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A marked increase in analogs of Krebs cycle metabolites
was found in the urine of two brothers with autistic
features. These metabolites included citramalic, tartaric
(3-OH-malic), and 3-oxoglutaric acids and compounds
tentatively identified as a citric acid analog and partially
identified as a phenylcarboxylic acid by the fragmenta-
tion pattern of the trimethylsilyl (TMS) derivatives of the
compounds and mass shifis of the same compounds
derivatized with perdeuterated N,O-bis(trimethylsilyl)tri-
flucroacetamide. The molecular mass of the TMS deriv-
ative of the tentatively identified citric acid analog was
596 Da, based on a finding of a significant M — 15 ion at
m/z 581. The citric acid analog was excreted in quantities
as high as 13¥ mmol/mol creatinine, based on the
respense factor of citric acid as a surrogate calibrator. A
carbohydrate with a retention time and mass spectrum
identical to arabinose was also found in high concentra-
tions in the urine of these brothers.

Indexing Terms: autism/developmental disorders /gas chrormatog-
raphy—-mass spectromeiry/metaboiic disordsrs

Childhood autism is the most characteristic group of
the broader pervasive developmental disorder cate-
gory. The cause of this disorder ie unknown except for
a small subgroup caused by adenylosuceinie aciduris, a
defect in purine metabolism {1-3). Autism is character-
1ized by a behavioral syndrome Lhat is recognized be-
tween ages 2 and 3 years. The core of the syndrome ia
a deviant and (or) retarded development of cognitive
capacities and skills necessary for social relations,
communication, fantasy, and symholic thinking. Al-
most all autistic people do not reach independence as
adults, and 75% are mentally retarded as well (4).
Taurine, aspartate, and glutamate are reported to he
gsignificantly increased in the plasma of a significant
fraction of autislic persons, and some have metabolic
acidosis (5).

Our interest in a possible metabolic cause for autism
was stimulated by referral of two brothers with autistic

http://www.gpl4u.com/newevidence/auti stic.html 7/13/2004



Increase Urinary Excretion of Analogs of Krebs Cycle Metabolites and Arabinose in Two... Page 3 of 27

He hud {requent ear infections during infancy and was
treated with antibiotics.

Eventually he demonstrated decreased cognitive
function, short attention span, aggressive behavior,
difficulty making transitions, and a fascination work-
ing with arithmetic problemz. At 30 months speech and
language functions deteriorated progressively, and by
36 months he was noted te lose musele strength inter-
mittently, lasting for several hours, during which he
was weak enough to fall. These episodes did not always
coincide with periods of ketosis. A muscle biopsy
showed normal structural features except for unex-
plained “granularity” by electron microscopy. Al aue 4
years his behavior became frankly autistic and was so
labeled in a major paychiatric center. Laboratory stud-
ies, including electroencephalograms, brain svans (both
computerized tomography and magncetic resonance im-
aging), electromyography and nerve enmduction veloci-
ties, and various blood and urine investigations, in-
cluding determinations of lactate, pyruvate, ammonia,
glucose, amino acids, carnitine, thyroid function, ad-
envlosucecinic acid in urine, and ceruloplasmin, were
unremarkable except for the presence of increased
3-OH-butyric acid when urine was positive for ketones
by dipslick (Keto-stix®; Miles, Elkhart, IN.

Repeated urine organic acid tests in this laboratory
eventually resulted in consistent findings of increased
concentrations of metabolites that were not associaled
with any known metabolic disease. Because of these
abnormalities an empirical trial of thiamine (25 mg
daily) and pyridixone (30 mg daily) was given, as well
as some dictary modifications such as avoiding red
meat, increasing the intake of complex carbohvdrates,
and eating more frequent small meals. On this regimen
the episodes of ketosis and weakness decreased in
frequency and severity. An 8-year-old brother appeared
to show similar clinical features as the sibling, al-
though not as severe. As an infant hiz mother deseribed
him as irritable, crying, and “not cuddly.” He developed
vomiting and required several lormula changes. He
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iiaterials and Methods

Urinary organic acids were quantified as their tri-
methylsilyl (TMS) ethers or esters essentially as de-
scribed by Tanaka et al. (6).* Before acidification and
snlvent extraction, 1 mL of urine was incubated with
200 pL of ethoxylamine hydrochleride sclution at a
concentration of 75 g/L at 60 *C for 30 min to convert
keto acids to their ethoxime derivatives (7). To identify
unknown compounds, the same procedure was per-
formed except that perdeuterated N,O-bis(trimethyl-
silyltrifluoroacetamide (BSTFA) was substituted for
ordinary BSTFA. In one experiment methoxylamine, at
the same concentration as elhoxylamine, wag substi-
tuted in the standard procedure. All analytical ealibra-
tors were purchaged from Sigma Chemical Co., St.
Louis, MO. Quantification of compounds for which no
analytical calibrators were available was performed by
assigning the response of an average size ion chromato-
gram peak as 100 units and then calibrating all other
peaks against these arbitrary calibrators. The gas
chromatography-muss spectrometry (GC-MBS) system
used was from Hewlett Packard (Palo Alto, CA) and
consisted of an HPH970 mass selective detector, a

58904 gas chromatograph, a Model 185938 autosam-
pler, and an Apollo 400 series computer with a 664 MB
hard disk drive. The operating software for both instru-
ment conirol and data analysis was a UNIX-based
Chemsystem, which operated simultaneously with a
Target 2 software system. For GC-MS analysis, 1 pL of
sample was injected onto a 15-m DB-1 capillary column
with a 0.25-mm internal diameter and a 0.25-um film
(J & W Scientific, Folsom, CA), with purified helium as
the carrier gas. All experiments were done by using
electron-impact ionization with electron energy of 70
sV. The temperature program was started at 90 °C,
held for 4 min after injection, und then increased to
280 °C at a rate of 8 °C/min. The electron-impact mass
spectra of arabinose and arabitol were differentiated by
the facl that the spectrum of the TMS derivative of
arabitol has a significant ion al m/z 319 that is not
present in the spectrum of the TMS derivative of
arahinnse.
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Fig. 1. Total ion GC-MS chromatogram of derivatized urine extract
of (top) autistic brether A and (bottom) & typical narmal child..

Peaks are identified az follows: {top) A, glycalate; B, oxalate; C, 3-hydroxy-
isobutyrate; [, ures; E, phosphorate: F, succirate; G, deoxytetronate; H,
citramalate; 1, undecancata finternal standardu J, uriidantified; X, 3-hydroxy-
pronylacatate; L, 2- D}mglutdra g M, d-hydroxyphenylacetare; N, furandicar-
boxylale: O, furancarbanyla: yeine; P, sartrate; @, arabincse, A, aconitate; S,
hippurate; T, citrate; U, dihydroxyphenylpropionate; V, vani Iylmandef:.ta W,
3-indoleacetate: X, ascorbate; ¥, citrate analog; Z, urate; A4, unidentified; BB,
4-hydroxvhippurate. (Bottom) A, pyruvate; B, cxalate; C, urea; D, undacano-
ate; F, 3-hydroxyphenylacetate; F, 2-oxoglutarate; G, 4-nydroxyphenylac-
atate: H, aconitate; | J. hippurate; K, citrate; L, vanillylmandeizie; A,
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well-recognized in the field of metabolic diseases, and
no quantification iz given for 3-oxoglutaric acid, sinice it.
was quantified in only some of the samples.

Tentative |dentification of 2-Methylmalic (Citramalic) and
- 3-Methylmalic Acids

The mass spéctrum of the peak at 10.31 min (Fig. 2A)
it very similar to that of authentic citramalic acid
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(2-hydroxy-2-methylhutanedioic or 2-methylmalic aad,
Figz. 2B) and has an identical retention time (=0.1
min). However, a very abundant ion at m/z 205 and a
less abundant ion at m/z 220 were present in the |
apectrum of the peak in the urine of the child with
aulistic features, The abundance of the ions at m/z 205
and m/z 220 varied widely in different urine samples of’ .
the brothers with autistic featurcs. For example, in &
apeetrum from a differenl urine extract the abun-
dances of the ions at m/z 203 and 205 are approxi-
mately equal and the 220 ion is not detectable {Fig.
2C). We suspect that the compound producing the 205
and 220 ions is 2-hydroxy-3-methylbutanedioic (3-
methylmalic) acid. The abundant ion fragment at m/z
220 would be consizstent with the loss of a CHs-C-
CO.TMS fragment after a McLatfferty rearrangement
and cleavage of the bond between carbons 2 and 3; a
lozs of CH, from another TMS group from the m/iz 220
ion fragment would vield the ion fragment at m/z 205
(Fig. 3). Equivalent ion fragments cannol be formead hy
fragmentation of Z-methylmalic acid. 3-Methylmalic
acid ig not commercially available for confirmation
studies.

Quantification of Methylmalic Acids

For our quantitative studies, the ion signal peak at
miz 247 was used. Sinece both 2- and 3-methylmalic acid
isomers have abundant mfz 247 lons and we used
citramalie (2-methylmalic) acid as the calibrator, the
values we give for citramalic acid probably represent
the total of these isomers. Concentrations of this com-
pound are markedly higher in the brothers with autis-
{i¢c features than in normal children, Citramalic acid
concentrations in 19 of 20 urines from normal children
were <-2 mmol/mol creatinine, whereas citramalic acid
concoentrations in 14 of 15 urines from the brothers
with autigtic features exceeded 2 mmol/mol creatinine;
one urine sample from brother A contained citramalie
acid at 62 mmol/mol creatinine (Fig. 4). The mean
citramalie acid conceniration in the brothers with au-
Lislic features was 14.4 mmol/mol creatinine and 1.5
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Fig. 4. Comparison of citramalic acid (combined 2- and 3-methyl-
malic acid) concentrations in urine of brothers with autistic features
{8, ; B, @) and those of normal children.

Tentative Identification of New Gitric Acid Analog

The possibility that a new eitric acid analog might be
present in the urine of autistic children was enter-
tained when an analysis of the mass spectrum of the
peak eluting at 17.78 min (Fig. 5C) after the compul-
' erized mass speetra library search revealed that the
! unknown shared several unique ions with the TMS
. derivatives of citric and isocitric acids (Fig. 5, A and B),
?  including those for m/z 273, 347, und 375. Selected ion
chromatograms of multiple urine extracts revealed
that all three ions were found only in peaks correapond-
ing to the TMS derivatives of citrie, isouitric, and the
unknown peak. The unknown spectra had a sigmificant
ion at mfz B81, Since the largast detectable ion for TMS
. derivatives iz frequently the M — 15 ion because of the
| loss of a methyl group from one of the TMS graups, the
Lenlutive molecular mass of 536 could correspond to a
i citric acid TMS derivative (molecular mass = 480 Da)
. with an additional COOTMS group (masz = 117 Da) —
| H (maass — 1 T,
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Mass losa
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449
407
a3
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g4g
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133
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Major kons
with TMS
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188
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T
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463
451
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Table 1. Interpratstion of unknown compound.
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TMS conlent
1TMS

1TMS, 1 DMS

T

2085, 1 TMS
7 TMS

2TMS, 1 DMS
2 TMS, 1 DMS
3TMS

£ THMS

3 TMS, 1 DMS
3 TM3, 1 DMS
4 TMS, 1 DMSB

Intesprétation
RS
TMS-C-OMS
a
=
M-COOTMS-COOHTMS-TMSOH
M-CH,-2CO0TMS
M-CH,-CODTMS-0TMS
M-CODTMS-TMSOH
M-CH,COOTMS-CO0
M-CH,-COOHTMS
-CHL-TMSOH
M-CH,
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