
of the relative magnitudes of alternate pathways in the formation of a 
urinary metabolite from a single precursor. Data can be obtained by 
a single experiment in vivo in health or disease states. This is accom
plished by the simultaneous administration of the precursor and an 
intermediate labeled with different isotopes (in this case, epinephrine-7-
H 3 and metanephrine-methoxy-C1 4, respectively). The ratios of the iso
topes occurring in each of the excreted metabolites (epinephrine, free and 
conjugated; metanephrine, free and conjugated; 3-methoxy-4-hydroxy-
mandelic acid; and 3-methoxy-4-hydroxyphenylglycol) is then obtained. 
After a determination of the total radioactivity in the metabolites in
volved, the magnitude of each pathway can be calculated in terms of a 
percentage of the precursor substance. Details of the procedure and 
calculations involved in this method have been presented by Kopin 
(17, 59). 
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3. Tryptophan Metabolism Studies 
The metabolic pathways of tryptophan have been, for some time, the 

subject of considerable research by means of radioactive isotopes (60). 
Recent studies of this nature in the rat have been concerned primarily 
with the major intermediary pathway in vivo by which tryptophan is 
converted into C 0 2 (60, 61). For such studies both radioactive carbon 
C 1 4 and hydrogen H 3 have been used. The problem has been approached 
by three different techniques. These have involved the determination of: 
(1) the C 1 4-labeling pattern of amino acids in the protein of rats receiv
ing C 1 4-labeled tryptophan, (2) the C 1 4-labeling pattern of acetate 
trapped by cyclohexylalanine in the urine of rats receiving C 1 4-labeled 
tryptophan or C 1 4-labeled 3-hydroxyanthranilate, and (3) the labeling 
of a postulated intermediate, glutaric acid, by "metabolite overloading" 
with OMabeled tryptophan plus unlabeled glutaric acid or HMabeled 
3-hydroxyanthranilic acid plus unlabeled glutaric acid. In this way, 
evidence has accrued that the major route for the complete oxidation of 
the benzene ring of tryptophan in vivo is by way of the kynurenine— 
3-hydroxyanthranilate pathway. Glutarate was found, indeed, to be an 
intermediate in the eventual formation of acetate and C 0 2 (60-62). 

E. Methods for Expressing Values of Urinary Metabolites 
Data obtained with both normal and abnormal urinary metabolites 

derived from amino acids may be expressed in several different ways. 
The three most commonly used expressions are: (1) the amount of the 
metabolite excreted in the urine as a function of time, e.g., mg of 
metabolite/24-hr urine collection, (2) the amount of metabolite excreted 
in relation to urinary creatinine output, e.g., mg of metabolite/mg 
urinary creatinine, and (3) the amount of metabolite excreted in the 
urine per unit time in relation to its concentration in the blood (clear
ance of metabolite). Actually, clearance is generally defined by the 
formula C = UV/B, where C = volume of blood containing the amount 
of metabolite excreted in the urine per minute (ml/min), U — concen
tration of metabolite in urine (mg/ml), V = volume (ml) of urine formed 
per minute, and Β = concentration of metabolite in blood (mg/ml). 

Some pertinent comments have been made by Bigwood et al. (63) 
with respect to all three of these expressions. To permit better comparison 
of results of different studies, it is often desirable to include with the 
first expression (amount of metabolite/24 hr) such related data as: 
total urine volume/24 hr, total nitrogen excretion/24 hr, creatinine out
put/24 hr, sex, age, body weight, body height, and dietary intake and 
medication immediately preceding and during the 24-hour test period. 
To compare data obtained with infants and children with data of adults, 
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the amount excreted per 24 hours may be calculated in terms of kilogram 
body weight, e.g., mg/24 hr/kilogram body weight. Reliance upon data 
expressed solely in terms of creatinine output as a basis of comparison is 
debatable. At least two recent reports have raised anew the question of 
the constancy of creatinine excretion, especially during short collection 
periods (64, 65). Clearance tests also present certain limitations. Thus, 
they may be of dubious value in "load tests" (e.g., with amino acids) 
where overloading results in large variations in blood concentration even 
within a short observation time. On the other hand, such tests are useful 
in detecting metabolic abnormalities relating to renal tubular defects, 
either genetic or acquired [e.g., in cystinuria (66, 67)]. 

Recently, an approach has been made to the development of survey 
methods for the detection of abnormal urinary metabolites at the clinical 
level by Karlsson (68). These studies have involved screening families 
with recurrent mental retardation for excessive urinary excretion of 
nonurea organic carbon and nitrogen. Values for nonurea organic nitro
gen consistently above 60 mg/kg/day and for nonurea organic carbon 
consistently exceeding 120 mg/kg/day were considered abnormal under 
the conditions of this study. On the basis of such tests, Karlsson claims 
to have found families with recurrent mental retardation wherein the 
mental defect may have an as yet unknown metabolic basis. 

F. Chemical Nature of Abnormal Urinary Metabolites Originating 
from Amino Acids 

The number of metabolites which can be regarded as originating either 
directly or indirectly from the various amino acids in abnormal metabolic 
states is obviously multitudinous. From the practical standpoint of dis
cussing an approach to the methodological analyses of such metabolites, 
it is desirable to classify them on the basis of the nature of their chemical 
groupings. Based on our current knowledge of such abnormal metabolites, 
it is now possible to discern at least five major groups: (1) amino acids 
per se, (2) keto acid metabolites, (3) phenolic metabolites, (4) indolic 
metabolites, and (5) imidazolic metabolites. The remainder of this 
chapter will be devoted to a discussion of these five major groups of 
metabolites, the nature of the abnormalities involved in the genesis of 
these metabolites, and newer methods currently available for their meas
urement. 

II. AMINO ACIDS AS ABNORMAL METABOLITES 

Amino acids are known to be excreted in the urine in both health and 
disease. In this context, the term "aminoaciduria" has occasionally been 
used in its broadest sense. Care must be taken, however, with the defini-
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tion of this term since it is currently employed primarily to refer to 
certain disease states. Before passing onto a consideration of amino acids 
as abnormal metabolites and newer methods of their measurement as 
such, it would be well to review briefly our present knowledge of the 
normal excretion of amino acids in urine. 

A. Normal Urinary Excretion of Amino Acids 
I t is only with the advent of paper chromatographic and ion-exchange 

column chromatographic techniques that a reliable appraisal of the pat
tern of normal excretion of urinary amino acids has begun to develop 
(63, 69). Paper chromatographic techniques are most useful in studying 
the pattern of excretion from the standpoint of qualitative identification 
of urinary constituents. At best, they are semiquantitative. Ion-exchange 
methods, on the other hand, offer the most reliable means of obtaining 
quantitative data of a high degree of precision. The two techniques often 
complement each other in studies involving identification and quantita
tive estimation of amino acids in urine. 

Paper chromatographic methods (utilizing a urine volume containing 
250 /xg of total nitrogen) have revealed a fairly uniform excretion pat
tern of amino acids in normal adult urine (22, 70, 71). Generally, gly
cine is the dominant spot, followed by alanine, glutamine, serine, taurine, 
histidine, and methylhistidine. In some instances, two equally dominant 
spots may occur involving either glycine and taurine or glycine and 
/?-aminoisobutyric acid. The latter combination occurs in about 5-10% 
of the adult population and is genetic in character. A number of other 
amino acids (excreted in amounts less than 15 mg/day) are present, 
but cannot be detected when the above amount of urine is used for 
chromatography. For the detection and estimation of these, a variety of 
methods involving special modifications of paper and ion-exchange 
chromatographic procedures, as well as other techniques, have been em
ployed. In blood plasma, the most prominent amino acids identified by 
paper chromatography of a desalted plasma ultrafiltrate are glutamine, 
glycine, and alanine; small amounts of a number of other amino acids 
can also be detected (22). 

Ion-exchange column chromatography (72-75) has been used exten
sively to determine the amino acids present in normal urine in both the 
free and bound states. By such means, the normal excretion of total free 
amino acids in the adult human male was found by Stein (72) to be 
approximately 1.1 gm/24 hr. This value is equivalent to about 180 mg of 
total amino acid nitrogen or about 1.2% of the total nitrogen excreted. 
It also corresponds to about 120 mg of «-amino nitrogen. The normal 
total bound urinary amino acids liberated from acid hydrolysis was 
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estimated by Stein (72) to be about 2.0 gm (twice the value of the free 
amino acids). The bound amino acids consist primarily of conjugates of 
glycine, glutamic acid, and aspartic acid. I t should be emphasized that 
these figures are only average values, and that considerable variation in 
normal individuals is known to occur. 

Latest figures for the normal urinary excretion of the individual free 
amino acids, obtained primarily by ion-exchange methods, are given in 
Table I which is based on data from Westall (71). Plasma values also 
from Westall (71) are presented by way of comparison. A number of 
amino acids not listed in Table I are also known to be excreted in trace 
amounts (71). 

Table I is a consolidation of two tables presented by Westall (71) in 
a recent review wherein he compiled the recently acquired quantitative 
data of several different investigators separately. In Table I, the indi
vidual values for a given amino acid have been consolidated into a com
posite mean wherever possible from WestalPs tables. The over-all pre
cision of the newer ion-exchange chromatographic methods based on 
recovery assays has been stated to be on the order of magnitude of 
± 5 % to ± 3 % (69, 75). Larger variations, however, are known to occur 
with at least three amino acids (methionine, tryptophan, and glutamine) 
determined by these methods (69). In the case of tryptophan, the loss 
may be as high as 40-60%. I t is for this reason that the figure for 
tryptophan inserted in Table I is a value determined by a microbio
logical method. Finally, it must be stressed that the normal range of 
excretion of a given amino acid can vary markedly in different indi
viduals and even in the same individual from day to day (70). The 
reasons for such fluctuations are not entirely understood. 

A number of factors have been considered in relation to their pos
sible effect on the normal urinary excretion pattern of amino acids. 
These are diet, age, sex, hormonal factors, and genetic factors. For 
detailed discussion and references, the reader is referred to the recent 
reviews of Bigwood et al. (63), Jagenburg (76), Ivor Smith (22), Wes-
tal (71), Soupart (69), and Schreier (77). Diet within the limits of 
normal variation has relatively little significance. Even a marked in
crease in dietary protein results only in a relatively small rise in free 
amino acid excretion. Some exceptions, however, do occur. Histidine and 
methylhistidine levels in the urine can be closely correlated with dietary 
meat intake. Fasting subjects (36 hours) have been shown to excrete 
increased amounts of taurine and β-aminoisobutyric acid. A gross 
aminoaciduria resembling the Fanconi syndrome occurs after the admin
istration of DL-amino acids or protein hydrolyzates. D-Amino acids are 
rapidly excreted as such because they are poorly metabolized. Age is 
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TABLE I 
FREE AMINO ACIDS IN BLOOD AND URINE OF A NORMAL HUMAN ADULT, 

ADAPTED FROM WESTALL (71) 

Urine 6 

Blood plasma 0 

Range Composite mean 
Composite 

Amino acids Range mean Male Female Male Female 

Alanine 2 .4 -7 .6 3 .12 5-71 9-44 32 24 
β- Alanine — 3-10 2-9 6 3 
α-Aminoadipic acid — 5-13 0-13 8 4 
α-Aminobutyric acid 0 .1-0 .3 0 .22 — — — — 
j8-Aminoisobutyric — 6-37 10-52 17.5 29 
Asparagine — 0 .58 — — — — 
Aspartic acid 0 .01-0.3 0 .16 3-29 2-11 9 4 
Arginine 1.2-3.0 1 .94 0-14 0-11 8 4 
Citrulline — 0 .5 — — — — 
Cystine 0 .8 -5 .0 1 .80 3-33 0-13 11 6 
Glutamic acid 0 .5 -1 .2 0. .84 7-40 — 11.5 — 
Glutamine 4 .6 -9 .7 7. .52 40-103 43-88 73 62 
Glycine 0 .8 -5 .4 1, .94 53-200 67-312 115 142 
Histidine 0 .8 -3 .8 1. .39 20-320 79-208 150.3 128 
Isoleucine 0 .7 -4 .2 1. 23 5-30 5-20 15.3 10 
Leucine 1 .0-5 .2 1. 75 5-25 2-16 11 9 
Lysine 1.4r-5.8 2. 64 0-48 0-16 12.6 8 
Methionine 0 .2 -1 .0 0. ,45 5-11 3-12 10.3 5 
1-Methylhistidine — 0. .11 9-210 26-155 91.7 65 
3-Methylhistidine — 0. .08 33-87 30-69 52.5 48 
Ornithine 0 .6 -0 .8 0. ,74 0-4 0-11 1 2 
Phenylalanine 0 .7 -4 .0 1. ,25 8-31 6-41 15 13 
Proline 1.5-5.7 2. .05 — — <10 — 
Serine 0 .3 -2 .0 1 .34 25-75 22-61 42.5 37 
Taurine 0 .2 -0 .8 0 .48 35-300 27-161 112.7 87 
Threonine 0 .9 -3 .6 1. .68 2-50 5-33 22.5 23 
Tryptophan 0.4^3.0 1. .12 free, range c = 8.5-56.0 
Tyrosine 0 .8-2 .5 1. ,17 7-50 9-26 25.7 15 
Valine 1.9-4.2 2. 71 4-17 0-30 8.3 6 

° Values in mg/100 ml. 
6 Values in mg/24 hr. 
c As determined by a microbiological method (261). 

believed to be a factor affecting amino acid excretion, but there is yet 
much discussion as to the nature of the change (22, 69, 71, 77, 78). 
Perhaps the most striking feature is the increased excretion of proline 
and hydroxyproline in newborn infants. This begins at about the fifth 
or sixth day of life and lasts for about 5 to 6 months. After this age, 
these two amino acids are rarely detected in normal individuals (79). 
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Sex, despite conflicting claims, is not generally regarded to be an ap
preciable factor causing differences in amino acid excretion. However, 
Soupart (69) has claimed that histidine output is influenced by the men
strual cycle and is definitely increased in pregnancy. Hormones are 
known to affect urinary amino acid output. Adrenocorticotropic hormone 
(ACTH) and the glucocorticoids produce a marked increase. On the 
other hand, the somatotropic hormone (STH), anabolic testosterone 
derivatives, and insulin effect a definite decrease in amino acid excretion. 
Finally, genetic factors may play a role, as in the case of β-aminoiso-
butyric acid alluded to previously. β-Aminoisobutyric acid excretion is 
normally independent of age, sex, and diet. Race is a factor. The inci
dence of "high excretors" is lowest in Caucasians, intermediate in 
Negroes, and highest in Mongolians and American Indians (80). I t is 
believed to arise from thymine or valine metabolism. Increased excretion 
has also been correlated with excessive tissue destruction, as in fasting 
or certain disease states. 

B. Classification of Pathological Aminoacidurias 
Since the pioneer work of Dent in 1946 and 1947 (81, 82), an in

creasing number of diseases has been found to be associated with ab
normal patterns of amino acid excretion in the urine (83). Based on 
renal clearance studies over a period of years, Dent (81, 82, 84, 85) has 
classified pathological aminoacidurias into three major categories: (1) 
"overflow" aminoacidurias, (2) "renal" aminoacidurias, and (3) "no-
threshold" aminoacidurias. 

The overflow type is characterized by increased excretion of amino 
acids due to an abnormal increase in plasma concentration of amino 
acids. Kidney function is normal. The aminoaciduria may be generalized 
(i.e., involve a number of amino acids due to tissue damage, as in 
liver disease states) or specific (i.e., involve only a specific amino acid 
due to an enzyme defect, as for example phenylalanine in phenylketo
nuria). The distinction between generalized vs. specific aminoacidurias 
has been stressed by Chisolm (83). Moreover, the aminoaciduria may 
result from an acquired disease state (again, as in liver disease) or from 
an inborn metabolic disorder (again, as in phenylketonuria). 

The renal type of aminoaciduria is characterized by increased excre
tion of amino acids due to a defect in renal tubular reabsorption. This 
defect may be specific for certain amino acids only, or it may be general
ized when widespread kidney damage has occurred. The plasma concen
tration of amino acids is generally normal. Here again, a combination of 
factors may be involved. Thus, the aminoaciduria may be generalized 
and acquired (as in lead poisoning or in Wilson's disease), generalized 
and inborn (as in the Fanconi syndrome), specific and acquired (as in 
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ascorbic acid deficiency), or specific and inborn (as in cystinuria). See 
Chisolm (83) for further examples. 

The no-threshold aminoaciduria occurs primarily with amino acids 
or closely related compounds having a high renal clearance and not 
usually found in plasma. In certain abnormal conditions, the plasma 
concentration of these substances may be raised sufficiently to result in 
a high urinary output, despite relatively low plasma levels. This is be
cause no renal reabsorption mechanism for these compounds exists, and 
overflow readily occurs. This form of aminoaciduria, thus, may be re
garded as a special case of the overflow type. The following compounds 
have been found to be excreted in this manner: argininosuccinic acid, 
phosphoethanolamine, and β-aminoisobutyric acid (85). 

Dent's classification of aminoacidurias has not gone unchallenged. 
Both Bigwood (63) and Soupart (69) have questioned whether present 
knowledge of plasma amino acid levels and renal clearance techniques 
was sufficiently advanced to permit such a classification. Soupart (69) 
has proposed his own classification involving only two major categories: 
generalized aminoacidurias (congenital and acquired) and specific amino
acidurias (congenital and acquired). Ivor Smith (22) has extended Dent's 
classification to include another type of aminoaciduria characterized by 
having a raised plasma amino acid level along with a renal tubular de
fect. Celiac disease, adult idiopathic steatorrhea, and phosphorus poison
ing are listed in this category. Paine (86) has suggested a different type 
of classification based on the paper chromatographic excretion pattern 
of urinary amino acids. This classification sets forth three categories: 
(1) "single aminoacidurias" characterized by the abnormal occurrence 
or greatly increased excretion of a single amino acid, as in argininosuc
cinic aciduria or glycinuria, respectively; (2) "multiple but patterned 
aminoacidurias" as in cystinuria or Hartnup disease; and (3) "general
ized aminoacidurias" as used in the usual sense of the term (e.g., Fan-
coni syndrome or Wilson's disease). Division of all three categories into 
genetic or acquired subgroups may be possible. All of these classifica
tions have their own merits in elucidating the nature of aminoacidurias. 
At best, however, they are provisional and subject to revision as new 
findings are uncovered. 

C. Abnormal Amino Acid Excretion in Pathological Aminoacidurias 
The number of pathological aminoacidurias now known is many and 

varied and is constantly increasing. In many instances, however, the 
exact relationship of the aminoaciduria to the disease state is still 
obscure. Table II , based on Paine's classification (86), presents an up
dated list of known pathological aminoacidurias. 

In this section, we shall examine only the more recently reported 
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TABLE II 

THE PATHOLOGICAL AMINOACIDURIAS, ADAPTED FROM PAINE (86) 

Aminoaciduria0 Amino acids involved 

I. Single aminoacidurias 

Argininosuccinic aciduria (1) 
Citrullinuria (2) 
Cystathioninuria (3) 
Glycinuria (4) 

a. with nephrolithiasis 
b. with retardation 

Hydroxy prolinuria (7) 
Phenylketonuria 
Isovalthinuria (9) in 

hypercholesterolemia (?) 

Argininosuccinic acid 
Citrulline 
Cystathionine 

Glycine 
Glycine 
Hydroxyproline 
Phenylalanine 
S- (Isopropy lcarboxy methyl) cysteine 

II. Multiple but patterned aminoacidurias 

Cystinuria 
Hartnup disease 

Histidinuria (5) 
Homocystinuria (6) 
Maple-syrup urine disease 

Oasthouse disease 
Prolinuria (8) 

III. Generalized aminoacidurias 

Cystine, lysine, arginine, and ornithine 
Tryptophan and indole metabolites: indican, in-

doleacetylglutamine, and indoleacetic acid; cer
tain other amino acids 

Histidine, α-alanine, and threonine 
Homocystine and methionine 
Leucine, isoleucine, and valine and corresponding 

keto acids; methionine in plasma 
Phenylalanine, tyrosine, and methionine 
Proline, hydroxyproline, and glycine 

Characterized by urinary excretion of a large number of different amino acids in 
excessive amounts. This is the most numerous category. Generalized aminoacid
urias occur in liver disease, renal disease (nephrosis), intestinal disease (celiac 
disease), Wilson's disease, the de Toni-Fanconi syndrome, the Lowe syndrome, 
Vitamin D deficiency, galactosemia, heavy-metal poisoning (lead, mercury, 
uranium), lysol poisoning, protein catabolism, and other conditions. 

a Numbers in parentheses indicate the division in Section II,C where a full discussion 
of the nature of the aminoaciduria may be found. 

(from 1957 onwards) pathological aminoacidurias, primarily to survey 
the methods by which they have been detected and evaluated. These 
are chiefly of the single or multiple but patterned type of aminoacidurias 
as set forth in Table II . I t will not be possible to consider these in detail, 
nor the generalized aminoacidurias at all, since that would be beyond 
the scope of this review. For over-all detailed discussion and references 
pertaining to the pathological aminoacidurias, the reader is referred to 
the recent reviews of Chisolm (83), Jagenburg (76), Paine (86), Menkes 
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et al. (87), Bigwood et al. (63), Soupart (69), Westall (71), Harris (70), 
and the books by Stanbury et al. (88), Hsia (89), and Harris (53). 

1. Argininosuccinic Aciduria 
In 1958, Allan et al. (90) described a hereditary disorder in two sibs 

characterized by mental deficiency, abnormal electroencephalographic 
patterns, friable hair, and the marked excretion of an abnormal amino 
acid as revealed by paper chromatography. The disorder was shown to 
be a single aminoaciduria of the no-threshold type. The clearance of the 
abnormal metabolite was 105 ml/min/1.73 m 2 . Westall (91) found the 
abnormal substance to be argininosuccinic acid (ASA), a known inter
mediate in the biosynthesis of urea. I t is not found in normal urine. I t 
was isolated by paper chromatography with a two-solvent system (luti-
dine/water and phenol/NH 3) and obtained as an insoluble barium salt 
from 75% alcohol. I t exists in three forms: as the open-chain acid and as 
two cyclic anhydrides (B and C forms). The three forms can be 
separated rapidly and convincingly by high-voltage paper electro
phoresis. In the body, ASA exists primarily in open-chain form. I t has 
been estimated by ion-exchange chromatography with Dowex 50. Levin 
et al. (92) claim to have assayed ASA semiquantitatively with one-
dimensional paper chromatography using as solvent systems butanol/ace-
tic acid/water or phenol/NH 3. The staining reagent was a cadmium 
acetate-ninhydrin mixture (93). The spot was eluted with methanol and 
read colorimetrically against an ASA standard at 509 τημ. Levin's data 
indicate the level of ASA to be 4.4 mg/100 ml in plasma and 9.5 mg/100 
ml in cerebrospinal fluid. The latter value suggests a disturbance of ASA 
metabolism in the brain. Urine values vary from 1.5-3.0 gm/24 hr, 
depending on dietary intake of protein. 

2. Citrullinuria 
Citrullinuria, a new aminoaciduria associated with mental retarda

tion, was first reported in 1962 by McMurray et al. (94). I t was found 
during a chromatographic screening program in the urine of an 18-
month-old child whose parents were first cousins. Citrulline levels were 
abnormally high in both plasma and urine. No other urinary amino acids 
were present in abnormal amounts. Thus, it would appear to be a 
single aminoaciduria of the overflow type, possibly (?) congenital in 
nature. Plasma values of citrulline ranged from 20-30 mg/100 ml in 
citrullinuria, compared with normal values of 0.38-0.57 mg/100 ml. 
Citrulline was markedly increased in the cerebrospinal fluid (6 mg/100 
ml) compared to values of <0.1 mg/100 ml in other mental defectives. 
This suggests an abnormality of citrulline metabolism in the brain as in 
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the case of argininosuccinic acid. Urine values varied from 0.48-2.15 
gm/day in citrullinuria, compared to Stein's (72) value for normal urine 
of <0.01 gm/day. Citrulline has been detected in the urine of Hartnup's 
disease, the Fanconi syndrome, and cystinuria (95). However, the above 
case was believed to be a distinct clinical entity (95, 96) for reasons 
which are beyond the scope of this discussion. 

Urinary citrulline in this disease was demonstrated by paper chroma
tography with a two-solvent system (butanol/acetic acid/water and 
phenol/ethanol/ammonia/water). Isolation of citrulline was effected by 
chromatography on an ion-exchange resin (Dowex 50) followed by pre
cipitation as the copper salt. Identification was achieved by color reac
tions with Ehrlich's reagent and diacetylmonoxime, melting point, 
specific optical rotation, elemental analyses, and infrared spectrum. 
Quantitative analyses were made by the colorimetric method of Archi
bald (97), which is based on the presence of an ureido group. 

3. Cystathioninuria 
Cystathioninuria was first reported in an elderly female imbecile in 

1959 by Harris et al. (98), and more recently in 1963 in a male acro
megalic with congenital defects and mental aberrations by Frimpter 
et al. (99). Frimpter found a plasma value of 0.45 mg/100 ml, cerebro
spinal fluid value of 0.021 mg/100 ml, and a urine range of 960-1300 
mg/24 hr. This is a single aminoaciduria, hereditary in nature, and of 
the overflow type; it should not be confused with cystinuria. Feeding 
methionine increases urinary cystathionine; pyridoxine decreases cysta
thionine excretion. Metabolically, cystathionine is an intermediate in the 
conversion of methionine to cysteine. Harris et al. (98) have postulated 
a metabolic block in the cleavage of cystathionine to cysteine and homo-
serine which normally involves pyridoxal phosphate. There is, however, 
no evidence of vitamin deficiency in cystathioninuria. 

Cystathioninuria has been demonstrated by two-dimensional paper 
chromatography. Harris et al. (98) first used as solvent systems 
phenol/NH 3 followed by lutidine/H 20. Later, a particularly useful 
solvent system was the combination methanol/H 2O/10 Ν HCl/pyridine 
(32/7/1/4). Frimpter et al. (99) employed as solvent systems: bu
tanol/acetic acid/H 2 0 vs. butanol/pyridine/H 20. In all cases, the spray 
was ninhydrin. Ion-exchange column chromatography was employed by 
both investigators for more precise quantitation. 

4. Glycinurias 
Several forms of glycinuria are known. They would appear to be dis

tinct clinical entities. 
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The first form, reported in 1957 by deVries et al. (100), was found 
to be a congenital disorder characterized by a hyperglycinuria without 
an accompanying hyperglycinemia and associated with nephrolithiasis. 
Excretion of other amino acids was normal. The disturbance thus appears 
to be due to a specific renal tubular defect in the reabsorption of glycine. 
The discovery of this aminoaciduria resulted from a paper chromato
graphic study of the urine from a patient (20-year-old female) with 
recurrent bilateral nephrolithiasis. Two-dimensional paper chromatog
raphy was used with two solvent systems (phenol first, followed by 
lutidine/collidine/diethylamine). Color was developed with 0.1% nin-
hydrin in isopropanol. The glycine spot was abnormally large, but 
otherwise the chromatogram was normal. Identity of glycine was estab
lished by cochromatography of the urine with glycine and by the 
o-phthalylaldehyde reaction of Curzon (101). Spot intensity was not 
decreased by acid hydrolysis. Fasting serum gave a glycine spot of 
normal intensity estimated to be 1.5 mg/100 ml of serum. This indicated 
that the glycinuria was probably due to a renal defect. Semiquantitative 
determinations of urinary glycine by paper chromatography gave a value 
of about 650 mg/24 hr. By a microbiological method using an Escherichia 
coli mutant, the urinary output of glycine was found to average 991 
mg/24 hr, compared to a normal average of 156 mg/24 hr obtained with 
eight normal adults. Glycine:creatinine clearance ratios showed that 
70% of the glycine filtered in the glomeruli was excreted in the urine. In 
normal controls only 7% is excreted. 

A second form of glycinuria was reported in 1961 by Childs et al. 
(102) in a 3-year-old male child. This disorder was characterized by 
both hyperglycinemia and hyperglycinuria; recurrent episodes of vom
iting, acidosis and ketosis; and marked osteoporosis and developmental 
retardation. The severity of the recurrent attacks could be related to the 
amount of protein or amino acids in the diet. Leucine in combination 
with other amino acids induced symptoms. The most intense response 
occurred with leucine, isoleucine, and threonine in doses of 2.25, 1.5 and 
1.13 gm, respectively. Paper chromatography of the urine revealed ab
normally large and intense spots for glycine and acetoacetic acid. Plasma 
and urine levels of glycine were determined by the method of Alexander 
et al. (103). This method is based on the conversion of glycine to for
maldehyde which is then measured by its reaction with chromotropic 
acid (l,8-dihydroxynaphthalene-3,6-disulfonic acid). The mean plasma 
level of glycine in the patient was found to be 11.2 mg/100 ml, compared 
to 0.65-1.08 mg/100 ml in the controls. The mean urine level of glycine 
in the patient was found to be 418 mg/24 hr, compared to 12.9-68 
mg/24 hr in the controls. Further study of this patient with column 
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chromatography using Dowex 50-X4 and Amberlite IR-120 (104) showed 
that marked increases in the concentrations not only of glycine, but 
also of serine, alanine, isoleucine, and valine occurred in the plasma. 
However, only glycine excretion was increased in the urine. Isotopic 
studies with labeled glycine suggest an abnormality in the conversion of 
glycine to serine (105), but this point is not yet established. A second 
case of this type was reported in 1963 (106), indicating that the disease 
may not be as rare as originally supposed. I t has yet to be demonstrated 
that this syndrome is an inherited metabolic disease. 

Other glycinurias have been reported which according to Nyhan et al. 
(106) differ from the single glycinurias discussed above. These belong to 
the multiple but patterned aminoacidurias (Paine). Thus, Kaser et al. 
(107) have described a congenital aminoaciduria with abnormally high 
levels of both glucose and glycine in the urine. This was discovered in a 
9-year-old boy with cystic fibrosis of the pancreas and type Β renal 
glucosuria. Plasma glycine was normal, but urinary glycine was in
creased. Other amino acids were normal in both plasma and urine. Plasma 
amino acids including glycine were measured by column chromatography. 
Glycine excretion in the urine was determined by paper chromatography, 
high-voltage paper electrophoresis, and microbiological methods. An
other congenital aminoaciduria, characterized by increased proline, 
hydroxyproline, and glycine in association with cerebral dysfunction, 
hereditary deafness, and nephropathy, has been reported by Schafer 
et al. (108, 109). This will be discussed in detail in Section II,C,8. 

5. Histidinuria (Histidinemia) 
In 1961, Ghadimi et al. (110) described a new congenital disorder in 

two sibs characterized by speech retardation and abnormally large 
amounts of histidine in the urine. A moderate increase of α-alanine and 
threonine was also observed. The findings suggested an enzymatic de
ficiency, either of histidine α-deaminase or urocanase. Plasma histidine 
varied from 7-9 mg/100 ml in the sibs, compared to normal child con
trols of 0.4-1.8 mg/100 ml. Urine values in the sibs ranged from 616-
819 mg/24 hr, compared to 10-81 mg/24 hr in normal child controls. 

The histidinuria was established by two-dimensional paper chroma
tography, first with pyridine/acetone/NH 4OH (5/3/2), and followed by 
isopropyl alcohol/formic acid/H 2 0 (8/1/1). Ninhydrin was used as the 
spray. No overlapping of other amino acids with histidine occurs. Con
firmation of the histidine spot was established by unidimensional chro
matography and staining with Pauly's reagent (diazobenzenesulfonic 
acid). Quantitative determinations of histidine were made by Hunter's 
method (111, 111a), which involves adsorption of the base on an ion-
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exchange resin, elution with acid, and subjection of the eluate to a 
modified Knoop reaction with bromine. 

6. Homocystinuria 
Homocystinuria associated with mental retardation was first re

ported in 1962 by Gerritsen et al. (112), and later in greater detail by 
Carson et al. (113). I t was found in children. I t is an aminoaciduria of 
the overflow type, congenital in nature, and characterized by the in
creased excretion of homocystine and in some instances of methionine 
and methionine sulfoxides. The disorder has been found to be due to a 
liver deficiency or absence of cystathionine synthetase (114). This en
zyme normally forms cystathionine, an intermediary metabolite in the 
conversion of homocysteine to cysteine in the metabolism of methionine. 
Homocysteine accumulates and forms homocystine. 

Carson et al. (113) found the plasma value of homocystine in this 
disorder to be 1.5 mg/100 ml (not detectable in normal plasma). Plasma 
methionine was also increased. The urine value of homocystine was 72 
mg/24 hr (not detectable in normal urine). Homocystine clearance was 
3.3 ml/min (uncorrected). Gerritsen et al. (112), however, reported a 
lower range of urinary homocystine in this disorder (7.2-16.0 mg/24 hr). 
Urinary methionine was also increased. 

Homocystine was detected by paper chromatography (112, 113). I t 
was found to have an Rf of 0.28 in n-butanol/acetic acid/water (60/ 
20/20) and an Rf of 0.70 in isopropanol/formic acid/water (30/2/15). 
Quantitative assays of homocystine in urine were made by the ion-
exchange chromatographic method of Spackman, Stein, and Moore (75). 

7. Hydroxy prolinuria (Hydroxyprolinemia) 
An abnormal increase in urinary excretion of hydroxy proline (HP) 

has recently been reported in two different clinical conditions: (a) in 
Marian's syndrome, a hereditary disorder of connective tissue (115, 116), 
and (b) in mental deficiency associated with possible renal disorder 
(117). 

In Marian's syndrome, Mitoma et al. (116) have evaluated paper 
chromatographic and colorimetric methods for measuring urinary HP. 
For paper chromatography, the method of Pasieka and Morgan (118) 
was satisfactory. For the colorimetric procedure, the method finally used 
involved a preliminary hydrolysis with Ba(OH) 2 when total HP values 
were desired, followed by colorimetric assay by a modification of the 
method of Wiss (119). Total urinary HP values in Marian's syndrome 
showed a median value of 61.6 mg/24 hr, compared to the normal adult 
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median value of 25.1 mg/24 hr. Similarly, the median value of free 
urinary HP in Marian's syndrome was 2.9 mg/24 hr, compared to 0.65 
mg/24 hr for normal adults. Some overlapping occurred with respect to 
range in both cases. 

In hydroxyprolinuria associated with mental deficiency, the urine was 
studied by paper chromatography with several solvent systems: phenol, 
lutidine, isoamyl alcohol/pyridine/water (35/35/28), and butanol/acetic 
acid/water (12/3/5). Ninhydrin and isatin were used as staining reagents 
(22). Identification was verified by high-voltage paper electrophoresis in 
a formic acid buffer of pH 1.9. Quantitative measurement of urines and 
plasma were made with an automatic amino acid analyzer by the technic 
of Spackman, Stein, and Moore (75). The aminoaciduria was found to 
be of the overflow type. The plasma HP level was 0.34 /xmole/ml 
(normal, less than 0.01 /onole); the urine HP excretion was 0.12 ftmole/ 
min (normal, 0). The urinary excretion per day was 285.4 mg/24 hr of 
free HP (before hydrolysis) and 324.8 mg/24 hr of total HP (after hy
drolysis). The renal clearance was 0.35 ml/min (normal, 0). Normal adult 
urine shows no HP. Only HP values were affected. All other plasma 
and urine amino acids, including proline and glycine, gave normal 
values. The disorder was held to be different from prolinuria. Its 
hereditary nature is not yet clearly established. 

8. Prolinuria (Prolinemia) 
Prolinuria is a newly discovered hereditary aminoaciduria reported in 

1962 by Schafer et al. (109) as occurring in association with mental 
retardation, defective renal development, electroencephalographic sensi
tivity to photic stimulation, and nerve deafness. Of the amino acids, only 
plasma proline levels were increased; fasting values above 4 mg/100 ml 
were considered abnormal. Normal plasma proline varies from 1.3-3.4 
mg/100 ml. When plasma values rose to 8-10 mg/100 ml, proline, hy
droxyproline, and glycine appeared in the urine in increased amounts. The 
excretion of the latter two amino acids was regarded as a secondary 
effect of the large proline load on a renal tubular transport system com
mon to all three amino acids. 

The biochemical methods used for both plasma and urine in this 
study were as follows. Two-dimensional chromatography was used for 
initial screening as recommended by Dent (120, 120a). Results were veri
fied by high-voltage ionophoresis followed by partition chromatography 
(121). Final quantitative values were obtained with a Spinco automatic 
amino acid analyzer by the procedure of Spackman, Stein, and Moore 
(75). Use was also made of E. coli mutants to establish that the proline 
identified by column and paper chromatography was truly free L-proline. 
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The biochemical basis for the hyperprolinemia and the consequent 
hyperprolinuria is not yet known. 

9. Isovalthinuria 
In 1959, Mizuhara et al. (121a) discovered and isolated a new amino 

acid, S-(isopropylcarboxy methyl) cysteine, from the urine of a hypo
thyroid patient (myxoedema). Later (121b) this compound was found 
in the urine of hypercholesterolemic patients (atherosclerosis and myxoe
dema) and was named isovalthine. The compound was detected in the 
following way (121c). Urine was hydrolyzed by HC1, adjusted to pH 5, 
extracted by column chromatography with the Cl-form of Amberlite 
CG-45, and eluted with HC1. The eluate was then desalted and subjected 
to two-dimensional paper chromatography. The solvent systems were 
butanol/acetic ac id /H 2 0 (4/1/4) and phenol/water (4/1 with 0.2% N H 3 

in cell). Ninhydrin spray gave a blue color. The Rf values were 0.58-0.65 
and 0.43-0.53, respectively [for a recent review of this work, see the 
publication of Mizuhara et al. (121d)]. 

D. Methodology 
From the preceding survey, it can be seen that a variety of methods 

are involved in the detection, isolation, identification, and quantitation 
of abnormal amino acid metabolites. The most frequently used chemical 
methods are paper chromatography, ion-exchange column chromatog
raphy, and low-voltage and high-voltage paper electrophoresis. Micro
biological and enzymatic assays have also been used. Our discussion, 
however, will be confined primarily to chemical methods and recent 
developments therein. 

1. Paper Chromatography 
The detection of abnormalities in the urinary excretion of amino acids 

is most readily achieved by paper chromatography. This involves a num
ber of general operations which are often modified by trial and error 
experimentation to obtain the best results. Only the high points of these 
operations can be considered here. 

a. Desalting. Urine may often be applied directly to the paper 
chromatogram without pretreatment. However, when a high concentra
tion of salts is present, a preliminary "desalting" procedure becomes 
necessary. Desalting techniques fall into three categories: electrolytic 
desalting, ion-exchange separation, and organic-solvent extraction. In 
electrolytic desalting, nascent hydrogen is liberated and gives rise to a 
strongly reducing solution which can affect compounds susceptible to 
reduction. Despite this, for routine paper chromatography of urine, elec-
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trolytic desalting is the method of choice. A volume of 2 ml is often 
sufficient. The time involved for desalting 1-2 ml of urine varies from 
5-15 minutes, and no dilution of the original volume occurs. Ion-exchange 
or solvent-extraction methods are much more time-consuming and usually 
result in dilution of the original volume. This operation is discussed in 
detail by Ivor Smith (22). 

b. Amount of Urine for Paper Chromatogram. The volume of urine 
applied to the paper chromatogram should refer to a measurable stand
ard. Often the nature of this standard is best determined by trial and 
error experimentation. Dent (120, 120a) has suggested three possible 
alternatives as routine procedure: (1) the use of 25 μ\ of urine, (2) the 
use of a urine volume containing 250 μg of total nitrogen, or (3) the use 
of a urine volume containing 0.015 mg creatinine (02-second volume of 
urine). For blood plasma, a volume of 125 μ\ of protein-free plasma is 
convenient. Ivor Smith (22) recommends the routine use of 50 μ\ of 
urine and 500 μ\ of protein-free plasma for a 10 inch χ 10 inch sheet. 
This permits comparison of results with those obtained with larger paper 
chromatograms. 

c. Choice of Solvent Systems. In the earlier work of Dent (120, 120a) 
with two-way paper chromatography, the two solvent systems used were: 
first, aqueous phenol (Ph) with 1 gm NaCN in the bottom beaker to 
prevent oxidation of phenol, and second, 2:4 lutidine/2:4:6 collidine/H 20 
(1/1/2). Phenol was always used as the first solvent, but it often left 
undesirable residues on the paper. Later, Ivor Smith (22) found it best 
to run phenolic solvent systems as the second solvent. The resultant 
chromatogram was much cleaner and gave a much better spread. A small 
amount of ammonia (Am) added to the phenol solvent (1 ml N H 4 0 H / 
200 ml phenol solvent) was found to increase the movement of basic 
amino acids out of the region occupied by the neutral amino acids, thus 
permitting a greater degree of separation (22). The lutidine/collidine 
(Lu-Co) type of solvent system is now outmoded. I t has been replaced 
by the butanol/pyridine/H 20 (1/1/1) system (Bu-P) which gives the 
same distribution of spots along the paper with a much larger spread 
(22). By far, the most valuable solvent system for amino acids with 
both one-way chromatography and as the first solvent in two-way 
chromatography is n-butanol/acetic acid/water (120/30/50). This sol
vent (Bu-A) "compacts" the amino acid spots so that diffusion or elonga
tion does not occur during the chromatographic procedure. At the present 
time, the paired solvent systems Bu-A/Ph-Am or Bu-P/Ph-Am are used 
extensively for the two-way chromatography of urinary amino acids 
(22, 122). A recent quantitative method, however, by McEvoy-Bowe 
and Lugg (123) recommends as solvent pairs: first, 10% phenol/0.04% 
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8-hydroxyquinoline/0.5% 2:6 lutidine, and second, 2:6 lutidine/95% 
ethanol/H 2 0 (55/25/20) along with diethylamine (1.5 ml) at the bottom 
of the tank. Other solvent combinations which may be of value, accord
ing to Bailey (124), are those of Levy and Chung (125) or those of 
Rockland and Underwood (126). For further detailed discussion, see 
Ivor Smith (22) and Block et al. (127). 

d. Spray or Dip Reagents. The detection of urinary amino acids on 
paper chromatograms is generally accomplished by a ninhydrin spray 
or dip, a large number of which have been described. Dent (120) first 
used 0.1% ninhydrin in n-butanol. Block (127) has listed some 14 other 
modifications. Ivor Smith (22) recommends 0.2% ninhydrin in acetone 
(w/v) with a few drops of pyridine before dipping. Spots may be 
rendered permanent for photographic purposes by spraying with 1% 
copper nitrate in ethanol (128). A recent modification, the cadmium 
acetate-ninhydrin mixture of Heilmann et al. (93), was employed by 
Levin et al. (92) for argininosuccinic acid. Moffat and Lytle (129) have 
developed a ninhydrin-cupric nitrate reagent which permits the amino 
acid spots to appear in different colors. For the quantitation of nin
hydrin color, Matheson et al. (130) have recommended a ninhydrin-
hydrindantin reagent dissolved in methyl-cellosolve and adjusted to 
pH 5.5 with acetate buffer. Numerous other sprays are used for the 
identification of individual amino acids or for specific chemical groups 
found in amino acids. See Block et al. (127), Ivor Smith (22), and Bailey 
(124) for detailed procedures. 

e. General Procedure for Paper Chromatographic Analysis of Urinary 
Amino Acids. According to Ivor Smith (22), for quick assessment of the 
excretion pattern and the amount of urine to be applied for analysis, 
one-way ascending, descending, or circular chromatography is recom
mended. The solvent system of choice is Bu-Ac. For two-way chromatog
raphy, the amount of urine applied is ordinarily three times that used 
for one-way chromatography, and the solvent systems generally em
ployed are Bu-A/Ph-Am or Bu-P/Ph-Am. However, for certain amino 
acids (e.g., iodoamino acids) special solvent systems are required. De
salting prior to chromatography is generally desirable. On the other hand, 
electrolytic desalting should not be used with iodoamino acids because of 
their susceptibility to reductive deiodination. Labile sulfur amino acids 
(i.e., cysteine, methionine, etc.) are transformed to stable oxidation prod
ucts by peroxide oxidation prior to chromatography. To differentiate 
between the «-amino acids and other ninhydrin-positive compounds, the 
copper carbonate technique is recommended. Amino acid derivatives are 
often prepared where superior quantitation is desired. The colored di-
nitrophenylamino acids are especially useful in this regard, since they 
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are readily eluted and measured colorimetrically. Other derivatives 
which have been similarly used are: the phenylthiohydantoins, the hy-
drazides, and the amino alcohols (127). For further details in established 
technique, the reader is referred to Ivor Smith (22), Block et al. (127), 
and the classical papers of Dent (120, 120a), Westall (131), and Parry 
(122). 

Some attempts have been made recently to develop rapid and quanti
tatively reliable paper chromatographic procedures adaptable for routine 
screening in clinical laboratories. For rapid screening of aminoacidurias, 
Ghadimi and Schwachman (132) propose a simple, horizontal-paper 
cross method which permits four specimens to be run simultaneously. 
The authors claim to be able to screen twenty urine samples for amino 
acid abnormalities within a 2-hour period. Berry (133, 134) has presented 
detailed procedures for screening the urine of infants and children for 
aminoacidurias. Her first publication (133) deals with the problems of 
quantitation; her second (134) describes a rapid paper spot test for 
detecting metabolic disorders among mentally retarded children. The 
most recently described screening test for amino acid disorders is that of 
Efron et al. (134a). I t involves the collection on filter paper of dried 
blood or urine which is then subjected to paper chromatography after 
autoclaving at 250°F for 3 minutes. Sooner or later, there arises the 
inevitable question of the relationship of the biochemically determined 
aminoaciduria to clinical status; this question has been discussed by 
Paine (86) with special reference to mental retardation in children. 

Finally, due to the time-consuming limitations of two-dimensional 
paper chromatography, much research in recent years has been directed 
to the maximum resolution of amino acids by buffered solvents with one-
dimensional paper chromatography. Perhaps, the most recent work in this 
connection is that of Hanes and his group (135) in Toronto. This work 
and other notable contributions in this area have been reviewed in detail 
by Bailey (124). 

2. Ion-Exchange Column Chromatography 
Precise quantitative assays of amino acids in aminoaciduria studies 

can be obtained by the ion-exchange column chromatography techniques 
of Moore and Stein (72-75, 136-139). Much has been written about these 
methods. For concise critical resumes, the reader is referred to articles 
by Bigwood et al. (63), Soupart (69), Woods and Engle (140), Piez and 
Saroff (141), and Bailey (124). 

Briefly, these techniques have evolved through several stages. In 
1950, Stein and Moore (136) demonstrated the resolution of a mixture 
of amino acids on a 55-cm column of Dowex 50-X8 with hydrochloric 
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acid as the eluent. The following year in 1951 (137), the procedure was 
modified by eluting the amino acids with a system of buffers progres
sively increasing in pH from 3.4 to 11. A column of 0.9 X 100 cm was 
used for all except the basic amino acids; for the latter a column of 
0.9 χ 15 cm was employed. This method was then adapted for assay of 
urinary amino acids and published in the oft-quoted paper of 1953 (72). 
In 1954 (73), the method was further modified by introducing a new 
resin (Dowex 50-X4), employing only a single column of longer length 
(0.9 X 150 cm), and using an eluent of continuously changing pH and 
ionic strength. The eluent, in this case, consisted of a system of sodium 
acetate-citrate buffers ranging in pH from 3.1 to 5.1. With these modifi
cations, the resolving power was increased, the basic amino acids could 
be eluted at pH 5, and the operating time was decreased. Modifications 
in the ninhydrin reagent were reported in an accompanying paper (74). 
This procedure was then used to assay the free amino acids of human 
blood plasma (138). According to Bigwood et al. (63), the 1954 proce
dure is better suited for urine analysis than the procedure of 1951. A 
third set of innovations was made in 1958 (139) by replacing the Dowex 
50 resin with Amberlite IR-120 resin and reverting to two columns, one 
for the acidic and neutral amino acids (0.9 X 150 cm) and one for the 
basic amino acids (0.9 X 15 cm). For better resolution of the basic amino 
acids of serum and urine, it was found advisable to use a third column 
(0.9 X 50 cm) in place of the 0.9 X 15 cm column. By this procedure, 
the operation time was markedly decreased. With a fraction collector, a 
complete amino acid analysis became possible in 48 hours. The operation 
time of the Amberlite procedure was reduced to 24 hours by automation 
(but still 48 hours with the 50 cm column) as described in the now 
classical paper of Spackman, Stein, and Moore published in 1958 (75). 
Automation was achieved by pumping the test solution and developing 
buffer into the ion-exchange column at a constant rate. The eluate from 
the column was met by ninhydrin reagent delivered at a constant rate 
by a second pump. The resultant mixture was pumped thru a coil of 
Teflon capillary tubing immersed in a boiling-water bath. The color 
formed was read continuously at two characteristic wavelengths: 570 and 
540 ταμ. This method has a precision of 100 =fc 3%. Automation can also 
be used with Dowex 50-X4 columns, provided that the original flow rate 
is maintained. Both the 1954 and 1958 techniques have now been used in 
aminoaciduria studies, as mentioned in previous sections. 

At the present time, intensive research is underway in an attempt to 
simplify still further the automation process. Recently, the Spackman, 
Stein, and Moore method has been modified by Piez and Morris (142) 
so that only a single column is required for all operations. The major 
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changes involve the use of a single column (0.9 X 133 cm) of a new 
resin (Dowex 50-X12, ground to 25-32 μ.) jacketed at 60°C. Elution is 
accomplished by a continuous gradient produced by a nine-chambered 
device (Varigrad) which permits a wide variety of elution patterns to be 
developed. More recently, Hamilton (143) has designed an automatic 
analyzer for the microdetermination of free amino acids in serum. The 
volume of serum or plasma used was 0.1 ml, and microgram quantities of 
amino acids were determined. In this case, a single column (0.636 X 127 
cm) of Dowex 50-X8 (ground to 17-18 μ) was employed, and a specially 
constructed program control unit rendered the operation automatic. 
Column noise resulting from amplification was partially overcome by 
use of a specially designed split-beam photometer. Both methods are 
claimed to require only about 1 hour for preparation of the instrument 
for analysis and only 24 hours for automatic analysis of a protein 
hydrolyzate. 

Automatic amino acid analyzers are now commercially available. At 
least three of these are now well known. These are: (1) the Auto-Ana
lyzer, manufactured by Technicon Chromatography Corp., Chauncey, 
New York, (2) the Beckman-Spinco Analyzers, manufactured by Spinco 
Division of Beckman Instruments, Inc., Palo Alto, California, and (3) 
the Phoenix Analyzers, manufactured by the Phoenix Precision Instru
ment Company, Philadelphia, Pennsylvania. 

3. Low-Voltage vs. High-Voltage Paper Electrophoresis 
In the separation of ionizable compounds by paper electrophoresis, an 

important problem is the rate of migration of the charged particles to 
be separated. A number of factors are involved, only three of which need 
concern us here. These are: (a) the voltage (and amperage) applied, (b) 
the running time, and (c) the degree of diffusion of the ions to be 
separated into the surrounding buffer medium. I t will be remembered that 
compounds of low molecular weight (e.g., amino acids) can diffuse much 
more rapidly than those of high molecular weight (e.g., proteins). I t is 
this diffusibility factor of different-sized molecules which has necessi
tated the development of two major categories of paper electrophoresis, 
namely low-voltage paper electrophoresis (LVPE) and high-voltage 
paper electrophoresis (HVPE). For detailed discussion, the reader is 
referred to the writings of Evered (144), Efron (145), Gross (146), 
Michl (147), Bailey (124), a recent article by Marby and Todd (148), 
and the exhaustive treatise entitled "Hochspannungselektrophorese" by 
Clotten and Clotten (148a). 

a. Low-Voltage Paper Electrophoresis. In LVPE, a low voltage (not 
above a potential drop of 10 volts/cm and not exceeding a range of 
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300-400 volts) is applied; the running time at lower voltages may often 
extend for as long as 16-20 hours, and the heat generated in the paper 
is generally dissipated as heat of evaporation at the voltages used. 
LVPE is employed primarily to separate large molecules (e.g., proteins 
of blood serum) which diffuse slowly and require longer running times for 
good separation. With small molecules (e.g., amino acids), LVPE often 
gives poor separation, with large, faint, overlapping spots due to excessive 
diffusion resulting from the prolonged running time consequent to the 
low voltage used. 

Nevertheless, despite this rather serious limitation, LVPE has been 
found useful in detecting certain amino acids in complex mixtures and 
aminoacidurias. LVPE can give good separations of acidic, basic and 
β-amino acids, and cystine from a complex mixture when various buffer 
solutions are employed in an overnight run. Adequate separations, how
ever, cannot be obtained with «-monoamino-monocarboxylic acids 
(144). Clinically, LVPE has been used to demonstrate the abnormal 
amino acids in the urine of cystinuria (arginine, lysine, ornithine, and 
cystine) (149). Also the presence of cystathionine in cystathioninuria 
was confirmed by this technique (98). Separation of ornithine from leu
cine and lysine has been achieved by the use of LVPE and chromatog
raphy (67). Very recently, Sherr (150) has used LVPE (300 volts) with 
cellulose acetate strips and a formic-acetic acid buffer at pH 2; he 
claims excellent separation of amino acids in as little as 30 minutes. 
After ninhydrin staining, the amino acid bands could be quantitated by 
elution in 0.5 ml of a 90% CHC13-10% ethanol mixture and colorimetric 
measurement at 560 ηΐμ,. Absorbance curves obeying Beer's law with 
increasing concentration were obtained, and a sensitivity of 0.5 /xg was 
claimed. This method may well be adaptable for use in the clinical 
laboratory. 

b. High-Voltage Paper Electrophoresis. High voltage paper electro
phoresis is a technique of rather recent development. In HVPE, a high 
voltage (generally above 30 volts/cm and ranging from 1 to 10 kilo-
volts) is applied and the running time is fast, generally about 30 min
utes across the length of the paper (approximately 22.5 inches). However, 
during the run a considerable amount of heat is developed which must 
be conducted away to cool the paper. I t is this problem of cooling the 
paper that has led to the development of HVPE apparatus of various 
types utilizing different cooling systems. 

Two methods are generally used for cooling the paper: (1) the 
direct-immersion method or (2) the cooling-plate method. In the first 
method, the paper is made wet with buffer and immersed directly into a 
large volume of organic liquid (Varsol) or a low-viscosity silicone oil, 



192 HERBERT SPRINCE 

either of which may be cooled by cooling coils with circulating tap 
water. The immersion fluid must be removable, since after the run the 
paper must be dried before spraying or dipping with location reagent. 
With this method, care must be taken to see that several requirements 
are fulfilled: (a) the substances under test and the buffer must not be 
soluble in the immersion fluid, (b) the immersion fluid must be readily 
removable from the paper, and (c) the immersion fluid should be non-
inflammable and not give rise to noxious vapors. In the second method, 
the paper moistened with buffer is cooled by being pressed against one 
or two plates made of glass, plastic, or metal. These plates may be 
cooled by tap water circulating inside the plates or by a liquid refriger
ant. The plates must be either good insulators (e.g., glass) or be properly 
insulated if metal is used. With metal plates, an insulating material 
(polythene sheets) is placed between the paper and the plates. Again, 
several factors must be considered: (a) in HVPE, the paper is kept drier 
than in LVPE to minimize diffusion effects and maintain the proper 
amperage, (b) the plates must conduct the heat away effectively and 
yet be properly insulated from the paper, and (c) the plates must be 
machined to a high degree of flatness to avoid local hot spots and to 
permit uniform over-all contact with the paper directly (glass plates) 
or with the polythene sheets (metal plates). 

The technique of HVPE is especially useful for the separation of 
small molecules (e.g., amino acids, organic acids and bases, phenols, etc.). 
The high voltage results in a much faster running time so that only little 
diffusion can occur into the surrounding buffer medium. The result is 
rapid separation and compact spots. Desalting is not necessary. HVPE 
can be used effectively for rapid (30 minutes), one-way separations of 
amino acids in a formic-acetic acid buffer at pH 2.0. For two-way sepa
rations, HVPE (with formic-acetic acid buffer at pH 2) in the first 
dimension and paper chromatography (with lutidine/water) in the sec
ond dimension has given excellent results (145). Other buffers used 
with HVPE are the pyridine-acetic acid and the borate buffers for the 
separation of basic amino acids. According to Bailey (124), HVPE can 
yield fairly good quantitative results (generally within ± 5 % , and 
always within ± 1 0 % ) . Still greater resolution may be obtained by using 
HVPE in two dimensions at two different pH values. Thus Gross (151), 
using HVPE first at pH 2.0 and then at pH 9.2, was able to resolve 
completely 28 amino acids in less than 1 hour, a remarkable achieve
ment indeed. Undoubtedly, further developments with this procedure 
will soon be forthcoming. 

High-voltage paper electrophoresis is being used increasingly in 
studies dealing with aminoacidurias. I t has been employed for urinary 
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amino acid studies in Wilson's disease (152), rickets (153), arginino
succinic aciduria (91), hydroxyprolinuria (117), and in prolinuria (121). 
Very recently, Marby and Todd (148) used HVPE with direct densi
tometry and found this to be a rapid technique suitable for clinical 
purposes. Urinary excretion abnormalities in phenylketonuria, Lowe's 
syndrome, cystinuria, histidinemia, etc., were easily determined. 

Several HVPE machines are now commercially available. At the time 
of this writing, those known to the author are: (1) Pherograph (Brink-
mann Instruments, Great Neck, New York), (2) Shandon HVPE Ap
paratus (Colab Laboratories, Chicago Heights, Illinois), (3) The GME 
Electrophorator (Gilson Medical Electronics, Middletown, Wisconsin), 
(4) HVPE Apparatus (Savant Instruments, Inc., Hicksville, L. I., New 
York), and (5) HVPE Apparatus (Vanguard Instrument Co., LaGrange, 
Illinois). 

4. Thin-Layer Chromatography and Electrophoresis 
Thin-layer chromatography (TLC) was first introduced as a practical 

chromatographic technique by E. Stahl in 1956. Originally it was re
garded as useful primarily in separating lipophilic substances, but 
recently, it has been found suitable for separating also hydrophilic com
pounds, such as amino acids, phenolic compounds, and nucleotides. The 
advantages which have been claimed for TLC over paper chromatography 
(PC) are: (a) greater versatility with respect to range of adsorbents and 
corrosive sprays which can be used, (b) sharper separations, (c) higher 
sensitivity, at least 10 to 100 times greater than with PC, (d) the small 
amounts of sample required, ranging from 0.5 to 500 /xg, and (e) the 
great speed of operation. For available literature, the reader is referred 
to the excellent monograph of K. Randerath (154) entitled "Thin-Layer 
Chromatography" and the brochure also entitled "Thin-Layer Chroma
tography, including Complete Bibliography" by Brinkmann Instruments, 
Inc., Great Neck, Long Island, New York. 

Randerath (154) has discussed in considerable detail the analysis of 
amino acids, amino acid derivatives, peptides, and proteins by TLC. For 
amino acids, the adsorbent most frequently used is Silica Gel G (Merck, 
Germany), and the solvent systems employed for one-way TLC are 
generally the same as for PC. For two-dimensional TLC, a good com
bination to use is first CHC1 3 /CH 3 0H/17% N H 4 0 H (2/2/1, v/v) fol
lowed by phenol/water (75/25, w/w). The amount of amino acid applied 
can range from 0.1 to 10 μg, but preferably 1 to 5 fig are generally used. 
The ninhydrin-cupric nitrate reagent of Moffat and Lytle (129) is 
recommended as the location spray. 

Along these lines, Baron and Economidis (155) have recently de-
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scribed a two-way TLC method for use in the clinical laboratory. They 
also recommend Silica Gel G (Merck) containing CaS0 4 as a binding 
agent. The solvent systems used were: first, n-butanol/acetic acid/water 
(3/1/1), and second, phenol/water (3/1). Ninhydrin-cupric nitrate was 
the staining reagent for general use. The running time for a two-way 
TLC chromatogram was estimated to be 4-5 hours. Thus far, TLC 
has not been employed in aminoaciduria studies. However, this un
doubtedly will occur as the method becomes more widely used. 

Finally, some attempts have been made to apply electrophoresis to 
TLC. TLC electrophoresis has been claimed to separate effectively amino 
acids and amines (156, 157). The advantages claimed are sharper zones 
and fast running times. A commercially available TLC-electrophoresis 
apparatus made by K. Marggraf Co., Berlin, Germany, can now be 
obtained from Research Specialties Co., Richmond, California. 

H I . KETO ACIDS AS ABNORMAL METABOLITES 

A. Normal Urinary Keto Acids 
According to reviews by Menkes (158, 159) the keto acids present in 

normal urine are chiefly «-ketoglutaric and pyruvic acids, along with very 
small amounts of acetoacetic acid, a-ketoisocaproic, α-ketoisovaleric, 
a-keto-/?-methyl-n-valeric, and glyoxylic acids, all of which can be 
detected upon occasion. The amounts of α-ketoglutaric acid and pyruvic 
acid show considerable variation from day to day. α-Ketoglutaric acid 
may range from 6.0-47.5 mg/24 hr per square meter (average = 20.5 
m g ) J pyruvic acid may range from 2.7-12 mg/24 hr per square meter 
(average = 6.3 mg) (160). 

B. Abnormal Urinary Keto Acids 

In certain metabolic disorders, a number of different keto acids may 
appear in the urine as abnormal metabolites. Quite often, these arise 
from abnormalities of amino acid metabolism. Thus, in phenylketonuria, 
there is a marked increase in the excretion of phenylpyruvic acid (161), 
arising from phenylalanine, and indolepyruvic acid (162), arising from 
tryptophan. Reports that the excretion of p-hydroxyphenylpyruvic acid 
(p-HPPA), a metabolite of tyrosine, may be abnormally high in pre
mature infants on a high protein diet, in both children and adults with 
scurvy, in hepatic disease, in tyrosinosis, and in developmental retarda
tion have been reviewed by Menkes (159). In the glycinuria with de
velopmental retardation reported by Childs (102), urinary acetoacetic 
acid was found to be markedly elevated along with a neutral carbonyl 
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fraction containing acetone, methyl ethyl ketone, an unknown pentanone, 
and possibly acetaldehyde (159). 

Perhaps the most clear-cut example of ketoaciduria associated with 
abnormal amino acid metabolism is maple-syrup urine disease (163, 
164), first reported by Menkes in 1954 (165). This is a disease of infants 
characterized by (1) disturbances of the central nervous system and 
mental retardation, (2) urine with an odor of maple syrup, (3) ab
normally high urinary levels of the branched-chain keto acids: a-keto-
isocaproic, α-ketoisovaleric, and a-keto-j8-methyl-n-valeric acids, and 
(4) abnormally high plasma and urinary levels of the corresponding 
branched-chain amino acids: leucine, valine, and isoleucine, and pos
sibly alloisoleucine. The last point indicates that the aminoaciduria is of 
the overflow type, which results from an accumulation of these amino 
acids in the body. The accumulation is believed to be due to a defect in 
the oxidative decarboxylation of the keto acids arising from leucine, 
valine, and isoleucine, and possibly methionine. Levels of 50 mg/day 
and more of α-ketoisocaproic acid have been found in the urine of 
maple-syrup urine disease, whereas normal values are generally about 
3 mg/day (164). Other metabolite abnormalities which have been noted 
are a low plasma cystine level coincident with a high plasma methio
nine level and increased urinary indolelactic and indoleacetic acids. The 
excretion of α-hydroxy acids arising from the corresponding branched-
chain amino acids has also been reported, but this is generally regarded 
as a clinical variant of the disease (22), sometimes called the Smith-
Strang syndrome or Oasthouse disease. The cause of the odor has not 
been clearly established. Menkes (159) has suggested the odiferous sub
stance to be a derivative of α-hydroxybutyric acid which could arise 
from an impairment in the oxidative decarboxylation of a-ketobutyric 
acid, which he claims to be present in maple-syrup urine disease. 

C. Methodology 
The free, naturally occurring α-keto acids, including those arising 

from amino acid metabolism, are fairly unstable compounds, a factor 
which has presented problems in their detection, identification, and 
quantitative determination. Relatively few paper chromatographic 
studies have been made with the free α-keto acids directly because of 
their instability in isolation procedures and the necessity of using rela
tively large amounts of these acids for their determination. For this 
reason, it has been found best to convert the α-keto acids of blood and 
urine to their more stable 2,4-dinitrophenylhydrazones (DNPH) which 
can then be separated by paper chromatography, eluted, and measured 
colorimetrically (166-168). However, this procedure presents some 
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further problems. For example, certain DNPH derivatives have similar 
chromatographic characteristics which may make identification difficult. 
Moreover, a single DNPH derivative may, on occasion, give rise to two 
spots on a one-way chromatogram or four spots on a two-way chroma
togram. This has been shown to be due to the formation of syn- and 
anft'-hydrazones (169, 170). To overcome these difficulties, it was found 
desirable to transform the α-keto acid hydrazones (by hydrogenation) 
to the corresponding α-amino acids (171, 172) which could then be 
separated by paper chromatography and determined with a ninhydrin 
spray. This technique works well with the α-keto derivatives of most 
α-amino acids except cysteine (173). Then, too, in some cases, a single 
keto acid hydrazone has been found to give rise to more than one amino 
acid on hydrogenation, a complication, however, which can soon be recog
nized and does not present serious difficulties (173). Despite its minor 
limitations, the hydrogenation technique is regarded as an important 
development and is currently used in studies dealing with α-keto acids. 

In practice, the general procedure for the determination of the α-keto 
acids is as follows. Urine or blood (5-10 ml) is first deproteinized with 
10% sodium tungstate (168) or 5% metaphosphoric acid (174r-176); tri
chloroacetic acid is not recommended (176). The deproteinized sample 
is then treated with a 0.5% solution of 2,4-dinitrophenylhydrazine (DNP) 
in 2 Ν HC1. The DNPH derivatives precipitate out as yellow-orange 
crystals at room temperature in 30 minutes to 1 hour. The DNPH com
pounds are extracted into a suitable organic solvent or solvent mixture, 
e.g., ethyl alcohol (166, 177), ether (178), or a mixture of chloro-
form/ethanol (80/20) (168). For the DNPH derivatives of the higher 
keto acids (e.g., those of leucine, valine, and isoleucine), benzene is 
recommended as the solvent of choice (179). The organic solvent extract 
is next extracted with IN sodium carbonate (166, 168, 177) or am
monium hydroxide (178). The keto acid-DNPH derivatives pass into 
the alkaline aqueous solution, leaving behind the neutral carbonyl-DNPH 
derivatives and excess DNP reagent. The alkaline aqueous solution 
containing the keto acids in the form of sodium or ammonium salts is 
acidified (without delay, to prevent degradation of DNPH in alkaline 
solution) to Congo Red with 5 Ν HC1. The liberated keto acid-DNPH 
acids are extracted once again into fresh organic solvent (same as used 
previously) which is then concentrated to a volume suitable for paper 
chromatography. Of the many solvent systems tried, Smith and Smith 
(174) recommend only three: (1) n-butanol/ethanol/water (70/10/20), 
(2) n-butanol/ethanol/0.5N NH 4 OH (70/10/20), and (3) isopropanol/ 
water/NH 4OH (200/20/10). The keto acid-DNPH derivatives are 
located on the paper by their intrinsic yellow color or under ultra-
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violet light (Wood's light). The lower limits of detectability are be
tween 2-5 μg (168). For quantitation, the spots may be eluted with a 
2.5 Ν NaOH-10% N a 2 C 0 3 solution and read colorimetrieally at 520 τημ 
no later than 15 minutes after the addition of the alkali. 

When conversion of the keto acid-DNPH compounds to amino acids 
is desired, a portion of the chloroform-ethanol extract used for chroma
tography is evaporated to dryness, made up in aqueous solution, and 
subjected to hydrogenolysis. Reduction can be effected with hydrogen 
and platinum oxide (158) or by means of an electrolytic desalting ap
paratus (180). The resulting amino acids are chromatographed and 
located with a ninhydrin spray in the usual way. 

For detailed procedures for the determination of α-keto acids, the 
reader is referred to the excellent review by Neish (181) and articles by 
Seligson and Shapiro (168), Meister and Abendschein (173), Smith and 
Smith (174), Menkes (158), and Dent and Westall (180). 

I V . PHENOLIC COMPOUNDS AS ABNORMAL METABOLITES 

Urinary phenols are generally stated to arise from the metabolism of 
the aromatic amino acids. Tyrosine is primarily the major source, al
though phenylalanine and tryptophan may be involved. In the body, the 
urinary phenols may originate from three sources: (1) bacterial activity 
in the gastrointestinal tract (bacterial origin), (2) intermediary tissue 
metabolism or tissue destruction (endogenous origin), and (3) dietary 
intake (exogenous origin). Chemically, the urinary phenols may be 
classified into three major groups: (a) neutral (volatile, free and con
jugated) phenols (182, 183), (b) phenolic acids (free and conjugated) 
(182-185), and (c) phenolic amines (free and conjugated) (183, 186). 
(The phenolic steroids will not be considered here.) The neutral phenols 
(e.g., p-cresol and phenol) are thought to be produced chiefly by intes
tinal bacteria (8, 183, 187-190), although it is possible that they may 
arise also from endogenous (8, 191, 192) or exogenous sources (8). A 
number of the phenolic acids, e.g., p-hydroxyphenylacetic acid, p-hydroxy-
benzoic acid, etc., and the phenolic amines, e.g., p-tyramine, metaneph-
rine, are believed to be primarily of endogenous origin (183), although 
here again diet and intestinal bacteria are known to play a role in their 
over-all production (184-186). The metabolic origin of the urinary 
phenols is shown in Fig. 2. 

A. Normal Urinary Excretion of Phenolic Compounds 
Normal urine contains all three classes of phenolic compounds, i.e., 

neutral phenols, phenolic acids, and phenolic amines which together com
prise the total phenolic content of urine. Values reported for the "total 
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phenol" excretion in 24 hours are apt to vary significantly, depending on 
the method employed and the standard used for comparison. Earlier 
workers (189, 190) found the daily total phenol excretion in normal 
urine to be between 200-500 mg, of which 30-90% may be in the free 
state. However it is generally recognized that this range of values in
cludes many nonphenolic substances such as imidazoles. Lower values 
were reported by Deichmann and Schafer (193) and Schmidt (194). 
Values within the above range are apparent from the data of Volterra 
(182), Swendseid et al. (195), and Rogers et al. (183). For example, the 
oft-quoted data of Volterra (182) for normal daily urinary excretion 
values are: volatile phenols (phenol standard) =20-70 mg, chiefly in 
conjugated form, with only 0.2-0.45 mg% in free form; aromatic hy
droxy acids, i.e., phenolic acids (p-hydroxyphenylacetic acid standard) 
— 50-90 mg, of which according to Schmidt (194) one-third are con
jugated and two-thirds are in the free form; (Cresidual phenols," including 
phenolic amines (?), etc. = 156-503 mg; and total phenols = 260-636 
mg. However, in a very recent study with children, Barness et al. (196) 
again have reported an appreciably lower range of values. 

As is obvious from the foregoing paragraph, total urinary phenols 
may be separated into three or four component fractions, depending on 
the method of determination used (182, 183, 195, 196). Generally, three 
fractions are obtained after acid hydrolysis and extraction with ether 
(183, 195). These are: (a) an ether-insoluble fraction containing tyrosine 
and the phenolic amines (e.g., tyramine and epinephrine metabolites), 
(b) an ether-soluble fraction extractable with sodium bicarbonate solu
tion and containing the aromatic hydroxy acids (e.g., p-hydroxyphenyl-
acetic acid, p-hydroxyhippuric acid), and (c) an ether-soluble fraction, 
insoluble in sodium bicarbonate solution, but soluble in sodium hydroxide 
solution and containing the volatile phenols (e.g., p-cresol and phenol). 
Daily excretion values for total phenols and the various fractions vary 
considerably in different individuals, but are relatively constant in a 
given individual (195). 

Values for normal blood phenols in mg/100 ml as reported by Hous
say (197) are: total = 1.82, free = 1.59, and combined — 0.23. On the 
other hand, Deichmann and Schafer (193) have reported a much lower 
range for total blood phenols (0.0-0.08 mg/100 ml). 

1. Neutral Phenols in Normal Human Urine 
The neutral (volatile) phenols of normal human urine are primarily 

p-cresol and phenol. Traces of catechol and quinol have also been 
reported. These phenols are excreted chiefly as glucuronide or sulfate 
conjugates and to a very small extent as free phenols. Glucuronide con-
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jugation predominates when the level of the excreted phenol is high (8). 
Although the urinary excretion values for these compounds are not 
clearly established, Williams (8) has summarized the available data as 
follows: phenol, 8-13 mg/24 hr (average 10) (198); p-cresol, 65-117 
mg/24 hr (average 87) (198); catechol 4.5 mg/24 hr, no range given 
(199); and quinol, normally absent, but found after intake of smoked 
meat or fish (199). Approximately 90% of the volatile urinary phenolic 
fraction is p-cresol (198). Oral antibiotics markedly reduce the neutral 
phenols in urine, a finding which attests their origin to be chiefly from 
intestinal bacteria (183). 

2. Phenolic Acids in Normal Human Urine 
A large number of phenolic acids are known to be excreted in human 

urine (8, 184). Many of these are excreted in the free form, a number as 
glycine conjugates, and some, to a lesser extent, as glucuronide and 
sulfate conjugates. In several instances methylation of the phenolic group 
occurs (e.g., homovanillic acid and vanilmandelic acid). Armstrong et al. 
(184, 200, 201) working with unhydrolyzed urine found 43 phenolic acids 
of which 23 were identified and found to include all three possible 
(para-, meta-, and ortho-) derivatives. The most prominent of these 
acids were p-hydroxyphenylacetic, (—)-β-m-hydroxyphenylhydracrylic 
acid, m-hydroxyhippurie, p-hydroxyhippuric, homovanillic, and p-hy-
droxymandelic acids. Their excretion range was estimated to be approx
imately from 2-25 mg/24 hr. The p-hydroxy acids are believed to arise 
from p-tyrosine and the o-hydroxy acids by additional hydroxylation of 
the p-hydroxy acids. The m-acids are believed to be primarily of dietary 
origin. Coffee and its extractable compounds (chlorogenic acid and caffeic 
acid) have been shown to be the precursors of urinary m-hydroxyhippuric 
acid and more than ten additional phenolic acids, including ferulic acid 
and its derivatives (202). Flavonoids have also been found to give rise 
to phenolic acids in urine (203). The importance of diet in the urinary 
excretion of phenolic acids was amply demonstrated by von Studnitz 
et al. (204) who placed normal human subjects on a glucose diet for a 
period of 3 days. On such a diet, the urinary phenolic acids were re
duced from a total number of twenty to ten. Assuming that the phenolic 
pattern during the glucose diet was not influenced by intestinal bacteria, 
the remaining ten were then considered to originate entirely from endog
enous sources. These phenolic acids were: p-hydroxyphenylacetic acid, 
m-hydroxyhippuric acid, 3-methoxy-4-hydroxyphenylacetic acid (homo
vanillic acid), p-hydroxymandelic acid, 3-methoxy-4-hydroxymandelic 
acid (vanilmandelic acid), m-hydroxyphenylacetic acid, p-hydroxyben-
zoic acid, o-hydroxyphenylacetic acid (?), and probably o-hydroxyhip-
puric acid. The tenth acid could not be identified. The metabolic pre-
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cursors of these acids are known to be ρ-, m-, and o-tyrosine and 
3,4-dihydroxyphenylalanine (dopa). Important examples are vanilman-
delic acid which arises from tyrosine via norepinephrine (205), and 
homovanillic acid which arises from dopa via dopamine (205a). 

3. Phenolic Amines in Normal Human Urine 
The phenolic amines in human urine exist in both the free and con

jugated forms. The concentration of these amines in blood and tissues is 
so small as to render their detection and measurement difficult. They 
are rapidly destroyed by monoamine oxidase and other enzymes, but 
small amounts are excreted and can be detected in the urine. The best 
known of these are the catecholamines epinephrine, norepinephrine, and 
their respective metabolites (206, 206a). Very recently, three detailed 
studies dealing with urinary phenolic amines in human urine have 
appeared. Kakimoto and Armstrong (186) have reported the occurrence 
of some 14 such amines, of which the following 9 were definitely identi
fied: normetanephrine, metanephrine, p-tyramine, m-tyramine, 3-meth-
oxytyramine, p-hydroxybenzylamine, p-sympathol, vanillylamine, and 
octopamine. The most prominent of these were p- and m-tyramine (ex
cretion range per 50 mg urinary creatinine: free, 1-5 jug; conjugated, 
2-4 /Ag) . The conjugated amines occurred primarily as sulfates, not as 
glucuronides. Smith (207) listed 9 urinary phenolic amines which also 
included o-tyramine and iV-methylmetanephrine as detectable in human 
urine. Perry et al. (208, 209) identified 26 amines in normal human 
urine, of which 16 were aromatic and heterocyclic amines similar to those 
found by Kakimoto and Armstrong (186). The phenolic amines which 
are considered to be primarily of endogenous origin are: normetaneph
rine, 3-methoxytyramine, metanephrine, octopamine, and p- and m-
tyramine (186). The first two of these are also known to occur in some 
foods, as are also p-hydroxybenzylamine, p-sympathol, and vanillylamine 
(186). Of all the amines studied, Armstrong could demonstrate only m-
tyramine to be definitely formed by intestinal bacteria in the gut (186). 

B. Abnormal Urinary Excretion of Phenolic Compounds 
The abnormal urinary excretion of phenolic compounds has been 

observed in a variety of diseases, genetic disorders, and metabolic dis
turbances. The exact relationship of the phenolemia and phenoluria to the 
pathological disturbance is not always clear since the increase may be 
due to dietary intake (protein), bacterial putrefaction accompanying 
intestinal stasis, metabolic disturbances in tissue metabolism, and/or 
tissue destruction. As an example the case of the neutral phenols dis
cussed below may be cited. 
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1. Abnormal Excretion of Neutral Phenols 

Volterra (182) has reported on the occurrence of the neutral (volatile) 
phenols (p-cresol and phenol) in the urine of a number of pathological 
conditions. These phenols were found to be increased in infectious dis
eases, the highest in cases of tuberculosis. Increases were also observed in 
cancer, HodgkhVs disease, and subacute leukemias. Volterra (182) also 
found the free volatile phenols in the urine of a case of terminal uremia 
to be abnormally high. In this connection, it has been suggested that the 
neutral phenols may be the cause of uremic symptoms since these 
phenols are said to be increased in the blood of uremia (210). However, 
Olsen and Bassett (211) were able to correlate an observed rise in blood 
phenols from 0.78 mg% (normal mean) to 2.36 mg% (uremic mean) 
only with primary renal disease in uremia, but not with other uremic 
symptoms, such as central nervous system depression, gastrointestinal 
symptoms, or elevated blood pressure. 

2. Abnormal Excretion of Phenolic Acids 
The urinary phenolic acids have been reported to be increased in 

pernicious anemia (195); in scurvy (26, 27); in hepatic disease (212); 
in collagenous disease (213); in adult tyrosinosis (214); in alcaptonuria 
(3); in metabolic disorders of children such as phenylketonuria (34), 
developmental retardation related to an abnormality of tyrosine metab
olism (215), galactosemia (216), infantile tyrosinosis (216), and certain 
convulsive disorders (216); in schizophrenia (217, 218); in pheochromo-
cytoma (205); in neuroblastoma (219, 220); and in surgical stress (220). 
In pernicious anemia, scurvy, and hepatic disease, the phenolic acids 
which are abnormally increased in the urine are primarily p-hydroxy-
phenylpyruvic (p-HPPA), p-hydroxyphenyllactic (p-HPLA), and p-
hydroxyphenylacetic (p-HPAA) acids. (The first two of these acids, 
i.e., p-HPPA and p-HPLA, are not ordinarily found in normal urine.) 
All three acids were markedly increased in the case of developmental 
retardation related to an abnormality of tyrosine metabolism. In this 
case as much as 600 mg of p-HPPA were excreted per day (215). Both 
p-HPPA and p-HPLA were elevated in galactosemia and infantile 
tyrosinosis (216). In 2 out of the 3 cases of infants with convulsive dis
orders, a greatly increased excretion of p-hydroxyphenylpropionic acid 
was observed. (This acid is also not normally excreted in man.) Adult 
tyrosinosis is characterized by the urinary excretion primarily of p-
HPPA, and alcaptonuria is characterized by the excretion of the ab
normal metabolite homogentisic acid (2,5-dihydroxyphenylacetic acid). 
Recently, 2,5-dihydroxyphenylpyruvic acid was reported to occur in the 
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urine of patients with collagenous diseases, but not in healthy controls 
(213). Claims of increased phenolic acid excretion in schizophrenia (217, 
218) are questionable (221). 

In phenylketonuria (PKU), the most important phenolic acid ex
creted in the urine is o-hydroxyphenylacetic acid (o-HPAA) which rises 
to a level of 100-400 mg/gm of creatinine (normal value = 1 mg/gm 
creatinine) (34). o-HPAA is directly related to the concentration of 
phenylalanine in the blood. Its detection and estimation is one of the 
most sensitive and specific tests for PKU. Other phenolic acids detected 
in PKU are p-HPPA, p-HPLA, and p-HPAA. These are generally 
present in small amounts and arise secondarily from tyrosine metab
olism. Diagnostically, PKU is most quickly determined by the FeCl 3 

test for phenylpyruvic acid. For crucial cases additional chemical tests 
are made, namely measurement of the phenylalanine concentration in 
the plasma or serum and the detection and measurement of the o-HPAA 
concentration in the urine (222, 223). Urinary phenylalanine determina
tions are of little value because of difficulties with PKU patients in 
regard to dietary regimen and urine collection. 

The excretion of the two urinary phenolic acids vanilmandelic acid 
(VMA) and homovanillic acid (HVA), both resulting from catechol
amine metabolism, is known to be abnormally increased in certain 
clinical states. The level of urinary VMA is increased in pheochromo-
cytoma (205), in neuroblastoma (219, 220), and in surgical stress (220). 
Diagnostic tests for the first two of these conditions involve the urinary 
estimation of VMA as well as the catecholamines (224, 225). In 
pheochromocytoma, urinary VMA levels may rise to as much as 60 
mg/24 hr from a normal range of 0.5-3 mg/24 hr (9). Recently, HMA 
as well as VMA has been found to be increased in surgical stress and 
neuroblastoma, but not in pheochromocytoma (220, 226). I t is of interest 
in this connection that the amount of dopamine is known to be high in 
sympathetic nervous tissue and low in the adrenal medulla. This 
observation then suggests a potentially useful biochemical distinction 
between these two types of tumors (226). 

3. Abnormal Excretion of Phenolic Amines 
The phenolic amines are of interest as abnormal metabolites primarily 

because of the well-known increased excretion of the catecholamines 
(epinephrine, norepinephrine, and their metabolites, etc.) in pheochromo
cytoma (9, 206, 206a), in ganglioneuroblastoma (227), and after the 
administration of monoamine oxidase inhibitors (228). Patients with 
pheochromocytoma may excrete total catecholamines as much as 4000 
μg daily (normal range = 15-150 /xg/24 hr) (9). With monoamine oxidase 
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inhibitors, a 2-fold increase in urinary metanephrine has been observed 
(228). Urinary output of catecholamines may also be influenced by a 
variety of conditions as summarized by Straus and Wurm (206). These 
include: diet (bananas), physical stress, emotional stress, psychiatric 
disorders, insulin hypoglycemia, thyrotoxicosis, Cushing's disease, cor
onary thrombosis, and renal disease. In recent years, much has been 
written about the possible relationship of the catecholamines to emotional 
stress (10-12) and to psychiatric disorders in particular, especially 
schizophrenia (229-231). Their role, however, particularly with respect 
to schizophrenia, is still a matter of controversy. Of current high interest 
is the amine 3,4-dimethoxyphenylethylamine which was originally 
claimed to be found in the urine of schizophrenic patients, but not in 
normal subjects (232). Very recent work has revealed its presence in the 
urine of normal subjects as well (233, 234), although the frequency of 
occurrence was much greater in the schizophrenic group (233, 234). 

C. Methodology 
The large number and wide variety of phenolic compounds found in 

human urine poses many problems in the detection, isolation, identifica
tion, and estimation of these compounds. Much of the early work 
revolved around the development of colorimetric procedures involving, 
for example, the p-nitroaniline, Millon, Folin-Ciocalteu, reagents. This 
aspect has been thoroughly reviewed by Deichmann and Schafer (193) 
and Volterra (182). 

Later workers were concerned with the fractionation of urinary 
phenols into categories having similar functional groups, e.g., neutral 
phenols, phenolic acids. [See the review of Bray and Thorpe (235).] 
Frequently involved were acid hydrolysis, steam distillation, or extraction 
with ether or ethyl acetate (235). Advantage was often taken of the fact 
that the neutral phenols (phenol and p-cresol) can be quantitatively 
extracted into ether from aqueous solutions at mildly alkaline pH 
(pH 7.8-10.5), whereas the phenolic acids cannot. Both categories of 
compounds, however, are extractable into ether at acid pH (pH 3 or 
below) (194). Conversely, techniques have been used based on the fact 
that phenolic acids are extracted into aqueous solution from ether at 
mildly alkaline pH (NaHC0 3 solution), whereas the neutral phenols 
require a stronger degree of alkalinity (NaOH solution) (183, 195). Hy
drolysis has been used to release the free phenols from their conjugates. 
Mild acid hydrolysis (IN HC1 for 15 minutes at 100°C) liberates 
phenols from ethereal sulfates; strong acid hydrolysis (5Ν H 2 S 0 4 for 
1 hour at 100°C) is necessary to hydrolyze the ether glucuronides (236). 
A very recent fractionation technique along these lines is that of Bar-
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ness et al. (196). Four fractions were obtained with urine from children 
by this method: (a) "free phenol" fraction (5.8 ± 3 . 0 mg/24 hr), ob
tained by adjusting urine to pH 8 and extracting with ether; (b) 
phenolic acid fraction (29.5 ± 14.5 mg/24 hr), obtained by adjusting 
the residual urine to pH 1 and extracting with ether; (c) conjugated 
phenolic acid fraction (48.5 ±31 .0 mg/24 hr), obtained by hydrolyzing 
the residual urine at pH 1 with 1 Ν H 2 S 0 4 for 1 hour and extracting with 
ether; and (d) residual hydrolyzed aqueous urine fraction (35.0 ± 18.3 
mg/24 hr), not extracted, containing, presumably, tyrosine-like material. 
Total phenols excreted were 83.8 ± 45.0 mg/24 hr (excluding the residual 
hydrolyzed urine fraction). According to the authors, this technique can 
also be used as a preparative procedure for paper chromatography. I t 
should be noted that the "free phenol" fraction of Barness et al. (196) 
may contain small amounts of phenolic amines as well as the "free 
volatile phenols" of Volterra (182) which are obtained by steam distil
lation of urine made slightly alkaline. 

Modern methods of analysis of urinary phenols are directed at the 
separation, identification, and estimation of the individual phenolic 
compounds. Most frequently, the method of choice is paper chromatog
raphy (184-186, 207, 208, 237-239). (This aspect is discussed in greater 
detail below.) To remove interfering substances prior to paper chroma
tography, column chromatography may often be used. For example, in 
one method of analysis of phenolic acids, an ether extract of acid-
hydrolyzed urine is evaporated to dryness, dissolved in methanol, ad
sorbed on a column of a weakly basic ion-exchange resin (De-Acidite 
E) , eluted with a dioxane-H 2S0 4 solution, and extracted into a suitable 
solvent mixture for application on the paper chromatogram (240). High-
voltage paper electrophoresis has been employed in the analysis of 
urinary phenols with satisfactory results (145, 147, 148a). Thus, good 
separation of many phenolic acids from ether or ethyl acetate extracts of 
urine has been obtained with pyridine-acetic acid buffer (pH 5.3) in 30 
minutes (145). According to Randerath (154), thin-layer chromatography 
and thin-layer electrophoresis are very recent techniques which offer 
potentially useful methods for consideration. Finally, rapid and accurate 
methods, utilizing gas-liquid chromatography (GLC), especially for the 
analysis of aromatic acids and amines, are now in a stage of refined 
development. For an informative recent review in this connection, see 
that of Sweeley (241). 

1. Methods for Neutral {Volatile) Phenols 
The simple, neutral phenols of human urine are chiefly phenol and 

p-cresol. In normal urine, they exist chiefly in the conjugated form, 
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the average excretion in the free form being almost negligible, e.g., 0.3-
0.64 mg/24 hr (182, 194). After acid hydrolysis, they exist only in the 
free form and are volatile. Hence they have often been called the 
"volatile phenols." The total volatile phenol fraction of urine consists 
primarily of p-cresol (90%) (198). 

Both phenol and p-cresol in urine can be determined simultaneously 
by the differential, colorimetric method of Schmidt (198). This involves 
acid hydrolysis of urine, separation from interfering substances by the 
alkaline (pH 8) steam distillation method of Volterra (182) or the pH 
10-ether extraction method of Schmidt (194), and estimation of both 
phenol and p-cresol separately with two different colorimetric reagents, 
the Folin-Ciocalteu reagent and the Pauly reagent. By the use of 
chromogenic power ratios and simultaneous equations, the final esti
mations are made. 

More recently, Tompsett (242) has estimated the p-cresol content of 
urine by a specific reaction for pam-alkylated phenols. This method 
utilizes the reagent l-nitroso-2-naphthol with nitric acid at 60°C and a 
stabilizing solution containing small amounts of NaCl and FeCl 3 to 
prevent the fading of color. Paper chromatography may be used in this 
analysis. The p-cresol values of normal urine obtained by this method 
were found to range from 40-63 mg/day, a range similar to that reported 
by Volterra (182). 

2. Methods for Phenolic Acids 
Recent methods for the analysis of phenolic acids in urine utilize 

paper chromatography to a large extent. Generally, a preliminary ex
traction is made with ether or ethyl acetate before application to the 
paper chromatogram. Earlier workers routinely used acid hydrolysis to 
liberate the free phenolic acids prior to this extraction. In this regard, 
see the review of Bray and Thorpe (235). 

In 1956, Armstrong et al. (184) published a method (now widely 
accepted) using unhydrolyzed urine since it was found that certain 
phenolic acids were labile to acid hydrolysis and that most of the 
conjugated phenolic acids of urine could be extracted into organic 
solvents without a preliminary hydrolysis. In this procedure, urine was 
acidified to pH 1-2, saturated with NaCl, and extracted with ethyl 
acetate which in turn was extracted with 10% N a H C 0 3 solution. The 
NaHC0 3 solution was then reacidified to pH 1-2 with HC1 and re-
extracted with fresh ethyl acetate in small portions. For chromatography, 
an amount of ethyl acetate extract equivalent to 1 mg of urinary cre
atinine was generally applied to the paper. The solvent pairs used for 
two-way chromatography were: first, isopropyl alcohol/aqueous am-
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monia/water (8/1/1), and second, benzene/propionic acid/water (2/2/1, 
organic phase). The detecting spray reagents were diazotized sulfanilic 
acid or diazotized p-nitroaniline. 

Ivor Smith in his 1960 review (237) also recommended the use of 
unhydrolyzed urine. When hydrolysis is necessary, he suggests hydrolyz-
ing the ether or ethyl acetate extract rather than the original urine, since, 
in the latter case, urea condenses with benzoic and other acids to form 
hydantoins which can interfere with subsequent chromatography. The 
use of various solvent systems, location reagents, and urinary extraction 
techniques are discussed in considerable detail. The solvent systems of 
Armstrong et al. (184) are especially recommended. As spray reagents, 
diazotized sulfanilic acid and diazotized p-nitroaniline are valuable for 
monohydroxyphenols, but not dihydroxyphenols. The latter compounds 
can be located with the relatively unspecific AgN0 3 and FeCl 3 reagents. 
Substituted hippuric acids can be detected by the highly specific aroyl-
glycine reagent (Altaian's reagent). For other detailed procedures on 
technique, the reader is referred to the exhaustive studies of Smith 
et al. (238), Reio (243), and McGeer et al. (239). 

Recently, Tompsett (185) has studied those phenolic acids found in 
urine which are stable to hot acid hydrolysis, i.e., refluxing with 5 Ν 
HC1 for 1% hours. By utilizing the paper chromatographic method of 
Armstrong et al. (184), six phenolic acids could readily be identified. 
These were p-hydroxyphenylacetic, o-hydroxyphenylacetic, p-hydroxy-
benzoic, m-hydroxybenzoic, vanillic, and homovanillic acids. Quantitation 
of colored spots was achieved by eluting for 2 hours with 10 ml of 50% 
aqueous methanol. In an earlier paper, Tompsett (242) evaluated the 
use of the Folin-Cioealteu reagent, the Gibbs reagent, the l-nitroso-2-
naphthol reaction, and the Ehrlich reagent in the determination of 
phenolic substances in urine. Certain procedures involving paper chroma
tography were developed in an attempt to increase the specificity of 
these reactions. 

3. Methods for Phenolic Amines 
Systematic methods for the analysis of phenolic amines in human 

urine have only recently become available (186, 207-209). The method 
of Kakimoto and Armstrong published in 1962 (186) utilizes ion-
exchange adsorption followed by two-dimensional chromatography. Urine 
is first passed through an ion-exchange column packed with the pre
viously conditioned resin Dowex 50-X2 (100 to 200 mesh) and washed 
with water. The initial effluent and washings contain the conjugated 
amines which are not adsorbed on the resin column. The column is then 
washed with 0.1 Ν sodium acetate and water, a step which removes 
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most neutral and aliphatic basic compounds, but leaves the aromatic 
amines adsorbed on the resin. The aromatic amines are eluted with 1 Ν 
NH 4 OH in 65% ethanol, evaporated to dryness, dissolved in 95% 
ethanol, and again evaporated to dryness. The dried extract is finally 
made up in a small volume of 70% ethanol for paper chromatography. 
The fraction containing the conjugated amines is hydrolyzed with HC1 
(pH 1 for 30 minutes on a steam bath), neutralized to pH 5, and pre
pared, as above, in 70% ethanol solution. 

For paper chromatography, a volume of extract equivalent to 50 mg 
of urinary creatinine is applied to the paper chromatogram. (In contrast, 
the equivalent of 1 mg of urinary creatinine is used for phenolic acids. 
See Section IV,C,2.) The large amount is necessary since the phenolic 
amines are present in urine in very small amounts. Ascending chromatog
raphy is used with the following solvent systems: first, n-butanol/acetic 
acid/water (4/1/1), and second, isopropyl alcohol/aqueous ammonia/ 
water (8/1/1). For routine screening, the most useful detecting reagent 
is diazotized p-nitroaniline which is highly sensitive and gives a variety 
of colors with the different amines. With this reagent as little as 0.2 
jug of most phenolic amines can be detected. Exceptions are p-tyramine 
and 3-methoxytyramine which require 1 jug for detection. 

With respect to general separation by paper chromatography of 
phenolic amines in human urine, Smith (207) has stressed the importance 
of using the following pairs of solvent systems: first direction, (A) ter
tiary amyl alcohol/17% aqueous methylamine (4/1); second direction, 
either of the following two solvent systems: (B) secondary butanol/ 
aqueous pyridine-acetic acid buffer pH 4 (4/1) or (C) nitroethane/70% 
aqueous acetic acid (9/4). Although some anomalies were noted, the 
resolution of the urinary phenolic amines is stated to be "enormously 
improved" over the commonly used solvent pairs of other workers, such 
as isopropanol/ammonia and ,η-butanol/acetic acid, respectively. 

In 1963, Perry and Schroeder (208) published an exhaustive study 
of the occurrence of amines (including phenolic amines) in human urine. 
Here again column chromatography was used, initially, followed by 
paper chromatography. Two ion-exchange resins were used, Amberlite 
CG-50, type 2, and Amberlite CG-120, depending on the chemical nature 
of the amines studied. Amberlite CG-50, type 2, a weakly acidic car-
boxylic acid-type cation-exchange resin, was used for the chromatog
raphy of aromatic monoamines and aliphatic diamines. Amberlite CG-
120, a strongly acidic sulfonic acid-type cation-exchange resin, was used 
for the chromatography of aliphatic monoamines. Effluents obtained 
from chromatography were tested with ninhydrin and pooled into two 
categories: a ninhydrin-positive pool and a ninhydrin-negative pool. 
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Each of the pools was then evaporated to dryness, dissolved in a small 
volume of methanol, and subjected to paper chromatography as de
scribed in a preceding paper (209). A variety of solvent systems and 
detecting sprays were used. By this method, about 40 amines were 
regularly found in human urine. Of this total, 26 amines were identified. 

4. Methods for Specific Phenolic Metabolites of Special Interest 
At least two phenolic acids (o-hydroxyphenylacetic acid and vanil-

mandelic acid) and two phenolic amines (metanephrine and normeta-
nephrine) are currently of major interest as abnormal metabolites. 
o-Hydroxyphenylacetic acid is characteristically found at high levels in 
the urine of PKU as discussed in Section IV,B,2. I t can be determined by 
the method of Armstrong et al. (34) involving ethyl acetate extraction 
and paper chromatography, essentially by the same procedure as Arm
strong's general method (184) described in Section IV,C,2. The ac
curacy of this method was found to be ±10%. Urinary vanilmandelic 
acid (3-methoxy-4-hydroxymandelic acid) is increased in pheochromo
cytoma, neuroblastoma, ganglioneuroma, and surgical stress. However 
its use as a diagnostic test has been limited thus far by current methods 
which are prone to be time-consuming or nonspecific. The recent method 
of Pisano et al. (225) and its simplification by Connelian and Godfrey 
(244) would appear to overcome these objections. Essentially, the 
method involves four major steps: (a) extraction of the phenolic acids 
from urine, first at pH 1 into ethyl acetate, and then into 1 Μ K 2 C0 3 , 
(b) oxidation of the vanilmandelic acid in the carbonate solution to 
vanillin by sodium metaperiodate (NaI0 4 ) at 50°C for 30 minutes, 
(c) separation of the vanillin from the phenolic acids by extraction of 
the vanillin, first into toluene, and then back into 1M K 2 C 0 3 solution, 
and (d) estimation of vanillin by spectrophotometric absorption measure
ments at 360 mjui. Recoveries of 85% were claimed. A more recent method 
(245) uses cupric ion at pH 10 as the oxidizing agent; however, no sig
nificant advantages are claimed over the Pisano method. 

Urinary metanephrine and normetanephrine are now recognized as 
major metabolites of the catecholamines epinephrine and norepinephrine. 
Their levels have been found to be elevated in pheochromocytoma (206a). 
Detailed discussion of measurement of the parent metabolites, epineph
rine and norepinephrine, is presented in the Symposium of Catechol-
amines published in 1959 (246). More recently, methods have become 
available for the metanephrines. The metanephrines may be estimated by 
Pisano's simplified method (247) which is based on their oxidation by 
periodate to vanillin as in the procedure for vanilmandelic acid discussed 
previously. However, this method measures only total urinary metaneph-
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rines (i.e., free plus conjugated, normetanephrine and metanephrine), and 
its reliability is limited to the concentrations found in pheochromocy-
toma urines. Very recently, Smith and Weil-Malherbe (248), have 
described a much more sensitive method which permits the individual 
estimation of normetanephrine and metanephrine. This procedure involves 
hydrolysis of urine at pH 1, removal of interfering catecholamines by 
alumina, electrolytic desalting, incubation with sulfatase, adsorption of 
the amines on a cation-exchange resin (Amberlite CG 50, type 1), and 
elution with formic acid and water. Normetanephrine and metanephrine 
are differentiated by oxidizing separate samples of the eluate at differ
ent acidities (pH 8 for both amines and pH 3 for metanephrine). Esti
mation is made by a fluorometric method based on the trihydroxyindole 
reaction. Recoveries averaged 92% for metanephrine and 73% for nor
metanephrine. The specificity is claimed to be high. The limit of detec-
tability is stated to be 0.02 μg for metanephrine and 0.2 μg for nor
metanephrine. 

V . INDOLIC COMPOUNDS AS ABNORMAL METABOLITES 

Urinary indoles originate primarily from the metabolism of two 
amino acids, namely, tryptophan and tyrosine. Tyrosine is of minor 
importance. I t gives rise only to certain specific indoles, viz., 5,6-di-
hydroxyindole, the chromogen of melanuria, and possibly to adreno-
chrome (?) and adrenolutin (?). (The occurrence of the latter two 
compounds in urine is questionable.) Most of the urinary indoles, how
ever, arise from tryptophan as depicted in Fig. 3. For detailed discussion, 
see the recent reviews of Sprince (249, 250) and Rodnight (251). 

In the body, the urinary indoles, like the urinary phenols, may 
originate from three sources: (a) exogenous (diet), (b) bacterial (intes
tinal bacteria), and/or (c) endogenous (tissue metabolism or tissue 
destruction). Similarly, the urinary indoles may be classified into three 
major groups: (a) neutral indoles (free and conjugated), (b) indolic 
acids (free and conjugated), and (c) indolic amines (free and con
jugated). The neutral indoles (e.g., indole and skatole) are regarded as 
arising chiefly from intestinal or fecal bacteria. On the other hand, both 
the indolic acids (e.g., indoleacetic acid) and the indolic amines (e.g., 
tryptamine) are known to arise from all three sources of origin listed 
above (249-251). 

A. Normal Urinary Excretion of Indolic Compounds 
In contrast to the urinary phenols, only a few indoles are present in 

normal urine in appreciable amounts. However, a considerable number 
of all three classes of indole compounds have been reported in trace 
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FIG. 3. Metabolic pathways of indolic metabolites. HCT. Stim. = hydrocortisone stimulated. MAO = 
monoamine oxidase. ALD. DEH YD. = aldehyde dehydrogenase. IA-GA = indoleacetylglucuronide. IAM 
= indoleacetamide. IA-GLY = indoleacetylglycine. IA-GT = indoleacetylglutamine. 6-HSKS = 6-hydroxy-
skatole sulfate. NA = nicotinic acid. QA = quinolinic acid. PA = picolinic acid. Adapted from Sprince (250). 
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amounts. Urinary indole excretion has not generally been reported in 
terms of "total indoles excreted per day/ ' perhaps, because of the 
problem of the colorimetric measurement of indican (the major con
tributor) in relation to other indoles. With Ehrlich's benzaldehyde 
reagent (the general reagent most widely used for indoles) indican gives 
a brown color, whereas almost all other indoles give a blue color. From 
recent data compiled in the reviews of Sprince (249, 250) and Rodnight 
(251), the calculated value of the normal urinary total indole excretion 
would appear to range from 40-240 mg/24 hr. Of this total, roughly 
more than 75% is contributed by two compounds, indican (chiefly) and 
tryptophan (to a lesser extent). The measurable indoles ordinarily found 
in normal human urine are also summarized in the above reviews. The 
approximate mean excretion values of these indoles are: indican = 50 
mg/day, tryptophan (free) = 20 mg/day, tryptamine = 0.08 mg/day, 
indoleacetic acid (free) = 5 mg/day, indoleacetamide (derived from in-
doleacetylglucuronide) = 5 mg/day, 5-hydroxytryptamine = 0 . 1 mg/day, 
and 5-hydroxyindoleacetic acid = 5 mg/day. Two other indoles also 
usually found in normal human urine are iV-acetyltryptophan and in-
doleacetylglutamine, but established excretion values for these metab
olites are not yet available. A large number of other indolic compounds 
have been observed in normal urine with varying degrees of frequency 
and in very small amounts. These will be discussed in the next three 
sections which are devoted to a brief survey of the normally occurring 
urinary indoles by group classification. For detailed discussion and 
numerous references, the reader is referred to the above reviews of 
Sprince (249, 250) and Rodnight (251). 

1. Neutral Indoles in Normal Human Unne 
The three neutral indoles known to occur in normal human urine are: 

potassium indoxyl sulfate (indican), indoxylglucuronide, and 6-hydroxy-
skatole sulfate. All three of these urinary metabolites owe their ultimate 
origin chiefly to intestinal bacteria. The first two originate from indole; 
the third is from skatole. Indole and skatole arise from the action of 
intestinal bacteria on tryptophan. Both indole and skatole are absorbed 
and carried to the liver where they are believed to undergo hydroxylation 
and conjugation to form these urinary conjugates. Indican is the chief 
urinary indole. Most textbooks generally state its normal urinary excre
tion to be between 5-20 mg/day (252). Sharlit (253) claimed normal 
values to be 40-150 mg/day, a range recently confirmed by Marko and 
Reynolds (254) who found 32.0-142.2 mg/day. Jepson (255) reported an 
average normal value of 50 mg/day; this was confirmed by Curzon and 
Walsh (256) who also found a mean value of 48.2 ± 19.1 mg/day. In 
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the blood, serum indican levels vary from 0.02-0.2 mg/100 ml according 
to Kasanen (257). Indoxylglucuronide can be detected by paper chroma
tography (255); it occurs with varying degrees of frequency in normal 
urine. No data are available on its daily excretion. The compound 6-
hydroxyskatole sulfate (6-sulfatoxyskatole) also occurs in normal urine 
with varying degrees of frequency. (It is of interest because of its 
reported increased occurrence in frequency and amount in urine of 
schizophrenia. See Section V,B,1.) In the experience of this author (250, 
258), it is generally found only in about 30% of normal subjects and 
more frequently in the older age groups (250). Rodnight (251) did not 
find it to be related to smoking habits, bowel habits, or diet. He believes 
this compound to be formed by fecal bacteria which are regurgitated 
into the small intestine from the large intestine under conditions of 
abnormal intestinal motility. Normal urinary excretion values of 6-
hydroxyskatole sulfate reported as 6-hydroxyskatole are: 0-50 mg/24 
hr by Rodnight (251) and 38 ±: 5.3 /xg/100 mg of urinary creatinine by 
Sohler et al (259). 

2. Indolic Acids in Normal Human Urine 
As with the phenolic acids, a large number of indolic acids have 

been reported in human urine. Armstrong et al (260), using paper 
chromatography, described the chromatographic behavior of some 38 
such indolic acids, 10 of which were tentatively identified, and 6 of 
which were found to be compounds not previously known to occur in 
urine. I t should be emphasized, however, that these findings were based 
on the screening of more than 1000 specimens of both normal and 
pathological urines. More recently, Rodnight (251) has listed some 13 
indolic acids or conjugates thereof in normal urine. A number of these, 
however, are found only on variable occasions and generally in very 
small amounts. Actually, relatively few indolic acids are ordinarily 
found in normal human urine by paper chromatography. 

Three indolic acids are known to occur quite regularly in normal 
human urine in measurable amounts. These are tryptophan, indoleacetic 
acid, and 5-hydroxyindoleacetic acid. Upon occasion, other indolic acids 
also occur. 

a. Tryptophan (TRYP). TRYP occurs in both the free and bound 
forms as determined by the microbiologic method of Woodson et al 
(261); mean normal urinary values in mg/day are: free = 24.6, com
bined = 18.4, and total = 41.4. Three factors influence urinary TRYP 
levels: diet, utilization by intestinal bacteria, and tissue metabolism. 
iV-Acetyltryptophan, a TRYP metabolite frequently found in normal 
urine, is probably of dietary origin (coffee) (251). 
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b. Indoleacetic Acid (IA A). IAA also occurs in urine in both the free 
and bound forms; mean normal urinary values in mg/day calculated 
from the data of Weissbach et al. (262) are: free = 5.6, combined = 3.9, 
and total = 9 . 5 . Bound urinary IAA, in turn, exists in three forms: in-
dolylacetylglycine (IA-GLY), indoleacetylglutamine (IA-GT), and 
indoleacetylglucuronide (IA-GA). Ammonolysis of IA-GA during anal
ysis gives rise to indoleacetamide (IAM) which can be used as a 
measure of IA-GA levels in the urine. The pH of the urine determines 
the proportions of free and conjugated IAA in the urine. Free IAA 
predominates in alkaline urine; conjugated IAA predominates in acid 
urine. Urinary IAA can originate from diet, intestinal bacteria, or tissue 
metabolism. This section was summarized from the reviews of Sprince 
(249, 250). 

c. 5-Hydroxyindoleacetic Acid {5-HIAA). 5-HIAA is found in nor
mal human urine chiefly in the free form. The normal average urinary 
excretion value is 5.2 mg/day (263). Bound forms are known to exist 
since trace amounts of sulfate and glycine conjugates have been found 
in carcinoid urine. Dietary serotonin and the tissue metabolism of 
serotonin are the primary sources of 5-HIAA in human urine. Its origin 
from fecal bacteria is debatable (249-251). 

d. Other Indolic Acids. A number of less constantly observed indolic 
acids have been identified in normal human urine. These are indole-
formyl (indolecarboxylic) acid and its conjugates, indoleglycolic acid, 
and indoleacrylic acid. Their origin is probably primarily from intestinal 
bacteria, but diet and tissue metabolism may also play a role in their 
formation (251, 260). Details regarding their metabolic significance are 
meager; these are discussed by Rodnight in his 1961 review (251). 

3. Indolic Amines in Normal Human Urine 
Only two indolic amines (viz., tryptamine and serotonin) can ordi

narily be detected in normal human urine. They are present in exceed
ingly small amounts probably because they are so rapidly oxidized by 
tissues to their corresponding acids. Average normal urinary excretion 
values are: tryptamine = 0.08 mg/day (7, 264); serotonin = 0.1 mg/day 
(36). Diet and tissue metabolism are known to give rise to both urinary 
tryptamine and serotonin. Urinary tryptamine is also known to be 
formed from fecal bacteria, but the probability of urinary serotonin 
arising from such bacteria is questionable (249, 251). 

B. Abnormal Urinary Excretion of Indolic Compounds 
Abnormal indole metabolism has been reported in a wide variety of 

acquired disease states, genetic disorders, and metabolic dysfunctions. 
Foremost among these in recent years have been carcinoid disease (36), 
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mental illness (249), and diseases of mental retardation (265). In all 
three instances, urinary indoles have been studied in great detail, and 
often not without controversy, especially with respect to mental illness. 
An abnormal metabolism specifically related to tryptophan has also been 
claimed in diabetes (266), scleroderma (267), porphyria (268), cancer 
of the bladder (269), and rheumatoid arthritis (269a). The urinary 
metabolites involved in these latter studies are those of the kynurenine 
—nicotinic acid pathway of tryptophan metabolism. Although these 
compounds are not indoles (indeed some are o-aminophenols), they are 
generally included in discussions dealing with the indoles because of 
their origin from tryptophan. 

1. Abnormal Excretion of Neutral Indoles 
a. Indican. Textbooks in clinical chemistry (252) state urinary in

dican to be markedly elevated by conditions relating to tissue destruc
tion or to increased activity of fecal bacteria in the large intestine. Thus, 
increased indican excretion is observed in intestinal ulceration (e.g., 
tuberculosis, typhoid), in peritonitis, and in systemic infections (e.g., 
gangrene of the lung, empyema). Conditions conducive to increased 
activity of intestinal bacteria such as intestinal stasis or deficiency 
of protein-splitting enzymes also result in increased excretion of indican. 
Increased levels of urinary indican have been reported in diseases with 
mental symptoms, viz., in pellagra (280 mg/day), in Hartnup disease 
(100-400 mg/day), in phenylketonuria, in schizophrenia, and in a 
variety of other conditions, most notably glioma, depressions, achlor-
hydria, and macrocytic anemia. However, all such increases have gen
erally been traced to the activity of intestinal bacteria, and do not relate 
directly to the disease in question. See Sprince (249), Rodnight (251), 
and Curzon and Walsh (256) for further details. 

b. 6-Hydroxyskatole Sulfate. Urinary 6-hydroxyskatole sulfate, first 
identified by Horning and co-workers in 1959 (270), was stated by them 
to show a high correlation with various anemias, spontaneous Heinz-
body formation in red blood cells, and the malabsorption syndrome. 
Much has been written about 6-hydroxyskatole sulfate in schizophrenia. 
Despite an element of controversy, there is general agreement that it 
either occurs more frequently (250, 251), or is excreted in greater 
amount, in the urine of schizophrenic patients than in normal subjects 
(/Ag/100 mg urinary creatinine in schizophrenia = 72 ± 8.8; values in 
normal controls = 38 ± 5.3) (259). Here, again, the origin has been traced 
to intestinal bacteria; environmental factors may also play a role (271). 
As yet no direct relationship of 6-hydroxyskatole sulfate to schizophrenia 
has been demonstrated. 

c. Indolic Melanogens (5,6-Dihydroxyindole Derivatives). In gen-
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eralized melanoma with distant metastases, indolic melanogen levels have 
been reported to increase to 4 3 /xg/ml of urine, whereas normal values 
when detectable generally rise to 4 .9 /xg/ml of urine. Tyrosine load in
creases the urinary output in patients with melanoma, but not in 
healthy subjects ( 3 1 ) . 

2 . Abnormal Excretion of Indolic Acids 
a. Tryptophan (TRYP). Relatively few clinical syndromes have 

been reported wherein an abnormal excretion of TRYP per se occurs. 
Perhaps, the best known is Hartnup disease ( 4 1 ) , which is characterized 
by a generalized aminoaciduria of renal origin, and more specifically by 
an increased excretion of TRYP and its indolic metabolites, viz., indican, 
indoleacetic acid, and the glutamine and glucuronide conjugates of in-
doleacetic acid. TRYP has also been reported to be increased in the 
urine of schizophrenics ( 2 7 2 ) , but this has not been confirmed. Much 
more frequently studied in disease states have been the urinary TRYP 
metabolites of the kynurenine—nicotinic acid pathway as noted above 
(Section V,B). Recently, Knapp ( 2 7 3 ) reported an inborn error of 
TRYP metabolism characterized by a marked increase in urinary 
kynurenine, 3-hydroxykynurenine, and xanthurenic acid. This disturb
ance could be temporarily corrected by pyridoxine. 

b. Indolepyruvic Acid {IPA) and Indolelactic Acid {ILA). Both 
IPA and ILA along with IAA have been reported to be increased in the 
urine of phenylketonuria ( 2 2 2 ) . ILA and IAA are also found to be 
higher in the urine of maple-syrup urine disease (163 , 164) and Hartnup 
disease ( 4 1 ) . Such increases, however, are regarded as being of minor 
significance ( 3 5 ) . Urinary ILA can also originate from oral intake of 
D - T R Y P , as has been observed after loading with D L - T R Y P ( 2 5 5 ) . 

c. Indoleacetic Acid {IAA). Urinary IAA has been found to be in
creased in nontropical sprue (50 ) and in Hartnup disease ( 4 1 ) to max
imum levels of approximately 2 0 0 mg/day. (Normal maximum is about 
1 0 mg/day.) I t is also elevated in phenylketonuria ( 3 5 ) and in maple-
syrup urine disease (163 , 164) as stated above. Increases have also been 
reported in diabetes, progressive muscular dystrophy, liver cirrhosis, and 
Friedreich's ataxia (262, 2 7 4 ) . 

An increased excretion of IAA has long been claimed in mental ill
ness, especially schizophrenia, but not established. See the 1961 review 
by Sprince ( 2 4 9 ) . Recently Brune and Himwich ( 2 7 5 ) have renewed 
this claim by reporting that urinary indoleacetic acid along with urinary 
tryptamine is elevated to abnormally high levels in the exacerbation of 
psychotic symptoms, but is reduced to normal levels with improvement 
of mental state. Some indirect support to this claim can be discerned 
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from the recent study of Sprince et al. ( 276 ) dealing with urinary indole 
excretion in mental patients after administration of a monoamine oxidase 
inhibitor (Parnate) and methionine or tryptophan. Under the conditions 
of this study, especially upon methionine administration, an increase in 
urinary tryptamine and indoleacetamide (glucuronide conjugate of IAA) 
correlated well with mental symptoms. Further work is in order, how
ever, before definite conclusions can be drawn. 

d. Indolylacroylglycine (I-Acr-Gly). Urinary I-Acr-Gly excretion 
has recently been observed in a family with mental retardation ( 2 7 7 ) . I t 
occurred in the urine of 5 siblings and their mother, but only in 7 out 
of 7 6 urines from a random group of other children and their parents. 
Although there is some evidence that the intestinal flora may be in
volved in its formation, the authors still regard its source and role in 
human metabolism as unknown. The familial occurrence of I-Acr-Gly 
suggests this to be an inborn error of metabolism. This compound has 
also been found in the urine of patients with light-sensitive dermatitis 
and Hartnup's disease. 

e. 5-Hydroxyindoleacetic Acid (5-HIAA). Of all the indole metab
olites known to be excreted in abnormally large amounts in disease 
states, perhaps the best known is 5-HIAA in carcinoid disease. Urinary 
5-HIAA rises in carcinoid disease to a range of 2 5 - 1 0 0 0 mg /24 hr 
(normal range = 2 - 9 mg/24 hr) ( 3 6 ) . According to Sjoerdsma, values 
higher than 2 5 mg/day are diagnostic of carcinoid ( 3 6 ) . Two minor 
metabolites of 5-HIAA also detected in carcinoid urine are the phenolic 
sulfate ester conjugate and the glycine conjugate. An increase in 5-HIAA 
has been reported in nontropical sprue and possibly in other disease 
states. Despite conflicting claims, no significant differences in urinary 5 -
HIAA levels have been reliably demonstrated between schizophrenic and 
normal subjects. For a detailed summary, see the review of Sprince 
( 2 4 9 ) . 

3 . Abnormal Excretion of Indolic Amines 
a. Tryptamine (ΤΥΡΑ). Urinary ΤΥΡΑ is abnormally increased in 

pellagra ( 2 7 8 ) , after an oral dose of L - T R Y P ( 7 ) , and after oral ad
ministration of monoamine oxidase (MAO) inhibitors ( 7 ) . The estima
tion of urinary tryptamine is most frequently considered when a reliable 
index of MAO inhibition is required. After administration of an MAO 
inhibitor, urinary levels may rise to a level of about 5 0 0 ftg/day from a 
normal value of 8 0 jug/day ( 7 ) . Very recently, a 2-fold increase of 
urinary tryptamine has been reported in thyrotoxicosis. Elevated thyroid 
function results in decreased tissue levels of MAO activity ( 2 7 9 ) . 

b. Serotonin (5-HT). Despite the fact that 5-HT has been implicated 
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in a wide variety of diseases including mental illness (36, 249), its 
relationship has been directly established to only one, namely, carcinoid 
disease (36). In carcinoid disease, urinary 5-HT is increased to a range 
of 1000-2000 /xg/day from a normal value of 50-100 /ig/day; its diag
nostic value, however, is of little significance since the estimation of 5-
HIAA is more generally used. In kidney metastases, however, urinary 
5-HT values may approximate urinary 5-HIAA levels (280). Minor 
urinary metabolites of serotonin reported to occur in abnormal condi
tions are: iV-acetylserotonin in carcinoid disease (281), the glucuronide 
conjugate after MAO inhibition (282), and iV,A^-dimethylserotonin 
(bufotenine) in schizophrenia (283). The last finding (bufotenine) is 
questionable. 

c. 5-Methoxytryptamine (5-MeO-TYPA). A recent report (28) of 
interest is the claim that 5-MeO-TYPA occurs much more frequently 
and at much higher levels in the urine of patients with rheumatic fever 
than in normal controls. Moreover, after TRYP load, the excretion of 
5-MeO-TYPA was observed to be markedly increased (from 0.055 to 
0.233 mg/day) in patients with rheumatic heart disease, but not in nor
mal controls (zero excretion, before and after TRYP). However, rigid 
dietary and environmental controls were not employed in this study. 
Further confirmation is necessary before this finding can be regarded as 
established. 

C. Methodology 
Modern techniques of analysis of urinary indoles closely parallel 

those used for urinary phenols. As with the urinary phenols, these are: 
(1) paper chromatography, (2) high-voltage paper electrophoresis, (3) 
thin-layer chromatography, and (4) gas-liquid chromatography (cur
rently under development). Paper chromatography studies are discussed 
in some detail in the next paragraph. High-voltage paper electrophoresis 
is useful for rapid screening of large numbers of urines when a one-way 
separation is adequate. The most useful buffers are pH 10 borate buffer 
(for IAA) and pH 6.1 pyridine-acetate buffer (for 5-HIAA, ILA, 
IA-GT, and porphobilinogen). Satisfactory separations can be obtained 
with 6 kilovolts in 30 minutes (145). Thin-layer chromatography has 
recently been used with good results. Randerath (154) lists about 20 
urinary indoles which have been studied by this technique. For many 
of these, limits of detection have been claimed to be about 0.01 to 0.005 
/xg. Gas-liquid chromatography procedures permitting separation of cer
tain indoles have already begun to appear as is apparent from Sweeley's 
review (241). Tryptamine and serotonin as well as certain of their de
rivatives and other amines have been separated by this technique where-
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in a column containing 4% SE-30 siloxane polymer as the liquid phase 
was used (284). Finally, to the four techniques listed above, a fifth 
should be added, namely the well-established methods of ordinary solvent 
extraction and colorimetric assay monitored by recovery determinations. 
A number of current quantitative determinations for urinary indoles 
(e.g., methods for ΙΑΑ, ΤΥΡΑ, 5-HT, 5-HIAA, etc.) are still based on 
this type of procedure. 

By far, the most popular technique to date has been paper chromatog
raphy. This has involved the use of intact urine directly, unconcentrated 
(285) or concentrated in vacuo 4- to 5-fold (286), or the treatment of 
urine by a variety of procedures prior to paper chromatography. Sprince 
et al. (258) have summarized the latter as follows: (a) adsorption of 
urine on both deactivated (287, 288) or activated (untreated) carbon 
(238) followed by elution with aqueous phenol, (b) adsorption of urine 
on untreated carbon followed by elution with a mixture of ammonia/ 
methanol/butanol/water (289, 290), (c) extraction of urine with ethyl 
acetate at pH 1-2 after saturation with NaCl (184, 260), (d) extraction 
of urine with ethyl ether, first with NH 4 OH at pH 8.5-9.0, next with 
dilute HC1 at pH 4.0, followed by pooling of ether extracts (291), and 
(e) extraction of separate urine aliquots under alkaline and acidic con
ditions, sequentially, first with ethyl ether and second with 2-butanone 
(258). 

Other significant points involved in the paper chromatography of 
urinary indoles are as follows. Preliminary desalting is not recommended, 
nay, it is even undesirable, because of destruction (e.g., of indoxyl sul
fate) or electrolytic reduction (e.g., of indoleacrylic acid) which may 
occur. For two-dimensional chromatography, the best combination of 
solvent systems is: first, isopropanol/ammonia/water [(100/5/10) or 
(8/1/1)] , followed by n-butanol/acetic acid/water (4/1/5) or the 
"Partridge" solvent (120/30/50). For general detection of indoles on the 
paper chromatogram, the Ehrlich benzaldehyde reagent (EBR) is most 
often employed, a number of modifications of which have been used by 
different investigators. The EBR modification used in the author's lab
oratory (292) consists of two separate sprays: (a) 2% p-dimethylamino-
benzaldehyde (w/v) dissolved in concentrated HC1 (sp. gr. = 1.19), 
followed by (b) a 1% solution of N a N 0 2 (w/v) in H 2 0 . After the nitrite 
spray, most indole compounds develop a blue color immediately except 
indican which becomes orange brown. For a specific test for 5-hydroxy-
indoles, (e.g., 5-HIAA) the reagent l-nitroso-2-naphthol in nitrous acid 
is used; a violet color results. The 6-hydroxyindoles (e.g., 6-hydroxy
skatole sulfate) show a specific reaction with acidic diazo reagents ( 1 % 
sulfanilic acid in HC1, followed by 2% N a N 0 2 and sulfamic acid); with 
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this reagent a bright-red color is produced. Much of the above material 
has been summarized from Jepson's review (255), which should be 
consulted for detailed procedures. 

1. Methods for Neutral Indoles 
a. Indican. Two colorimetric methods have recently become available 

for indican: (1) the Marko and Reynolds method and (2) the Curzon 
and Walsh method. After a careful review of earlier methods, Marko and 
Reynolds (254) developed a quantitative procedure based on the pre
liminary adsorption of interfering substances with deactivated (palmitic 
acid) charcoal and elution with 0.7 Μ phenol. Color development was 
achieved by condensation of indican and p-dimethylaminobenzaldehyde 
in acid solution to form an orange-colored compound. Upon the addition 
of an excess of sodium acetate, a cherry-red color resulted which was 
read at 520 τημ. Beer's law was operative over a range from 0 to 50 
/Ag /ml . Excellent recoveries were obtained. The method of Curzon and 
Walsh (256) is based on a similar reaction. Indican is made to react 
with p-dimethylaminobenzaldehyde in acid solution. When made alkaline 
with NaOH an intense red color is produced. This material is then 
extracted into petroleum spirit in which it becomes yellow. Colorimetric 
readings are made at 464 πΐμ. The standard curve is linear over a range 
from 0 to 100 /xg. This method would appear to have all the advantages 
of the Marko and Reynolds method without the time-consuming pre
liminary adsorption on a charcoal column. 

b. 6-Hydroxyskatole Sulfate (6-HSKS). Sohler et al. (259) have 
recently described a quantitative method for 6-HSKS. 6-HSKS is ex
tracted from urine into butanol. The butanol is evaporated off, the 
residue dissolved in water, treated with a sulfatase preparation (Glu-
sulase), and the liberated 6-hydroxyskatole made to react with acidic 
diazotized sulfanilic acid. Colorimetric readings were then made in a 
Klett-Summerson Colorimeter (540 τημ filter). 

c. Indolic Melanogens (5,6-Dihydroxy Derivatives). Analytical 
methods for the measurement of indolic melanogens in urine have been 
described by Duchon and Pechan (31). These have generally involved 
the use of the Thormahlen reaction (293, 294). Urine is treated with 
sodium nitroprusside and NaOH; a red color results which is formed by 
several different compounds (e.g., acetone, creatinine, and melanogen). 
Upon acidification with glacial acetic acid, an azure blue color appears 
immediately which is specific for melanogen. 

2. Methods for Indolic Acids 
Survey studies of indolic acids in human urine have generally 

utilized paper chromatographic techniques. In this connection, the 
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previously mentioned method of Armstrong et al. (260) has often been 
used (see Section V,A,2). Essentially, ethyl acetate extracts of un-
hydrolyzed urine were obtained and treated by the same procedure as 
that described by Armstrong et al. (184) for the phenolic acids (see 
Section IV,C,2.) The detection spray used for the indolic acids, however, 
was the following modification of the Ehrlich reagent: 2 gm of p-di-
methylaminobenzaldehyde dissolved in a mixture of 80 ml of 95% 
ethanol and 20 ml of 6 Ν HC1. Another method which the author would 
recommend is one utilized in the general method for urinary indoles by 
Sprince et al. (258). This procedure involves the saturation of urine with 
(NH 4 ) 2 S0 4 and adjustment to acidic conditions (pH 2). The urine so 
treated is then subjected to a sequential extraction, first with ethyl ether 
and then with 2-butanone. After chromatography in the usual solvent 
systems, the detection spray used was the EBR-nitrite spray (292) 
described previously (Section V,C). In this way, a certain measure of 
fractionation prior to chromatography of the indolic acids in urine can 
be achieved. 

a. Tryptophan (TRYP). The chemical reactions currently utilized 
for the estimation of TRYP have been reviewed by Fischl (295). These 
reactions are based on the reaction of TRYP as follows: (1) with alde
hydes (e.g., p-dimethylaminobenzaldehyde) in acid solution, (2) with 
glyoxylic acid, (3) with mercury salts and nitrous acid, (4) by deter
mination after isolation from its mercury salt, and (5) by use of the 
Marshal reagent. To overcome certain limitations present in most of the 
above methods, Fischl (295) has suggested a quantitative method based 
on the Adamkiewicz reaction. TRYP is made to react with oxidized 
acetic acid under anhydrous conditions to yield a chromogen which is 
read colorimetrically between 530 and 550 τημ. Oxidation is obtained 
with persulfate or peroxide; anhydrous conditions are achieved with 
sulfuric acid. The rate of oxidation is controlled with thioglycolic acid. 
The range of linearity of the calibration curve extends from 5 to 250 /Ag 
of TRYP. Very recently, Inglis and Leaver (296) have modified the 
Fischl procedure so that it can be used in aqueous solution with im
provement in range and sensitivity. The Fischl method or its modification 
would appear to present a rapid and reproducible estimation of TRYP 
in body fluids as well as in intact proteins. 

b. Indolepyruvic Acid (IPA). The detection and estimation of IPA 
by paper chromatography is complicated by the fact that IPA is un
stable in ammoniacal solvent systems. Under these conditions, it is 
broken down to form indoleglycolic acid, indoleacetamide, IAA, indole-
aldehyde, and indole-3-carboxylic acid (255) which result in marked 
streaking of the chromatogram. To a considerable extent, this difficulty 
has been overcome by the use of acidic solvent systems, e.g., acetic 
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acid/H 2 0 (1/3, v /v) , as recommended by Bentley et al. (297). On this 
basis, Schreier and Flaig (162) developed a colorimetric estimation of 
IPA in human urine. Urine was concentrated and subjected to paper 
chromatography in butanol/acetic acid/water (4/1/1), sprayed with 
xanthydrol reagent (10% xanthydrol in equal parts of methanol + glacial 
acetic acid), eluted with acetic acid/methanol (2/1), and read in a 
spectrophotometer at 520 χημ. A more recent method has been described 
by Sylianco and Berg (298) which involves the use of the 2,4-dinitro-
phenylhydrazine reagent for keto acids. A sensitivity of 10 μξ of IPA 
in 8 ml has been claimed. 

c. Indoleacetic Acid (IAA). A widely used method at the present 
time for the estimation of urinary IAA is that of Weissbach et al. (262). 
Both free and total (acid-hydrolyzed) IAA can be determined. Urine is 
acidified with HC1 and extracted, first into CHC1 3 and then into phos
phate buffer at pH 7.0. An aliquot of the buffer is then assayed colori-
metrically by a modification of the Dickman-Crockett (299) xanthydrol 
reaction. Optical density was found to be proportional to IAA concen
tration over a range of 8 to 200 μ%. Good recoveries were claimed. The 
limit of detectability of IAA was approximately 8 μg. A considerable 
degree of specificity is obtained with this method since neither indole, 
TRYP, nor 5-HIAA is extracted by this procedure. However, ILA (not 
found in normal human urine) is known to be extracted and can interfere 
with the estimation of IAA, if present. Recently, Fischl and Rabiah 
(274) have modified this method by using FischPs tryptophan reaction 
(see Section V,C,2,a) in place of the xanthydrol reaction to develop the 
color with IAA. The advantages claimed are the ease of performance 
and specificity of test for indolic compounds. However, ILA is still an 
interfering factor. 

In our own laboratory, we have been able to resolve the estimation of 
IAA in the presence of ILA and other closely associated metabolites of 
IAA by utilizing paper chromatography (299a). Urine is saturated with 
(NH 4 ) 2 S0 4 and extracted with ether. The ether extract is evaporated, 
made up in 95% ethanol, and subjected to two-way paper chromatog
raphy in the following solvent systems: first, isopropanol/ammonia/ 
water (8/1/2), and second, butanol/pyridine/water (1/1/1). The dried 
chromatogram is sprayed with EBR-nitrite reagent. The resulting blue 
spot for IAA is cut out and extracted from the paper with a mixture of 
95% ethanol + 3 Ν HC1 (1/1), and the extract is read at 580 m^. By 
this procedure 5 μζ IAA give an optical density value of 0.100. Good 
recoveries of IAA are obtainable. 

d. 5-Hydroxyindoleacetic Acid (5-HIAA). The chemical assay of 
5-hydroxyindole compounds has been thoroughly reviewed by Uden-
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friend et al. (300). Four general methods are available: (1) measure
ment of ultraviolet absorption at 275 ιημ, (2) colorimetric assay with 
a highly specific reagent, l-nitroso-2-naphthol, (3) assay by spectro-
photofluorometry, and (4) assay by paper chromatography with 1-
nitroso-2-naphthol as the detection spray. Perhaps the best known of 
these methods is the 1955 colorimetric procedure of Udenfriend et al. 
(301). Urine is treated with acidic dinitrophenylhydrazine to precipitate 
out interfering keto acids which may be present. Excess dinitrophenyl
hydrazine is removed by extraction into CHC1 3 which also removes IAA. 
The aqueous layer is saturated with NaCl and extracted with ether 
which is then extracted with phosphate buffer pH 7.0. The phosphate 
buffer is treated with l-nitroso-2-naphthol plus nitrous acid reagent and 
shaken with ethyl acetate which removes traces of yellow pigment and 
excess nitroso-naphthol. The final aqueous layer is read colorimetrically 
at 540 ταμ. The method is stated to be quite specific. Recoveries average 
about 85%. 

For rapid screening of urinary 5-HIAA in carcinoid disease, a simpler 
modification of the above test is often used (302). Urine is mixed with 
the nitroso-naphthol reagent, and nitrous acid is added. The mixture is 
shaken with ethylene dichloride, and the phases are allowed to separate. 
A purple color in the top (aqueous) layer indicates a positive test. No 
purple color is seen with normal urine. A purple color will be seen at 
levels of 5-HIAA excretion as low as 30 mg/24 hr, assuming the aver
age 24-hour urine volume to be 1000 ml. 

3. Methods for Indolic Amines 
The systematic methods currently employed for the analysis of 

phenolic amines in human urine (discussed in Section IV,C,3) may also 
be applied to the analysis of the indolic amines found in trace amounts 
in human urine, viz., tryptamine, serotonin, and bufotenine (?). Here 
again, paper chromatography can be used to advantage for detection and 
semiquantitation. In this regard, see especially the publications of 
Rodnight (264), Jepson (255), Weissbach et al. (262), Udenfriend 
et al. (300), Fischer et al. (283), Perry et al. (208, 209), and Sprince 
et al. (258, 276). For general identification of indolic amines, the usual 
Ehrlich benzaldehyde reagent is used; for 5-hydroxyindole amines (e.g., 
serotonin), the l-nitroso-2-naphthol spray is a specific reagent; for 
tryptamine and its iV-alkyl and iV,iV-dialkyl derivatives, the ninhydrin-
acetic acid reagent of Jepson and Stevens (303) may be useful. Colori
metric and fluorescent methods involving solvent extraction only have 
also been published and appear to present reliable procedures for the 
quantitation of indolic amines in urine. 
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a. Tryptamine (ΤΥΡΑ). Two solvent extraction methods are avail
able for the estimation of urinary ΤΥΡΑ. These are the methods of 
Sjoerdsma et al. (7) and the method of Hess (304). In Sjoerdsma's 
method, urine is made alkaline (pH 11 or above) with NaOH, extracted 
first into benzene, and then into an acidic (HC1) aqueous phase. A small 
aliquot of the acidic phase is alkalinized with borate buffer pH 10. This 
solution is assayed for ΤΥΡΑ in the Aminco-Bowman spectrophoto-
fluorometer with settings at 285 ταμ for activation and 360 ιημ for 
fluorescence (uncorrected). The limit of sensitivity is 0.1 μg/15 ml urine. 
Fluorescence is linear over a ΤΥΡΑ range of 0.1 to 8 μg. In Hess's 
method, urine containing tryptamine is first subjected to the same 
solvent-extraction procedure as used in Sjoerdsma's method. The re
sulting acidic aqueous phase is then treated, first with formaldehyde, and 
next with H 2 0 2 with mild heat. ΤΥΡΑ is thereby converted to norhar-
man in two steps: condensation with formaldehyde, followed by de-
hydrogenation with H 2 0 2 . The cooled solution containing the norharman 
is read in the Aminco-Bowman spectrophotofluorometer with settings at 
365 mju for activation and 440 m/x for fluorescence. The limit of sensi
tivity is 0.2-0.3 jug tryptamine. This method has the virtue of being 
quite specific for indolethylamine compounds. Tryptophan, indoleacetic 
acid, serotonin, and 5-hydroxyindoleacetic acid do not interfere. 

Semiquantitation of urinary ΤΥΡΑ by a paper chromatographic 
method has been described by Sprince et al. (276). Urine was saturated 
with (NH 4 ) 2 S0 4 , adjusted to pH 10 with NaOH, and extracted with 
ether. The ether extract was evaporated and made up in 95% ethanol. 
The ethanol extract was then subjected to paper chromatography, the 
chromatogram treated with EBR-nitrite spray, and the blue tryptamine 
spot extracted into an ethanol-HCl solution. This solution was then read 
colorimetrically at 580 χημ. Recoveries of approximately 75% could be 
obtained. The detection limit of ΤΥΡΑ added to the original urine 
sample and processed through the entire assay was approximately 2.5 
μg. Rodnight (264) has also published methods for the extraction, con
centration, and estimation of the indole bases (ΤΥΡΑ and 5-HT) in 
human urine wherein paper chromatography was involved. The measure
ment of spot intensities gave recoveries on the order of 70%. The 
precision claimed was from ± 8 to ± 1 5 % . 

b. 5-Methoxytryptamine (δ-MeO-TYPA). Haddox and Saslaw (28) 
in their rheumatic fever study determined urinary 5-MeO-TYPA by a 
paper chromatographic method. Urine was concentrated 10-fold and 
subjected to paper chromatography to separate the indoles. After this 
preliminary step, semiquantitative measurements of 5-MeO-TYPA were 
made by the method of Rodnight (264). This involved elution with 
water, reaction with a highly sensitive EBR reagent (305), and color-
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imetric readings at 560 m/x referred to a standard curve obtained with 
known amounts of 5-MeOTYPA. Quantitation of 5-MeO-TYPA was 
also checked after isolation by paper chromatography by a modified 
Ziesel method for the estimation of methoxy groups. 

c. Serotonin {5-HT). The general procedures available for the esti
mation of 5-HT in tissues can also be applied to urine with some 
modifications. These procedures have been summarized by Udenfriend 
et al. (300) and are essentially the same as those listed for 5-HIAA in 
Section V,C,2,d. The extraction procedure used for 5-HT as outlined by 
Udenfriend et al. (306) is as follows. 5-HT is extracted from tissue 
homogenate (or urine or urine concentrate) by alkalinizing to pH 10, 
saturating with NaCl, and extracting with n-butanol. The 5-HT in the 
n-butanol is returned to an aqueous phase by shaking with heptane and 
dilute acid (pH 4). The 5-HT in the acidic aqueous phase may then be 
estimated by ultraviolet absorbence, colorimetry, spectrophotofluorometry, 
or paper chromatography. Since urine normally contains very small 
quantities of 5-HT, the spectrophotofluorometric method is perhaps the 
most desirable method to use. The acid (HC1) extract adjusted to pH 4 
is read in the Aminco-Bowman spectrophotofluorometer (activation at 
295 m/x; fluorescence at 330 i m x ) . This method also makes possible a 
unique degree of specificity since the various 5-hydroxyindoles have 
their own optimal conditions of pH for maximum fluorescence (307). 

Very recently, Oates (308) has described a method specifically 
designed for the estimation of urinary 5-HT. This involves passing 
filtered urine through an ion-exchange column containing Amberlite 
IRC-50 resin converted to N H 4

+ form. The 5-HT adsorbed on the resin 
is eluted with dilute HC1. A small aliquot of the acid eluate is made 
strongly acid with 12 Ν HC1 and measured in a fluorometer (activation 
at 290 m/x; fluorescence 540 m/χ, uncorrected). This procedure has found 
special application in at least two instances: (1) in studies of patients 
with metastatic carcinoid syndrome and (2) in studies dealing with the 
administration of decarboxylase inhibitors after the administration of 
5-hydroxytryptophan. 

V I . IMIDAZOLIC COMPOUNDS AS ABNORMAL METABOLITES 

The metabolism of imidazolic compounds especially that aspect deal
ing with the excretion of urinary metabolites has only recently begun to 
be clarified. I t is safe to say that most known imidazole compounds 
found in urine are derived from histidine. The metabolic pathways of 
histidine giving rise to imidazole metabolites are shown in Fig. 4. See 
also the reviews of Schayer (309) and Tabor (310). 

In passing, it should be noted that some confusion exists with the 
chemical nomenclature of histidine derivatives, especially where ring 
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FIG. 4. Metabolic pathways of imidazolic metabolites. MAO = monoamine oxidase. DAO = diamine oxi
dase. ALD. OXID. = aldehyde oxidase. 
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substitutions are involved (e.g., 1-methylhistidine vs. 3-methylhistidine). 
Generally, it is best to retain the histidine numbering system wherein 
the histidine derivative of anserine is known as 3-methylhistidine rather 
than 1-methylhistidine (311). The chemical name of histidine itself is 
a-amino-4 (or 5)-imidazolepropionic acid. 

Like the urinary phenols and indoles, the urinary imidazoles may 
originate from the three sources enumerated in previous sections, namely: 
(a) exogenous (diet), (b) bacterial (intestinal bacteria), and (c) endog
enous (tissue metabolism or tissue destruction). In this regard, there 
has been much controversy as to whether histamine in the body is 
primarily of bacterial or tissue origin. Recent experiments with germ-
free animals suggest that body histamine is largely, if not solely, endog
enous (312, 313). Imidazolic compounds, like the phenols and indoles, 
may also exist in urine in the free and conjugated forms (e.g., histamine). 
In this connection, it is of interest that urinary histamine has been 
claimed to occur chiefly in a conjugated, biologically inactive form in the 
male rat, whereas in the female rat it is found in the free, biologically 
active form (314). 

A. Normal Urinary Excretion of Imidazolic Compounds 
Reliable data on the normal urinary excretion of imidazolic com

pounds and their related metabolites have only recently become avail
able and are still in the process of being obtained. The major observa
tions may be summarized as follows. The urinary excretion range of 
imidazole derivatives in man as listed in Spector's Handbook is 1.35-
9.4 mg/day/kilogram body weight (315). Histidine is normally ex
creted in human urine in appreciable amounts, range = 110-320 mg/day 
(72); a marked rise is known to occur in pregnancy (316, 317). Both the 
1-methyl and 3-methyl derivatives of histidine have been found to 
occur in normal human urine (311). A heavy meat diet results in a 
marked increase in the excretion of 3-methylhistidine which is actually 
a hydrolytic product of the dipeptide anserine found in muscle. The 
urinary level of 1-methylhistidine, however, is not affected by diet (311). 

The metabolism of histidine gives rise to some unique metabolites 
in urine. For this reason, it is more convenient to discuss the urinary 
imidazolic compounds on the basis of their metabolic origin rather than 
their chemical group characteristics. 

1. Metabolites of the Urocanic Acid Pathway in Normal Human Urine 
The major pathway of histidine metabolism in animals is currently 

believed to be by way of the deamination (i.e., urocanic acid—imida-
zolonepropionic acid) pathway (310). The chief metabolites of this 
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pathway reported to occur in normal human urine are as follows: (a) 
urocanic acid (318, 319), (b) imidazolepropionic acid (320), (c) form-
iminoglutamic acid (321, 322), (d) glutamic acid (323-325), and (e) 
hydantoinpropionic acid (323-325). Urocanic acid occurs in normal 
human urine at an average level of 4.5 ± 1 . 8 ^moles/day. After histi
dine load, the normal average level rises to 11.7 ± 2 . 3 ^moles/day (318, 
319). Imidazolepropionic acid has been reported to be present in human 
urine at a level of 1 mg/day (320). Formiminoglutamic acid levels in 
normal urine were found by Tabor and associates (326, 327) to range 
from 0-0.51 ^moles/hour and by Merritt et al. (319) to average 7.2 
± 1.8 /xmoles/day. After histidine load, the average (Merritt's data) rose 
to 21.3 ± 5 . 6 ju-moles/day (319). Luhby et al. (322) reported values in 
normal urine after histidine load to vary from 1.9-7.2 mg/day for 
children and 0.5-30.0 mg/day for adults. Comparable values for urinary 
formiminoglutamic acid after histidine load were found by Zalusky and 
Herbert (328); their normal subjects excreted an average of 19 mg 
(range 0-54) in a 12-hour period. Glutamic acid and hydantoinpropionic 
acid have been demonstrated to occur in normal human urine as a result 
of histidine metabolism by radioactive isotope experiments (323-325). 

2. Metabolites of the Imidazolepyruvic Acid Pathway in 
Normal Human Urine 

A second pathway of histidine metabolism which occurs in the 
human organism is the transamination (imidazolepyruvic acid—imida
zoleacetic acid) pathway. Although this pathway is known to become 
prominent in histidinemia (329), there is some evidence that it is 
operative in normal metabolism. Thus, Brown et al. (323) have shown 
by radioactive isotope (C 1 4) techniques that both free imidazoleacetic 
acid and its riboside conjugate occur in normal human urine. Despite the 
fact that in the animal organism imidazoleacetic acid is known to arise 
from both histamine (309) and imidazolepyruvic acid (330, 331), in
direct evidence pointed to the latter as the precursor in these experi
ments (323). Imidazolepyruvic acid has thus far been found only in 
the urine of histidinemia (329, 332), but not in the urine of normal 
individuals (332). This probably is because in normal subjects histidine 
is metabolized chiefly by way of the urocanic acid pathway and per
haps only to a limited extent by way of the imidazolepyruvic acid 
pathway. 

3. Metabolites of the Histamine Pathway in Normal Human Urine 
A third pathway of histidine metabolism is by way of the histamine 

pathway. The histamine pathway is of considerable research interest 
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(309), despite the fact that it has been shown to be a relatively minor 
pathway in the human in the breakdown of histidine (323). Two path
ways are important in human histamine catabolism: (a) the methylation 
pathway (major pathway) which gives rise to 1,4-methylhistamine and 
1,4-methylimidazoleacetic acid and (b) the direct-oxidation pathway 
which gives rise to free and conjugated (i.e., riboside conjugate) imida-
zoleacetic acid. Schayer and associates (309, 333) reported the presence 
of all four of these metabolites along with unchanged histamine in the 
urine of normal men administered a very small amount of radioactive 
histamine-C 1 4. The principal metabolite was 1,4-methylimidazoleacetic 
acid (approx. 50% of injected histamine-C 1 4). Similar findings were 
reported by Koybayashi and Freeman (334). Other metabolites of 
histamine reported in normal human urine are: acetylhistamine, N-
methylhistamine, and iV-dimethylhistamine (335). I t is of interest that 
all three of these metabolites were found to inhibit strongly the oxida
tion of histamine by histaminase (diamine oxidase) in vitro (335). 

Histamine itself is known to be excreted in normal human urine in 
both the free and conjugated forms (336, 337). There is evidence that the 
conjugated form in urine is acetylhistamine which may originate from 
intestinal bacteria (338). Roberts and Adam (339) using a bioassay tech
nique found the mean daily excretion in human urine to be 21.6 μg 
of free histamine and 125 μg of conjugated histamine. Duner and Per-
now (340) also with a bioassay technique reported the mean daily 
excretion to be 11.9 ± 0 . 8 μg of free histamine and 22.0 ±3 .14 μg of 
conjugated histamine. By a recently developed, highly specific, and 
sensitive chemical method, Oates et al. (341) found the normal daily 
excretion of free histamine to average 42 μg with a range of 21-65 μg 
in normal males; in normal females, the average was 49 /xg/day with a 
range of 15-90 /xg/day. 

B. Abnormal Urinary Excretion of Imidazolic Compounds 

At least four metabolites of histidine in addition to the amino acid 
itself are known to be excreted in abnormal amounts in the urine in 
certain disease states. These are urocanic acid, formiminoglutamic acid, 
imidazolepyruvic acid, and histamine. (Although formiminoglutamic acid 
is not an imidazolic compound, it is included in this discussion as a 
metabolite of histidine of current clinical interest.) Other histidine metab
olites are probably also subject to abnormal excretion, but at the present 
time these do not command the attention accorded to the four listed 
above. The urinary metabolites of histidine excreted in abnormal amounts 
will now be discussed as previously, i.e., in relation to their metabolic 
origin. 
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1. Abnormal Excretion of Metabolites of the Urocanic Acid Pathway 
a. Urocanic Acid. Urocanic acid is excreted only in trace amounts in 

normal human urine (319) and often escapes detection (323, 342). Very 
little is known about its excretion in pathological conditions. However, 
it has recently been found to occur in certain disease states, namely, in 
hepatic coma (343), in hepatocellular disease as a consequence of 
chronic alcoholism (319), in kwashiorkor (344), in status asthmaticus 
(345), and in folic acid deficiency (346). In some cases with folic acid 
deficiency, it accounted for most of the histidine metabolites present in 
the urine (346). Histidine loading has frequently been used to accentuate 
the increased excretion observed in these disease states in comparison 
with normal individuals. 

b. Formiminoglutamic Acid (FIG). FIG is a histidine metabolite of 
recent clinical interest which is currently under active investigation. I t 
has been found to be increased in the urine in folic acid deficiency (321), 
especially after the administration of a histidine loading dose (2-15 gm 
daily) (322, 347). On this basis, it has been proposed as an index of 
folic acid deficiency in man (322, 347). I t is also increased in the urine 
of patients treated with folic acid antagonists (326). Folic acid de
ficiency results in insufficient tetrahydrofolic acid necessary for the 
catabolism of FIG which then accumulates and is excreted in the urine. 
An increase in urinary FIG after histidine load has been reported in 
vitamin B 1 2 deficiency (328, 348), but this observation is as yet ill-
defined (319, 322, 347). I t may be that vitamin B 1 2 is required for 
the adequate utilization of folic acid (348). Urinary FIG levels after 
histidine load were also found to be above normal in hepatocellular 
disease (319, 349). 

I t may be of interest to examine the excretion data of FIG in folic 
acid deficiency vs. that in vitamin B 1 2 deficiency (pernicious anemia). 
Luhby et al. (322) found after a histidine loading dose of 15 gm/day 
that urinary FIG values ranged as follows: 185-2047 mg/24 hr in 
nonpernicious megaloblastic anemia due to folic acid deficiency, 1.5-
35 mg/24 hr in uncomplicated Addisonian pernicious anemia in relapse, 
and 0.5-30 mg in normal controls. Without histidine load, most normal 
subjects excreted 1-4 mg/24 hr. On this basis, it was suggested that 
urinary FIG estimations offered a means of differentiating megaloblastic 
anemias due to folic acid deficiency from those due to vitamin B i 2 

deficiency. On the other hand, Zalusky and Herbert (328) after a his
tidine load dose of 20 gm/day found the following range of values for 
urinary FIG: 253-705 mg/12 hr in folic acid deficiency, 12-989 mg/12 
hr in vitamin B 1 2 deficiency, and 0-54 mg/12 hr in normal subjects. The 
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data found with vitamin B r 2 deficiency in this latter study suggests that 
the specificity of the urinary FIG test for folic acid deficiency is as yet 
uncertain. 

The matter is further complicated by the recent finding of Luhby 
and Cooperman (349a) of an increased urinary excretion of 4(5)-amino-
5(4)-imidazole carboxamide (AIC) in patients with uncomplicated per
nicious anemia in relapse associated with vitamin B a 2 deficiency only. 
Urinary levels in patients with megaloblastic anemia due solely to folic 
acid deficiency were within normal range. The mean urinary excretion 
values of AIC in mg/24 hr were as follows: in pure vitamin B 1 2 de
ficiency, 2.87; in pure folic acid deficiency, 0.75; and in normals, 0.4 
(range, 0.1-1.0). 

2. Abnormal Excretion of Metabolites of the Imidazolepyruvic 
Acid Pathway 

In a previous section (Section II,C,5), there was discussed the 
finding of Ghadimi et al. in 1961 (110) of a new congenital disorder, 
histidinuria, which was characterized by speech retardation and ab
normally high levels of histidine in the urine and the blood (110). The 
children in whom this disorder was found showed positive urinary FeCl 3 

tests which were believed to be due to other abnormal metabolites of 
histidine in the urine. Auerbach et al. (350) reported a similar case 
(which he called "histidinemia") and identified the following histidine 
metabolites in the urine: imidazolepyruvic acid, imidazolelactic acid, 
and imidazoleacetic acid, all of which were found to be excreted in 
abnormally large amounts. The positive FeCl 3 test was shown to be 
given by imidazolepyruvic acid which has not been found in normal 
urine (332). Evidence was also obtained that the biochemical abnor
mality was due to a deficiency of the enzyme histidase which converts 
histidine to urocanic acid. Further confirmation of these findings was 
forthcoming from the studies of LaDu et al. (351) who made similar 
observations and in addition demonstrated the absence of histidase in 
the skin of patients with histidinemia. Biochemically, histidinemia would 
thus appear to resemble phenylketonuria. I t is of interest, however, that 
mental retardation is not associated with this defect in histidine metab
olism, but is associated with the defect in phenylalanine metabolism 
(351), a point which bears further investigation. 

Finally, it should be pointed out that a histidinuria without an ac
companying histidinemia has been reported by Bessman and Baldwin 
(352). I t occurs in association with cerebromacular degeneration. Ab
normally large amounts of carnosine, anserine, histidine, and 1-methyl-
histidine are excreted in the urine. Evidence indicates the urinary defect 
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to be a dominant trait and the cerebromacular degeneration to be a 
recessive trait. This disorder is presumably due to a clearance abnor
mality involving a defect in transport. 

3. Abnormal Excretion of Histamine and Its Metabolites 
Abnormalities of histamine metabolism have been suspected in a 

number of disease states, but the role of histamine in such cases is still 
obscure (353). A disturbance of histamine catabolism has been claimed 
in mastocytosis, i.e., abnormal proliferation of tissue mast cells (354); in 
the cutaneous manifestation of mastocytosis, i.e., urticaria pigmentosa 
(355, 356); in carcinoid disease (341, 357); in allergic diseases, such as 
asthma and hay fever (358); in diseases of the liver (359); and in 
mental disease (334, 360, 361). 

In mastocytosis and urticaria pigmentosa, an increased excretion of 
free histamine in the urine has been regularly observed (354). Wide 
fluctuations, however, may occur from day to day in the same patient. 
Elevated levels of blood histamine have not been regularly observed 
and are questionable (354, 355). The histaminuria results from an over
production of histamine due to increased levels of histidine decarboxylase 
in the tissue lesions (354). Increased amounts of 1,4-methylimidazole
acetic acid have also been found. The increased levels of both of these 
metabolites lend further credence to the suggestion that mastocytosis 
parallels carcinoidosis (354). 

Much has been written about histamine in mental illness, but here 
again its role is problematical. Histamine studies in mental disease have 
often grown out of the observation of the low incidence of allergic 
manifestations in psychotics (362) and the claim of high histamine tol
erance in schizophrenia (360). However, attempts to find a disturbed his
tamine metabolism (334, 363) or a disturbed histidine metabolism (342) 
in schizophrenia have not been successful. Recently, Leblanc and Lemieux 
(361) have claimed that the high tolerance of schizophrenic patients to 
histamine may be correlated with a deficit of skin mast cells. This is 
a point which would appear to warrant further investigation. 

C. Methodology 

The urinary imidazolic compounds and their derivatives can be de
tected and estimated by the same general techniques used for the 
urinary phenols and indoles. In some cases, best results are obtained with 
microbiological or enzymatic assays (e.g., FIG). Paper chromatographic 
methods have been thoroughly discussed by Smith and Birchenough 
(311). The location reagent most generally used is Pauly's sulfanilic acid 
reagent. With this reagent, however, it is advisable to remove interfering 



5. "ABNORMAL METABOLITES" OF AMINO ACID ORIGIN 233 

phenols by a preliminary ether extraction under acidic conditions. Histi
dine, methylhistidine, carnosine, and anserine can only be separated in 
phenolic solvent systems (364). They are then located with ninhydrin 
and confirmed with the anisidine reagent. Paper electrophoresis at low 
voltage has also been found to separate these four compounds (144). 
Histidine itself, however, has generally been determined by the column 
chromatography method of Moore, Spackman, and Stein (139). Thin-
layer chromatography has been employed to effect separations of histi
dine and histamine (154). Histamine can also be detected and separated 
by gas chromatography (284). 

1. Methods for Urocanic Acid (UA) 
Two methods have recently been published for the estimation of UA 

in human urine. These are the methods of Merritt et al. (319) and the 
method of Kerr (345). 

In the method of Merritt et al. (319), two aliquants of urine are 
used: an untreated sample and a treated sample (i.e., neutralized after 
subjection to alkaline hydrolysis by autoclaving). The alkaline hydrol
ysis destroys the formiminoglutamic acid (FIG) but leaves the UA in
tact. Both the untreated and autoclaved urine samples are incubated 
with a specially prepared, dialyzed chicken-liver extract at 37°C for 2 
hours, and then autoclaved with an ascorbate solution (pH 6) for 30 
minutes. This step converts the ring carbon-2 of UA or the formimino-
carbon of FIG into the N-5 formyl group of the citrovorum factor 
(iV5-formyltetrahydrofolic acid). Both samples together with appropriate 
blanks are then assayed for citrovorum factor by routine microbiological 
procedures. Corrections are made for blank values. The heated urine gives 
the value for UA. The difference in values between the unheated urine 
(total formylating activity) and the heated urine (formylating activity 
of UA) is taken to represent the value for FIG. The reliability of the 
method is such that when concentrations of metabolites were in the order 
of 20 itmoles/liter or more, assays of the same sample on different days 
showed differences of about 25% or less. 

The method of Kerr (345) essentially involves a methanol extraction 
followed by a return to aqueous solution, an adsorption onto a 40 X 1 
cm Dowex 1 X 8 acetate column (100-200 mesh), and elution with 
0.75 Ν acetic acid. The eluate is extracted with ether to remove inter
fering phenols and hydroxyindoles and is then subjected to paper chroma
tography using the solvent systems recommended by Smith and Birch-
enough (311). Spot location is made by means of sulfanilic acid (Pauly) 
reagent. The UA spot can be quantitated by eluting with 90% ethanol, 
evaporating to dryness, and redissolving in water. Spectrophotometric 
measurements are made in the ultraviolet at 264 m/x. 
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2. Methods for Formiminoglutamic Acid (FIG) 
FIG has been estimated by microbiological, enzymatic, and electro-

phoretic methods. 
a. Microbiological Methods. These methods have involved assay of 

unheated and heated (autoclaved) urine for glutamic acid by Lacto
bacillus arabinosus 17-5 as described by Broquist and Luhby (321) or 
"for citrovorum factor autoclaved in ascorbate" (319, 365) by Leuco-
nostoc citrovorum 8081 (Pediococcus cerevisiae) as developed by Silver
man and associates (365-367). In the first instance (glutamic acid 
assay), growth response to the heated urine samples was taken to be a 
measure of FIG activity (321). In the second case (citrovorum factor 
assay), the amount of growth in the heated urine subtracted from that 
in the unheated urine was taken to represent FIG activity (319) as 
described in the previous section (Section VI,C,1). Greater sensitivity 
for the citrovorum factor method was claimed by Silverman et al. (366). 

b. Enzymatic Methods. The enzymatic method of Tabor and Wyn-
garden (327) for FIG estimation is based on the following two reactions. 
FIG is used to convert tetrahydrofolic acid (THFA) to its 5-formimino 
derivative (5-formimino-THFA) which is then transformed to 5, 10-
methenyl-THFA. The first reaction involves a transferase enzyme; the 
second reaction involves a cyclodeaminase enzyme or acid. A hog-liver 
"acetone powder" preparation containing both enzymes is used. The 5, 
10-methenyl-THFA formed is measured spectrophotometrically in the 
ultraviolet. 

In the actual assay procedure, urine is incubated in phosphate buffer 
(pH 7.2) with THFA and the hog-liver preparation containing both 
enzymes at 25°C for 30 minutes. The mixture is then acidified with per
chloric acid which serves three purposes: (a) to deproteinize the incuba
tion mixture, (b) to complete the second reaction, and (c) to reconvert 
any 10-formyl-THFA which may have been formed nonenzymatically 
back to 5, 10-methenyl-THFA. After centrifuging, the absorbance of 5, 
10-methenyl-THFA is measured at 350 τημ. The sensitivity of the pro
cedure is 0.001 μπιοΐβ of FIG. According to the authors (327), the 
method is simple, specific, and not subject to the interfering factors of 
the microbiological assay procedures. 

c. Electrophoretic Methods. Knowles et al. (368) used high-voltage 
paper electrophoresis with pyridine-acetate buffer at pH 5.4 followed by 
exposure to NH 3 vapor and ninhydrin spray. Exposure to N H 3 vapor 
converts the FIG to glutamic acid which then reacts with the ninhydrin. 
As little as 10 μg FIG/ml of urine can be detected. This method has 
been claimed to be specific, sensitive, and more rapid than the other 
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methods discussed above. Zalusky and Herbert (328) simplified this 
procedure further by the use of strong alkali (to convert FIG to 
glutamic acid) before electrophoresis and then employing conventional 
Zow-voltage paper electrophoresis to effect the isolation of glutamic acid. 

Most tests for urinary FIG require a histidine load dose. Recently, 
Lewis and Moore (369) have published a method for detecting urinary 
FIG without histidine loading. This involves first the removal of glutamic 
acid originally present in the urine by treatment with 7.5% chloramine-T 
at pH 4.7 (citrate buffer). The FIG in the resulting solution is then 
adsorbed onto Zeo-Carb 225 ion-exchange resin and eluted with concen
trated ammonia which converts the FIG to glutamic acid. The glutamic 
acid originating from FIG is then isolated by low-voltage paper electro
phoresis and detected with ninhydrin reagent. 

3. Methods for Imidazolepyruvic Acid 
Methods for the detection of imidazolepyruvic acid, imidazolelactic 

acid, and imidazoleacetic acid (as well as urocanic acid and imidazole-
propionic acid) in rat urine after a histidine loading dose have been 
described by Baldridge and Tourtellotte (331). For simple two-way paper 
chromatography, 10-20 μ\ of urine are used. The solvent systems are: 
first, n-butanol/benzene/methanol/water (1/1/2/1 by volume), and 
second, n-butanol/glacial acetic acid/water (77/6/17 by volume). The 
chromatograms are sprayed with sulfanilic acid-nitrite ("diazo") re
agent followed by 5% N a 2 C 0 3 solution. Further purification may be 
effected by HgCl 2 precipitation and column chromatography with Am
berlite XE-69 ion-exchange resin equilibrated with 1.5 iV HC1. Elution 
is accomplished with 1.5 Ν and later with 2 Ν HC1. 

Difficulties, however, are encountered with imidazolepyruvic acid 
which, like other α-keto acids, is unstable. Decomposition was found to 
be especially marked during passage through the ion-exchange resin. To 
overcome this problem, imidazolepyruvic acid was converted to its more 
stable 2,4-dinitrophenylhydrazone derivative (see Section III ,C). This 
derivative can be detected by paper chromatography (331) and can be 
estimated by a method involving recrystallization from 3 Ν HC1 (329). 
By the latter method, the daily urinary excretion of imidazolepyruvic 
acid in a histidinemia patient was estimated to be 66-74 mg/24 hr, in 
comparison to no detectable amount in normal urine. 

4. Methods for Histamine and Acetylhistamine 
The detection and measurement of histamine by biological and 

chemical methods has been reviewed in detail by Code and Mclntire 
(370). Preliminary purification of histamine generally involves adsorp-
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tion and elution from Permutit (Decalso), charcoal, cotton acid succinate, 
or Amberlite IRC-50. Biological methods usually employ the guinea pig-
ileum assay, for example, as in the Barsoum and Gaddum method and 
its modifications for blood and tissues (371-373) or as in the Roberts 
and Adam method for urine (339). Chemical methods generally utilize 
spectrophotometry, spectrofluorometry, or paper chromatography. Spec-
trophotometric methods have been based on the coupling of histamine 
with a diazotized aromatic amine (e.g., p-nitroaniline) (374, 375) to 
produce an azo dye or the reaction of histamine with 2,4-dinitrofluoro-
benzene to form a stable-colored derivative (376-378). Recently, a spec-
trofluorometric method (379) has been described which is based on the 
condensation of histamine with o-phthalaldehyde to form a derivative 
with strong and stable fluorescence. Histamine may also be determined 
semiquantitatively by paper chromatography (338, 380). After pre
liminary purification by the butanol-cotton succinate technique, the 
eluate containing the histamine is subjected to paper chromatography. 
The solvent system used is butanol saturated with 10% NH 4 OH. The 
location reagent for histamine is diazotized p-nitroaniline. 

Until recently, the quantitative estimation of histamine in human 
urine has been at best approximate and not always reliable. The methods 
discussed above are generally satisfactory for blood and tissues, but not 
for urine. Exceptions, perhaps, are the bioassay method of Roberts and 
Adam (339) and the paper chromatographic method of Urbach (338, 
380), both of which have been used with urine with some degree of suc
cess. Even then, recovery values of free urinary histamine by the bio
assay method generally average only between 65 and 70% (370), and 
the paper chromatographic method at best is semiquantitative (370). 

The recent publication of Oates et al. (341) now offers (so the 
authors claim) for the first time a reliable chemical method for the 
estimation of free histamine in human urine. The method involves two 
sequential purification procedures (ion-exchange adsorption and solvent 
extraction) followed by fluorometric assay. The crux of the method lies in 
the high affinity of free histamine for a weakly acidic cation-exchange 
resin (IRC-50) at pH 6.5-7.5. This permits differential elution, first 
with 0.5 Μ sodium acetate buffer (pH 6.5) which removes interfering 
substances and whatever acetylhistamine is adsorbed by the resin, and 
second with 1 Ν HC1 which elutes the free histamine. Further purification 
of the eluted free histamine is accomplished by solvent extraction. 

Briefly, the method is as follows. Urine (25-30 ml) is adjusted to pH 
7.5, adsorbed onto the resin (IRC-50, 100-200 mesh), and eluted, first 
with 0.5Μ sodium acetate buffer (pH 6.5), and next with IN HC1. 
The HC1 eluate (containing free histamine) is alkalinized with 10 Ν 
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NaOH, saturated with NaCl, and extracted, first into butanol, and then 
into n-heptane-0.1 Ν HC1 mixture. The butanol-heptane phase is re
moved by centrifugation, and the residual acid extract is prepared for 
fluorometric assay. The acid extract (containing the free histamine only) 
is made to react with o-phthaladehyde in alkaline solution for 4 minutes. 
The resulting fluorophor is stabilized with acid (3 Ν HC1), and the 
fluorescence is measured at 450 πχμ in the Aminco-Bowman spectrophoto-
fluorometer with the excitation wave length set at 360 τημ (uncorrected 
wavelengths). Fluorescence is proportional to histamine concentration in 
quantities up to 4 μg per sample. Results are calculated on the basis of 
internal standards (1 or 2 /xg of histamine) carried through the entire 
procedure. As little as 0.1 /xg of urinary histamine may be accurately 
measured. With certain modifications, this method may be adapted to 
the measurement of urinary acetylhistamine. 
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