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SUMMARY 

AIt&atious iu urine volatile metabolites due to the induction of alloxau diabetes iu the 
rat ~were examiued by capillary gas chromatography and gas chromatography-mass spec- 
trometry for the five days immediately following the onset of chronic hyperglycemia. Ele- 
vation& of a numb& of metabolites were observed including several short chain ketones, 
acetophenone, Z-ac6tyIfuran and indole. The value of urine volatile metabolic profiles as 
characteristic indicators of the diabetic condition .is demonstrated through profiles obtained 
from a diabetic ,animaI which spontaneously reverted to normal. 

INTRODUCTION 

Co:mplex metabolic lpathways altered by a disease state can often be 
followed ._quantitatively by modern chromatographic methods. This approach 
provides simultaneous multicomponent analysis of different classes of meta- 
bolically important constituents of physiological fluids_ Among various body 
fluid constituents, volatile metabolites of relatively low molecular weight have 
been of recent interest [l-3] __ The volatile metabolites include by-products, 
intermediat+s and terminal produ&s of a variety of metabolic processes. How- 
ever, this fact itself does not diminish their potential impor$ance as valuable 
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indicators of certain metabolic pathways altered by a disease condition_ Strnc- 
turally, the volatile fraction of urine and serum is mostly composed of small 
organic neutral metabolites such as ketones, aldehydes, alcohols, terpene com- 
pounds, furan and pyrrole derivatives, as well as other small heterocyclic sub- 
stanCeS_ 

As several reports indicate [4-9], small organic (volatile) molecules may be 
of special importance in diabetic conditions as useful indicators of the asso- 
ciated metabolic abnormalities. For example, 4heptanone and cer!ain aliphatic 
alcohols [6,7] have been shown to be associated with diabetes mellitus in 
humans; some other types of molecules are suspect [4,8,9] _ An accurate 
assessment of the importance of additional metabolites in human diabetes is 
complicated by variations in genetic background, diet, medication, and other 
esogenous factors; however, advanced computational techniques designed for 
the treatment of multicomponent analytical date may simplify this complex 
problem [S-10] _ 

Despite these studies, however, knowledge concerning the metabolic origin 
of these small neutral organic metabolites and their relationship to the charac- 
teristically altered metabolic conditions of diabetes mellitus is relatively incom- 
plete and further investigations are warranted. 

One useful approach to a better understanding of volatile metabolism and its 
correlation with diabetes mellitus is the utilization of suitable diabetic animal 
models_ Using such animal models, metabolic circumstances and manipulations 
which are not practically feasible with human subjects may be examined. 
Additionally, since genetic and other exogenous factors (diet, age, etc.) can be 
carefully controlled, experiments with diabetic animal models can be carried 
out relatively free from the large normal variation encountered with human 
subjects. 

Toward that end, the present study reports on the effect of diabetes melli- 
tus, of a short-term duration, on the urinary volatile metabolites of alloxan- 
diabetic rats. The alloxan&abetic rat has long been considered a valuable 
model of human diabetes mellitus [ll] and our experience has shown that 
humans and rats share many common volatile metabolites 1123 _ Since the 
severity and onset of disease can be carefully controlled [ll] , we have been 
able to acquire comparative qualitative end quantitative data on the alteration 
of urinary volatile metabolites in alloxan-diabetic rats referenced to suitable 
control animals, immediately following the chemical induction of diabetes 
meIIitus_ In a previous report [13], we examined the effect of long-term disease 
duration on the volatile urinary metabolic profiles of alloxan-diabetic rats. 

JI_4TERliiIS AND METHODS 

Sprague-Dawley male rats (Harlan Industries, Indianapolis, IN, U.S.A.) 
weighing between 150 and 170 g were utilized in the described experiments. 
The rats were divided into two groups of eight animals each. One group re- 
ceived a single injection, after a 24-h fast, of 40 mg/kg alloxan (alloxan mono- 
hydrate; Sigma, St. Louis, MO, U_S_4_) in saline solution_ Solution concentra- 
tions were adjusted to keep injection volumes of approximately 1 ml. Control 
rats received a single injection of 1 ml of saline solution_ All injections were 
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intravenous, using the tail vein of the rat. Blood glucose values were measured 
with a Beckman Glucose Analyzer. Values were determined at 24 and 48 h 
after alloxan injection and every other day thereafter for one week. No insulin 
or other treatment was utilized in the maintenance-of these animals. NormaI rat 
chow (Labblox, Wayne Feeds, ‘Bloomington, IN, USA,) and water were 
supplied ad libitum throughout the duration of experiments. During the subse- 
quent urine collection, the blood glucose values for the control animals ranged 
between 70-100 mg per 100 ml, while those for the diabetic animals were be- 
tween 429-579 mg per 100 ml. 

Twenty-four-hour urine samples were collected from the uncontrolled 
diabetic animals beginning at the onset of chronic hyperglycemia, and contin- 
ued for five consecutive 24h periods. Twenty-four-hour urine samples were 
also collected from each of the eight control auimals. The urine samples were 
collected in polycarbonate metabolism units (Maryland Plastics, Federalsburg, 
MD, U.S.A.). Interim samples were kept frozen over dry ice.during urine col- 
lection. The samples were then brought to room temperature and immediately 
filtered, divided into suitable aliquots, and refrozen at -20°C until analysis. No 
preservatives were used. 

Analysis of the volatile constituents of the urine samples was accomplished 
utilizing a headspace concentration method followed by automated glass 
capillary gas chromatography (GC). The procedures and instrumentation 
utilized for the acquisition of these metabolic profiles have been previously 
described 1143 . In the only modification of prior procedures, the thermostated 
sampling bottles were scaled down to accommodate a smaller sampling volume 
of 2 ml of urine. 

Reproducibly prepared glass capillary columns (60 m X 0.25 mm I.D.) 
coated with 0.2% UCON-50-HB-2000 (Applied Science Labs., State College, 
PA, U.S.A.), a polar stationary phase, containing 0.015% benzyltriphenyl- 
phosphonium chloride (BTPPC) as surfactant were employed for chromato- 
graphic analysis. Separation was carried out on a Perkin-Elmer 3920 gas chro- 
matograph equipped with an automatic injector (Perkin-Elmer, AS41), a flame- 
ionization detector, a mass flow controller (Brooks, Model 5840), and a data 
acquisition system (Perkin-Ehner, PEP-2). All samples were run at a flow-rate 
of 2 ml/min and temperature programmed from 28-160°C as indicated in 
Figs. l-4. Quantitative variations of volatile metabolites were calculated from 
the integrated peak areas of each chromatogram from the individual diabetic 
and control animals. 

Identification of volatile constituents was accomplished using the same glass 
capillary GC column attached to either a low- or high-resolution mass spec- 
trometer. Low-resolution electron impact ionization spectra were obtained at 
70 eV with a Hewlett-Packard Model 5980A combined gas chromatograph- 
dodecapole mass spectrometer-computer system. The glass capillary column 
was directly interfaced with the mass spectrometer ion source (maintained at 
220°C). All spectra were recorded at scan rates of 100 a.mu./sec. Capillary 
GC-high-resolution mass spectrometry was performed on a Varian-MAT 311A 
instrument. Electron impact ionization spectra were obtained at 70 eV at a 
scan rate of 5 sec!decade from m/e 47-210_ High-resolution mass spectral data 
were recorded with an SS-1000 data system (Varian) Chromatographic con- 
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‘ii& xne&~dolo&.caI aqkcts Of jrina& I+d&ac& analysis 114,151 have 
been previously established, ‘indicating t&e validity. of- the method for the 
routine ak&Ss and. cgmparison of_: .v&&ile~- metab,olic ~rofiks_ The data 
presented hqe represent ~the av-e _v@&ioti of urinary volatile metabolites 
fro& eight alloxandiabetic rats, referencea to &itable.kontr&l ani&als. 

Figs:_-1, 2, and 3 illustrate typical &et&&k profiles of the volatile urinary 
cotipounds of an alloxan-tkated rat folldwed for five days after the onset of 
hyperglycemia (day 1 correspokls to chromatogr&m 1, day 2 to chromate- 
gram 2, etc.); the profile of a control animal is also shown (Fig. li C). While 
minor variations may occur among the individual animals, the chromatograms 
disp+yed are representative of the profiles obtained in the study. 

Table I lists the iderkified volatile metabolites, along with the peak numbers 
in Figs. l-3 to which they correspond_ Also shown in Table I are the average 
percent variations from normal of the urinary volatile metabolites of the 
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. 
Fig. 1.. Ufin&y volatile chroniat&ms of a~control (C) and alloxan-diabetih rat 1 day after 
the &set of chronk hyperglycemia (1 j. Chr&matographic conditions were as described .in 
the text and as indikted in Xhe temperature scale. Identified-chromattigraphic ,pea?ts are 
listed in Table L 
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_d_J_.i__/__ _., .) 
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Fig. 2. Urinary volatiIe chromatograms of an alioxan-diabetic rat 2 (2) and 3 (3) days after 
the onset of chronic hyperglycemia- Cbromatographk conditions were as described in the 
text and as indicated in the temperature scale_ Identified chromatogrsphic peaks are listed 
in TabIe I. 

diabetic animals for each of the five days examined following induction of 

disease. Quantitative data are displayed only for those compounds which were 
judged significantly altered from control values (Student’s t-test, p < 0.05). 
The data were calculated as the percent of control average (i.e., 100 implies 
the equivalence of the average diabetic and control values for a given metab- 
elite). 

While we observed no consistent qualitative differences, a number of demon. 
strably consistent quantitative changes from normal can be ascertained fi-elm 
Figs. l-3 and Table I_ 

The most obvious changes from normal in the urine of alloxandiabetic rats 
examined here occur in the concentration of several aliphatic ketones_ There 
was an immediate and sustained elevation in the concentration of these metab- 
elites over the full 5day period examined. Previous analytical results with 
human subjects suffering from diabetes mellitus 16-93 indicated increased 
urinary levels of 4heptanone and 2-heptanone; these results are corroborated 
in our animal study. Additionally, a number of other aliphatic ketones are 
elevated in the urine of alloxandiahetic rats to a similar extent as 4- and Z- 
heptanone, demonstrating, at least under the metabolic conditions examined 
here, a general trend rather than a phenomenon restricted to one or two metab- 
elites This general increase in ketone metaholites was observed in each animal 
examined in this work. Similar results have not been reported with human 
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Fig. 3. Urinary volatile cbromatogram of an alloxan-diabetic rat 4 (4) and 5 (5) days after 
the onset of chronic hyperglycemia_ Chromatographic conditions were as described in the 
text and as indicated in the temperature scale. Identified chromatographic pea!s are listed in 
TabIe I. 

subjects, although such studies have involved patients on dietary or medicinal 
control, and thus a metabolic state different from the animals ezaznined here_ 
The observation of severe uncontroIled ahoxan diabetes in the rat, with a 
minimum of exogenous variables, undoubtly maximizes volatile metabolite 
alterations allowing a clear pattern to be discerned. 

The aliphatic ketones are thought to arise from the decarboxylation of keto- 
acids, in a manner similar to the well known formation of acetone_ This seems 
reasonable, since the increase in concentration of the urinary aliphatic ketones 
observed in this study correlates with the temporary elevation of free fatty 
acids and ketone bodies known to occur in alloxandiabetic rats shortly after 
disease induction PI]. Further support for keto-acids and fat metabolism as 
the source of urinary aliphatic ketones was provided by a previous report from 
this laboratory (X3], which demonstrated greatly reduced urinary aliphatic 
ketone ievels in uneontrohed alloxandiabetic rats of long-term disease duration 
(242 months) and the correlation of these results to the markedly reduced fat 
stores in the long-term -uncontrolled diabetic animals. 

Interestingly,. the only urinary ketones not elevated in the short-term 
alloxa+abetic animals examined here are of longer chain length and are un- 
saturated. No expIanation can be offered for this at present although similar 
resu3ts have also been observed with human diabetics [S] _ 
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Fig- 4- Urinary voIatiIe metabolite chromatograms of an B-month experimentally diabetic rat 
(tip), and that same animal after spontaneous reversion to normal at 12 montbs (middle). 
Also shown is the profile of a If-month control animal (bottom). Chromatogaphic condi- 
tions were as described in the text and as indicated in the temperature scale. 

The i2xreased urinary level of indole observed in this study has also been 
reported in long-term alIoxan4abetic rats and human diabetics [S, 9,131. In- 
dole is probably formed from L-tryptophan 1161, and the weJ.Mocumented in- 
crease in protein c&aboIism encountered with alloxandiabetic rats and human 
diabetics would account for its increased levels. 

Acetophenone has also been reported as being elevated in concentration in 
the urine of long-term ailoxan-diabetic rats [13] _ Acetophenone is known to 
arise Corn phenyi-$-oxypropionic acid, which is in turn formed born phenyL 
propionic acid and, possibly, cinnam- IC acid [16]. These latter substances may 
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also be e&v&d in &+centr&ion m_theurine~of~aUoxa@iabetic ram. ._ ~. 
2-Acetylfuran and 4phenyL2_but$ione I-were-also -observed to be hicreased 

m con~entratmn ‘6 a@ -me’ of. ~@&-&+~~&&&&@j& $&s_ 1; me pata_ 

bolic source of these compounds isobs+x.at~&%&t.’ ’ y ‘- ” :~ ‘- 
The urine volatile’.met&ohc firofjles obt%.&& for the &oit;~term &xan- 

diabetio and the lo&+rm diabetic a&n&s e’ 
_. _-. . 

x&mined in a previous report -[13] 
are easily distinguished from those of norm& rats 5nd appear to be indicative 
of the metabolic- stat& of these animal&This finding is supported by Fig. 4, 
which displays chromatograms of an interesting case in which an uncontrolled 
experimentally diabetic rat spontaneously reverted to normal between 8 and 
12 months after disease induction_ Spontaneous reversion to normal may some- 
tunes occur due to regeneration of pancreatic p-cells. The top chromatogram 
displays the urinary volatile profile of the animal at 8 months, at which time 
blood glucose (539 mg per 100 ml), weight (200 g), and urine volume indicated 
that the animal was clearly diabetic_ The middle cbromatogram displays the 
volatile profile of this same animal after reversion to near normal blood glucose 
(123 mg per 100 ml) and body weight (420 g)_ The lower chromatogram is that 
of a 1%month control rat_ The S-month profile of this diabetic rat displays the 
diabetic profile consistent with the previous findings, but the 12-month profile 
following reversion to normal, is almost identical to the normal control. 
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