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SUMMARY 

Gas chromatographicrmass spectrometric analysis demonstrated the presence of organic 
acids such as lactic acid, glycoiic acid, compounds related to the tricarboxylic acid cycle, 
fatty acids, and deoxyaidonic acids in rat heart muscle. The variation of these organic 
acids was examined over a range of time elapsed after decapitation_ The results showed 
that lactic acid, glycolic acid and deoxyafdonic acids of 3-deoxy-2-G(hydrosymethylj- 
tetronic acid, 3-deoxyerythropentonic acid and 3-deoxy-2-G(hydroxymethyl)erythro- 
pentonic acid increased until 4 min afizr decapitation, but then decreased from 6 min 
after decapitation_ On the other hand, I-deoxytetronic acid and dideoxypentonic acid 
markedly increased and unknown peaks appeared on the gas chromatogram from 6 min 
after decapitation- 

INTRODUCTION 

Research into heart metabolism has primarily been concerned with energy 
metabolism. Organic acids, such as lactic acid, pyruvic acid, the tricarboxylic 
acid cycle-related compounds a-ketogluttic acid or citric acid, and fatty 
acids, have been determined in the coronary blood or in the heart muscle 
of the rat or in patients with ischemic heart disease [l-4] _ Research on organic 
acids that are not related to energy metabolism has been relatively uncom- 
mon, which is due, in part, to the difficulty in developing satisfactory quantita- 
tive techniques. 
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With recent developments in the application of gas chromatography-mass 
spectrometry (GC-MS) to the medical sciences, it is now possible to analyze 
simultaneously many compounds in a metabolic system, thus providing an 
efficient method for investigating the whole metabolic system in question_ 

We have Ghcrefore examined the constituents of organic acids and their 
related metabolites in normal rat heart muscle after decapitation, using GC- 
MS. The variation of the organic acids, particularly deoxyaldonic acids, in 
rat heart muscle under pathological conditions was investigated. 

?AAmRIALS AND METHODS 

Chemicals 
Lactic acid, glycolic acid, glycerol, succinic acid, fumaric acid, palmitic 

acid and stearic acid were commercial products_ Bis( trimethylsilyl)trioro- 
acetamide (BSTFA) was obtained from Tokyo Kasei Co. (Tokyo, Japan). 
All other reagents were of the highest purity available commercially_ 

Gas chromatography and gas chromatography-mass spectrometry 
A Shimadzu GC-GA gas chromatograph with dual flame ionization detectors 

was used. A glass coiled column (2 m X 3 mm I.D.) was packed with 3% 
OV-17 on Gas-Chrom Q (SO-100 mesh). The column oven was maintained 
isothermally at 80°C for 2 min and then programmed at 6”C/min until 290°C. 
Peak areas and retention times were determined with an on-line Shimadzu 
Chromatopac 4-B computer equipped with a printer. For identification of 
the compounds, a JEOL JMS-D 100 GC-MS system with an on-line JMA 
2000 data acquisition system was used. 

Mass spectra were recorded at an ionizing voltage of 75 eV with a 300~PA 
trap current, and ion source temperature of 280°C. The magnet of the mass 
spectrometer was scanned repetitively over field strengths from m/z 50 to 
m/z 700 every 5 sec. 

Sample preparation 
Rats (250-300 gj of the Sprague-Dawley strain bred with commercial 

foods and water ad libitum were decapitated, and their hearts were imme- 
diately excised and frozen in dry iceacetone- In order to examine the varia- 
tion of the organic acids with time elapsed after decapitation, hearts were 
obtained at 2, 4, 6, 10, 15 and 30 min, and then frozen. One hundred mil- 
ligrams were removed from each specimen, minced with scissors in cold saline 
solution and homogenized with 500 ~1 of the saline solution using a Potter 
homogenizer_ Prior to deproteinization with 3 ml of 99% cold ethanol, pro- 
tein in the heart muscle was determined by the Bio-Rad protein assay meth- 
od. Heptadecanoic acid (20 pg/mg of protein) was added to the homogenate 
as an internal standard_ The samples were centrifuged at 25,000 g for 10 min. 
The precipitate was washed once with cold ethanol to extract any remaining 
soluble material and centrifuged again. The second supematant was combined 
with the first supematant. 

The supematant of each ethanol-treated specimen was concentrated to 
0.5 ml to remove the ethanol. Distilled water, 3 ml, was added to the residue- 
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The solution was acidified to pH 1 with 2 N HCL Organic acid fractions were 
obtained by extraction with equal volumes of diethyl ether and ethyl acetate 
twice. Organic solvent extracts were dried over anhydrous sodium sulphate 
for l-2 h. The extracts were concentrated to 1 ml using an evaporator and 
then dried under a stream of nitrogen. 

The samples- were trimethylsilylated by adding 200 ~1 of BSTFA to the 
residue; the mixtures were then heated to 60°C for 1 h in glass tubes with 
PTFE-covered screw caps_ Aliquots of the samples were subjected to GC 
and GC-MS analysis. 

RESULTS 

The profile of organic acids in 100 mg of rat heart muscle is shown in 
Fig_ 1. Over 40 peaks were detected on the gas chromatogram. The peak 
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Fig_ l_ Gas chromatogram of trimethylsilyl (TIM) derivatives of organic acids obtained 
from 100 mg of rat heart muscle, excised and frozen within 30 sec. The peaks were identi- 
fied as follows: (1) lactic acid, (2) glycolic acid, (4) 3-hydroxypropionic acid, (7) glycerol, 
(9) Z-methylglyceric acid, (10) phosphoric acid, (11) glyceric acid, (14) succinic acid + 
fumaric acid, (15) 3deoxytetronic acid, (16) 2deoxytetronic acid, (17) 3-deoxy-2-C-(hy- 
droxymethyl)tetrono-1,4-lactone, (19) malic acid, (20) dideoxypentonic acid, (22) 3- 
deoxy-2C-(hydroxymethyl)tetronic acid, (23) 3-deoxypentono-l,4-la&one, (24) 3-deoxy- 
erythropentonic acid, (26) 3-d eoxy-2-C-(hydroxymethyl)pentono-1,4-lactone, (27) 8- 
glycerophosphoric acid, (28) a-glycerophosphoric acid + 3-deoxy-2-C-(hydrocymethyl)- 
erythropentonic acid, (36) palmitic acid, (40) stearic acid. 
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which appears between peaks 36 and 40 is the internal standard, heptadecanoic 
acid. The ratio of each peak area to that of the internal standard was caku- 
lated, and the deviations of each peak fkom ten rat heart muscles were exam- 
ined_ The deviations of all peaks except peaks 6 and 2’7 were within 100% 
(data not shown). The profile of organic acids in rat heart muscle is there- 
fore relatively stable_ 

Identification of these peaks was performed by comparing their mass spectra 
and retention times with those of laboratory samples or from literature refer- 
ences. A mass spectrum obtained from peak 24 is shown as an example (Fig. 
2)_ The molecular ion at m/z 438 was not detected but ion at m/z 423 (M - 
15) was found as a relatively small peak_ Other fragment ions, ion at m/z 333 
(M - 15 - 90), ion at m/z 245 (335 - 90) and at m/z 231 (321- 90), were 
detected_ The base peak was observed at m/z 73. This mass spectrum and. the 
retention time were consistent with that previously reported [5]. Peak 24 was, 
therefore, identified as 3-deoxyerythropentonic acid tetra-trimethylsilyl 
derivative. In this way, each peak was identified and detection of various 
deoxyaldonic acids were made. The compounds identified are shown in the 
legend of Fig. 1. 
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Fig. 2. Mass spectrum of the TMS derivative of 3-deoxyerythropentonic acid, which was 

obtained from peak 24 in Fig_ 1_ 

The variation of these organic acids detected in rat heart muscle was exam- 
ined by the time elapsed after decapitation to determine the metabolic change_ 

The gas chrometogram of organic acids detected in heart muscle obtained 
4 min after decapitation is shown in Fig, 3. Almost all peaks were increased 
in intensity compared with the control (analyzed within 30 set of decapita- 
tion), especially glycolic acid, 3&oxy-2-C(hydroxymethyljerythropentonic 
acid and fatty acids (as indicated by arrows). 
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Fig_ 3. Gas chromatom of ThS derivatives of organic acids from 100 mg of rat heart 
muscle excised and frozen at 4 min after decapitation_ The peak numbers in the figure 
correspond to those in Fig_ 1. 

It was observed that the heart had virtually stopped beating and coronary 
flow was at a standstill 6 min after decapitation- 

The gas chromatogram obtained from the experiment of 10 min elapsed 
is shown in Fig. 4, Most peaks including 3cleoxy-2-C(hydroxymethyl)tetronic 
acid, 3deoxyerythropentonic acid and 3cleoxy-2-C(hydroxymethyl)erythro- 
pentonic acid [as indicated by arrows) had decreased when compared to 
Fig, l_ Only two deoxyaldonic acids, 2-deoxytetronic acid (peak 16) and 
dideoxypentonic acid (peak 20), however, had markediy increased; in addi- 
tion, unknown peaks appeared at the position of peaks 24, 28, 32 and 36. 
The mass spectra of these unknown peaks have almost the same fragment 
ions but different molecular ions with differences of 74 mass units, i.e. M+ = 
444, 518, 592 and 666. These data suggest that the unknown peaks may be 
homologous compounds_ 

The variation of these deoxyaidonic acids with time elapsed after decapita- 
tion is tabulated in Fig, 5, It can be seen that the three deoxyaldonic acids - 
3deoxy-2-C(hydroxymethyl)tetronic acid, 3deoxyerythropentonic acid and 
3deoxy-2C-(hydroxymethyl)erythropentonic acid - increased in heart muscle 
until 4 min, but decreased markedly from 6 min after decapitation_ Both 
Z~eoxytetronic acid and dideoxypentonic acid, however, increased from 
6 min elapsed after decapitation. 
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Fig_ 4. Gas chromatogram of TMS derivatives of organic acids from 100 mg of rat heart 
muscle excised and frozen at i0 min after decapitation_ The peak numbers in this figure 
correspond to those in Figs. 1 and 3. 

DLSCXJSSION 

GC-MS has been used successfully in profiling organic acids in various 
fluids and tissues (brain and heart muscle), and t;o identify compounds which 
are well separated by a packed column More peaks would be separated by 
using a capillary column, but it is not suitable for profiling because of poor 

reproducibility. Previously profiling of organic acids has been successfully 
performed using a packed column f6-8]_ The packed column was therefore 
used here for the separation of organic acids in heart muscle_ 

It is well known that heart muscle utilizes fatty acids in preference to 
glucose as an energy source. The evidence that palmitic acid and stearic acid 
were detected in large amounts on the gas chromatogram, further confirms 
the importance of fatty acids in the energy metabolism of heart muscle. 

Deoxyaldonic acids have been detected by GC-MS analysis ‘J biological 
fluids such as serum. urine and amniotic fluid, as well as in rat brain tissue 
[ 9-l1]. The detection of the dcoxyaldonic acids 3deoxytetronic acid, 2- 
deoxytetronic acid, dideoxypentomc acid, 3-deoxy-2-C-( hydroxymethyl)- 
tetronic acid, 3deoxyerythropentonic acid, 3deoxy-ZC4hydroxymethyl) - 
erythropentonic acid and their lactones in heart muscle has been reported 
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Fig. 5. The changes in deoxyaldonic acids after decapitation_ Ezch bar represents data 
averaged from three specimens_ The abscissa represents 2 min, 4 min, 6 min, 10 min, 15 
min and 30 min time elapsed, and the ordinate represents peak area ratio with respect to 
an internal standard. (a) 2Deoxytetronic acid, (b) dideoxypentonic acid, (c) 3-deoxy- 
2-C-(hydroxymethyl)tetronic acid, (d) 3deoxyerythropentonic acid, (e) 3-deoxy-2-C-(hy- 
droxymethyl)erythropentonic acid. 

[ 121. Neither the function nor the metabolism of deoxyaldonic acids, how- 
ever, is clearly understood_ Fell et al. [13] have recently determined 2deoxy- 
tetronic acid in urine and plasma. They recommended that alkaline condi- 
tions should be avoided during sample preparation because 2deoxytetronic 
acid can be formed by the action of alkali on certain sugars such 5s maltose_ 
As our extraction procedure was not performed under basic conditions, we 
believe that 2deoxytetronic acid in heart muscle is a bona fide metabolite 
and not an artifact of sample preparation. 

Lawson et al. [S] noted that urinary excretion of 2deoxytetronic acid 
changed more than that of the other deoxytetronic acids in an experiment 
in which a high glucose diet was given. They therefore concluded that the 
immediate metabolic precursors of this compound are more closely related 
to glucose than are those of the other deoxytetronic acids. Fell et al. also in- 
dicated that 2deoxytetronic acid in urine may largely result from chemical 
degradation of body carbohydrate and may possibly be a metabolite of r- 
hydroxybutyric acid by fi-oxidation. Lawson et al. [6] considered that as 
the amounts of aldonic acid and deoxyaldonic acid found in urine, other 



than Zdeoxytetronic acid, change little in association with large fluctuations 
in the composition of the die _ t, they may be mainly endogenous. It is known 
that oxidation of pentoses and deoxypentoses may yield pentonic and 2- 
deoxypentonie acids, and ascorbic acid is metabolized via threonic acid as 
well as via L-lyxonic acid and L-xy!?nic a&i (pentonic acid)_ It is therefore 
presumed that certain deoxyaldonic acids detected in rat heart muscle may 
be derived from carbohydrate or be concerned with glucose metabolism, 
especially from the pentose phosphate shunt, although this has not been 
elucidated_ However, little is known about the origin of 3-deoxy-ZC-(hydroxy- 
methyl)aldocic groups at present. 

Lactonization is a potential problem when measuring acids that contain 
a hydroxy group at the 4 carbon position. As Homing and Homing [7] identi- 
fied the tetronic acid la&ones in solvent (ethyl acetate and ether) extracts 
of acidified urine and Thompson et al. [S] noted that lactones were formed 
under acidic conditions, it is believed that la&ones detected in heart muscle 
are also formed under acidic conditions, with which the extraction of organic 
acids was performed_ 

It is presumed that the supply of oxygen and coronary blood flow are 
severely reduced at 4 min after decapitation, although specific measurements 
were not made. Lactic acid and glycolic acid were increased, and it was ob- 
served that the heart was remarkably bradycardic at the time_ It is reason- 
able to assume, therefore, that the whole heart muscle was in an ischemic 

condition at this time lapse, although this experimental ischemic condition 
is different from regional ischemia, so-called “ischemic heart disease”. The 
peak of glycolic acid is always detected as a larger peak than that of lactic 
acid, which is regarded as one of the indexes of ischemia, This suggests that 
glycolic acid may also be an index of ischemic heart, as it changes in parallel 
to lactic acid_ It is presumed that glycolic acid may be formed from glyoxylic 
acid by the same kind of enzymatic reaction as that of lactate formation. It 
was observed that peaks of deoxyaldonic acids of 3-deoxy-2C-(hydroxymeth- 
yl)tetronic acid, 3deoxyerythropentonic acid and 3-deoxy-Z-C-(hydroxy- 
methyl)erythropentonic acid were increased at 4 min time lapse. These re- 
sults suggest that these three deoxyaldonic acids may also accumulate in 
ischemic heart muscle, although the degree of hypoxia and ischemia was not 
precisely determined_ 

It was observed that the heart stopped beating and coronary flow was at 
a standstill 6 min after decapitation. Two aldonic acids - 2deoxytetronic 
acid and dideoxypentonic acid - had clearly increased, the three deoxyaldonic 
acids mentioned above decreased significantly and unknown peaks appeared. 
Although the results can not be fully explained at present, it may be of value 
in the future to understand why 2-deoxytetronic acid and dideoxypentonic 
acid temporarily accmnul@e, and to determine the unidentified compounds 
produced in early dead (infarcted) heart muscle_ 

It is. presumed, however, that the cause of the variation in these deoxy- 
aldonic acids resulting from reduced coronary blood flow might be related 
to glucose metabolism. As the metabolism of deoxyaldonic acid has not yet 
been elucidated, we await future research in this field_ 
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