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Summary. Steady state blood levels of ketone bodies 
during infusions of acetoacetate at various rates have 
been compared in healthy and diabetic rats. The char- 
acteristics of the metabolic elh~ination of ketone bodies 
from the blood are completely changed in diabetic rats. 
Whereas steady state levels of ketone bodies increase 
linearly, with the infusion rate in healthy rats, this in- 
crease is exponential in diabetic animals. This difference, 
which is due to an impaired metabolic elimination, be- 
comes evident only above a dosage of 50 ~moles acetoace- 
tare per kg per rain. Chronic treatment with insulin for 
4--6 days, but not acute insulin injection, restores the 
capacity of diabetic rats to metabolize ketone bodies at 
normal rates. The results are discussed with regard to the 
difference between the stable ketosis of starvation and 
the labile diabetic ketoacidosis. 

Dynamique du mdtabolisme des corps cdtoniques chez les 
rats diabdtiques 

t~dsumd. Los auteurs out compard les taux sanguins 
stables de corps cdtoniques au cours d'infusions d'acdto- 
ac6tate ~ diffdrentes doses, chez des rats normaux et dia- 
b6tiques. Los caract6ristiques de l'dlimination m~taboli- 
que des corps c6toniques du sang sent eompl@tement mo- 
difi@es chez los rats diabdtiques. Alors que chez les rats nor- 
maux les taux stationnaires des corps c@toniques augmen- 
tent lin6airement avec la vitesse d'infusion, cette augmen- 
tation est exponentielle chez les animaux diabdtiques. 
Cette diff@rence, qui est due k une 61imination mdtabolique 
altdrde, nese manifesto que pour des doses d'acdtoacdtato 
supdrieures k 50 ~zmoles par kg et par min. Le traitement 
ehronique par l'insuline pendant 4--6 jours, mais non 

l'injection aigu~ d'insuline, restaure la capacitd des rats 
diabdtiques ~ m6taboliser les corps cdtoniques ~ des 
vitesses normales. Los rdsultats sent discutds en ce qui 
concerne la diffdrence entre la cdtose stable de privation 
alimentaire et la cgto-acidose diabgtique labile. 

Dynami]~ des Stoffwechsels der Ketol~Srper bei diabeti- 
schen l~atten 

Zusammenfassung. Station~re KetonkSrperspiegel im 
Blur bei kontinuierlicher Dauerinfusion yon Acetacetat 
in versehiedenen Dosierungen werden bei gesunden und 
diabetisehen Ratten vergleichend untersueht. Die meta- 
bolische Elimination der KetonkSrper aus dem Blut ist 
bei diabetischen Tieren vSllig ver~ndert. W~hrend bei ge- 
sunden Ratten der station~re KetonkSrperspiegel linear 
mit der Infusionsrate zm~immt, erfolgt dieser Anstieg bei 
diabetischen Tieren exponentiell. Dieser Unterschied, der 
auf eine eingeschri~nkte metabolische Verwertung zu- 
riickzuffihren ist, wird jedoch erst fiber einer Dosierung 
yon 50 ~lYiolen Acetacetat pro kg trod rain sichtbar. Durch 
4--6 t~gige Insulinbehandlung, nicht jedoch durch akute 
Insulinapplikation w~hrend des Infusionsversuchs, wird 
bei diabetischen Ratten die normale F~ihigkeit zur meta- 
bolischen Elimination yon KetonkSrpern wiederherge- 
stellt. Die Befunde werden diskutiert als eine Erkl/~rung 
fiir den Unterschied zwischen der stabilen Hungerketose 
und dor instabflen diabetischen Ketoacidose. 

Key words: Diabetes, ketoacidosis, acetoacetate in- 
fusion, ketone body elimination, total clearance, strep- 
tozotocin, regression analysis. 

Introduction 

During recent years numerous investigations con- 
cerning the mechanism and regulation of ketone body 
metabolism [1, 2, 3] and its physiological significance 
[4] have been carried out which have led to a deeper 
undestandingr of the complex processes involved. A 
number of problems, however, remained unsolved. One 
(of these questions) is the difference between the ke- 
tosis of starvation and diabetic ketoacidosis. The latter 
tends to increase and, without treatment, leads to dia- 
betic coma, whereas starvation ketosis of the adult is 
stable and has an important function in caloric ho- 
meostasis [4]. 

We have examined the dynamics of ketone body 
metabolism in healthy rats [5] and found an astonish- 
ingly high turnover rate for ketone bodies. Correspond- 
ing investigations in the steady state, during contin- 
uous infusions of acetoacetate in diabetic animals, 

described in this paper, show completely changed 
turnover kinetics. 

Materials and Methods 

Male SIV-rats were obtained from S. Ivanovas and 
Co. (7967 Kisslegg, Germany). They were fed on a 
standard pellet diet (Altromin 1324) ad libitum and 
weighed 260--320 g before they were made diabetic by 
a single i.v. injection of 50 mg streptozotoein per kg 
body weight. 8--10 days later the animals were taken 
into the experimental series with blood glucose levels 
of 400--600 mg/100 ml. 

A small catheter was inserted in the inferior vena 
cava, exposed at laparotomy under ether anaesthesia. 
The abdomen was then closed carefully and the rats 
recovered completely from anaesthesia, while over a 
period of 12 h 0.75 g �9 kg -1 �9 h -1 of xylitol and 1 mg �9  
kg -1 �9 h -1 of dimethylisoxazol was infused in a volume 
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of 1.2 ml per hour. By this t reatment  a balance was 
established between liquid supply and diurcsis and the 
endogenous production of ketone bodies was reduced 
to a minimum, so that  possible spontaneous changes in 
the course of the experiment could not be of great 
importance. The original levels of ketone bodies in this 
procedure varied between 0.09 and 0.15 ~moles per 
ml blood. As described previously [5] xylitol causes a 
shift of the ratio fl-hydroxybutyrate/aeetoacetate to- 
wards the reduced form, but  has no effect on the total  
clearance of the sum of the ketone bodies. 

After 12 h of pre-infusion, acetoaeetate was in- 
fused in varying dosages in addition to xylitol and 
dimethylisoxazol. At intervals of 30 rain, blood sam- 
ples were drawn from the tip of the tail for the enzym- 
atic determination of D(-)-fl-hydroxybutyric acid 

clearance of 1 3 9 ~ s = 1 7  ( m l . k g  - x . m i n  -1) (s = 
standard deviation) for the total  ketone bodies (fi- 
HOB ~-AcAc) [5]. Blood levels increased linearly 
with infusion rates up to a dosis of 150 ~moles AcAe 
per kg per rain. At higher dosage, the turnover was 
impaired and the blood levels increased more rapidly. 

We have compared and analyzed biometrically the 
relations between infusion rate and blood level in- 
crease of ketone bodies in healthy and in diabetic rats. 
In  Fig. 1 the two scatter diagramms are represented 
by different symbols. 

The total  clearance calculated from the data of 23 
healthy rats was 138-4- s =  18(ml �9 kg -1 �9 rain -1) and 
agrees closely with tha t  formerly obtained [5]. Within 
the range of dosage up to 140 ~moles �9 kg -~ �9 rain -~ we 
calculated a linear regression between infusion rate (x) 
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Fig. 1. Relation between infusion rate and blood level increase of ketone bodies in healthy and diabetic rats. + + = 
blood levels of healthy rats. o o = blood levels of diabetic rats. Experimental arrangement v. "Methods". The 

hatched zone is the confidence interval for the regression line in healthy rats (1 per cent level of error) 

(fl-tIOB) and acetoaeetic acid (AcAe) [6]. The infusion 
went on for six hours. A steady blood level appeared 
after 2- -3  h. This steady state level minus the initial 
level was plotted against the infusion rate in Fig. 1. 
Acetoaeetie acid was prepared by hydrolysis of the 
ethyl ester and crystallized as lithium salt [7]. Before 
the infusion the salt was converted into the free acid 
by  passage through an ion-exchange column of Dowex 
50 W • 4 and then adjusted to p H  4.5 with NHaOtt .  

Results 

In  the state during continuous i.v. infusions kine- 
tic characteristics and turnover rates can be measured 
in a quanti tat ive and reproducible way, because the 
organism is in a balance of supply and elimination [8]. 
Using this technique in healthy rats we found a total  

and blood level increase in healthy rats  (ya) following 
the equation 

yh = 0.03469 d- 0.00806 x. 

By the test  of Snedecor [9], the assumed linear 
model adequately describes the data. The coefficient 
of correlation is high (r ~- 0.97). The confidence limits 
for the pairs of values are shown by the hatched zone 
in the diagram wherein, in comparable investigations, 
99% of all individual observations are to be expected. 

The diagram shows tha t  this confidence region is 
not applicable to the diabetic rats. Up to a dosage of 
about  50 ~moles.  kg -1. rain -1 differences between 
healthy and diabetic animals cannot be discerned. 
Within this range the total  clearance in the diabetic 
rats is in the same order of magnitude as in the healthy 
o n e s .  
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At higher dosages, however, the total clearance 
diminishes and the blood levels rapidly rise together 
with increasing variation. 

Furthermore, the linear model of regression turns 
out to be inadequate. Following the analytic procedure 
described by Weber and Brott  [10], the fitting of 
different polynomials to the data by the method of 
least squares and the comparisons of the respective 
residual variances (variances of the deviations of the 
measured values from the regression lines) gave evi- 
dence of highly significant quadratic and cubic com- 
ponents. Hence, a eurvilinear regression more ade- 
quately fits the data. The assumption of an exponential 
regression leads to the formula wherein ya gives the 
blood level increase of the diabetic rats. 

ya = 0.064 �9 e ~176 x 

The correlation coefficient which corresponds to 
this exponential regression (Fig. 1) is high (r = 0.87). 
The changed pattern of elimination of ketone bodies 
in diabetic rats is combined with poor compatibility. 

Table 1. M e a n  values and  standard deviations of  total clear- 
ance in  the specified groups of  rats, which received A c A c -  
in fus ions  wi th  rates between 60 and  80 ~moles �9 kg -1 �9 rain -1 

Group n ~ s~ 

I diabetic rats 17 38.5 12.3 
I I  diabetic rats treated with 
insulin 12 134.0 18.6 
I I I  normal rats 14 128.0 21.2 

Total 43 

Insulin-treatment: Diabetic rats, prepared as de- 
scribed under "methods", received s.c. injections of 5 IU 
Depot-Insulin Hoechst every 12 h for 4--6 days. n = 
number of animals; v~ = mean values; si = standard de- 
viation. 

0.1 I U .  kg -~ �9 h -~ together with the infusion) led to a 
decrease of the initial levels of ketone bodies and the 
blood glucose level, but  not to an improvement of the 
ketone body clearance. Obviously there are alterations 
of enzyme levels which cannot be repaired within a 
short time. 

Chronic treatment with insulin (5 IU  Depot-Insu- 
lin Hocchst every 12 h for 4--6 days), however, 
completely restored the capacity to eliminate 
ketone bodies. The total clearances of three groups of 
rats were examined: diabetic rats, diabetic rats with 
chronic insulin treatment, as described above, and 
healthy animals. The rats received i.v. infusions with 
rates between 60 and 80 9moles AcAc.  kg -1. min -~. 
The mean values for the total clearances (2i) and 
standard deviations (s 0 within the three groups are 
given in Table 1. The hypothesis 21 = 22 = xa was 
tested by an analysis of variance corresponding to a 
completely randomized design. From the results given 
in Table 2 it follows that  at least one difference be- 
tween the three mean values is highly significant. The 
further analysis of the differences between the three 
mean values by Scheff6's method showed significant 
differences between the means of the normal resp. the 
diabetic group treated with insulin on the one hand 
versus the diabetic group without treatment on the 
other hand ( P <  1%), whereas the difference between 
normal and insulin-treated diabetic rats is not  signifi- 
cant. Furthermore no deaths occured during AcAe-in- 
fusions in insulin-treated diabetic rats. 

D i s c u s s i o n  

On the supposition that  the streptozotocin-diabetes 
in rats can be compared with human diabetes, the ex- 
periments provide an explanation of the development 
of diabetic coma. The changed turnover kinetics do 

Table 2. A n a l y s i s  of  variance f o r  the comparison of  the mean  values of total clearances 
in  three groups of  rats specified i n  Table 1 

Source of Degrees of Sum of Mean F-ratio Significance 
variation freedom squares square 

Among groups 2 87800 43900 145.627 p < 0.1% 
Within groups 40 12058 301 
Total 42 99 858 

Whereas we had no deaths in healthy rats with in- 
fusion rates up to 150 ~moles. kg -1- min -1, deaths 
occurred more frequently in diabetic rats with rising 
dosages. Up to dosages of 50 ~zmoles. kg -1. rain -1 
there were no deaths and the elimination within this 
range was normal. At 60 ~moles 40 per cent, between 
60 and 70 ~moles 48 per cent, and above 70 ~moles 
75 per cent of the diabetic animals died during the 
third or fourth hour of the infusion. 

Acute treatment with insulin (1 IU per kg imme- 
diately before the infusion by i.v. injection and then 

not become evident as long as the production of ketone 
bodies is small. At production rates of ketone bodies 
above 50 ~moles �9 kg -1 �9 min -1, however, the blood lev- 
els of ketone bodies increase exponentially to high 
values, whereas in healthy rats there is still a linear re- 
lationship between production and utilization. In  the 
diabetic animals there is apparently a disturbance of 
the utilization of ketone bodies (as to renal elimination 
there are no differences between healthy and diabetic 
animals) and the high levels of ketone bodies already 
result from a moderately increased production of ke- 
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tone  bodies.  F r o m  the  values  of the  t o t a l  c learance in  
h e a l t h y  ra t s  i t  can be ca lcu la ted  t h a t  in s t a rva t i on  
ketosis  a b lood level  of 1.5 ~moles f l - t{0B ~- AcAe 
per  ml is caused b y  a p roduc t ion  of ke tone  bodies  of 
150 9mo le s .  kg  -1.  ra in  -1 [5]. I n  d iabe t ic  an imals  an  
equa l ly  high b lood level  is b rough t  a b o u t  b y  a pro-  
duc t ion  of ke tone  bodies  of a b o u t  70 ~moles �9 kg  -1 .  
min-L 

Differing opinions concerning underu t i l i za t ion  of 
ke tone  bodies  in d iabe t ic  ke toaeidos is  can p r o b a b l y  be 
a t t r i b u t e d  to  the  fact  t h a t  the  resul ts  depend  on ex- 
pe r imen ta l  design as far  as the  range of b lood levels or 
the  ra te  of p roduc t ion  or  supp ly  of ke tone  bodies  are 
concerned - -  as Fig.  1 clear ly shows. 

The enzymat i c  basis  for the  impa i r ed  u t i l i za t ion  
descr ibed above  has no t  y e t  been e luc ida ted  a n d  has  
to  be examined .  
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