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Effect of insulin on ketone body clearance studied by 
a ketone body "clamp" technique in normal man 
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Summary. The effect of elevated plasma insulin concentra- 
tion (55 _+ 2 mU/1) on peripheral clearance and production of 
total ketone bodies was determined using 3-14C-acetoacetate 
tracer infusions. Nine normal subjects were studied twice, 
once during insulin infusion (20 mU. m -2- min-a), once dur- 
ing basal plasma insulin concentrations (controls). Blood to- 
tal ketone body concentrations (sum of acetone, acetoacetate 
and fl-hydroxybutyrate) were maintained in both studies at 
2 mmol/1 by feedback-controlled sodium acetoacetate infu- 
sions. The coefficient of variation of total ketone body con- 
centrations during the two clamp studies was 10 and 11% re- 
spectively. The sodium acetoacetate infusion rate required 
during the clamp was 55 +4% higher during hyperinsulin- 
aemia than in controls (p< 0.005). This was due to increased 

total ketone body clearance (8.4 + 0.7 vs 6.7 + 0.4 ml. kg -1. 
min -1, p<0.015), and to enhanced suppression of ketone 
body production (p<0.01). Hyperketonaemia alone de- 
creased ketone body production by 42% and diminished ke- 
tone body clearance by 46%, the former being enhanced, the 
latter being in part antagonised by insulin. Since the plasma 
insulin concentrations were within those observed in patients 
treated for diabetic ketoacidosis, the data suggest that the an- 
tiketotic effect of insulin therapy results in part from an in- 
crease in peripheral ketone body disposal. 
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Ketotic conditions such as fasting or diabetic acidosis 
are primarily the result of  increased ketone body  pro- 
duction [1, 2]. In addition, diminished peripheral  ke- 
tone body clearance plays a contributing role [2, 3]. 
The question whether  decreased ketone body  clear- 
ance during diabetic ketoacidosis is a consequence of  
insulin deficiency or of  the elevation of  ketone body 
concentrations is controversial. Indirect evidence for a 
role of  insulin in ketone body  removal was suggested 
by  the observation that ketone body  concentrations in 
ketotic diabetic patients were higher than those ob- 
served in non-diabetic fasting subjects, al though ke- 
tone body  disposal rates were similar [2, 4]: however, a 
recent study demonstrated similar peripheral  ketone 
body  clearance rates in non-diabetic and in diabetic 
ketotic subjects [3]. Hyperketonaemia  per se results in 
decreased metabolic clearance rate of  ketone bodies in 
man  [5-7]. 

Animal data are also equivocal since on one hand, 
ketone body  clearance rates were decreased in diabetic 
animals [8, 9], and insulin therapy increased ketone 
body  utilisation [10]; other studies failed to observe an 
effect of  insulin on ketone body  utilisation [11-14]. 

In view of  these unresolved issues, the present 
studies were designed to examine the influence of  hy- 
perinsulinaemia on peripheral  ketone body  clearance 
in man, and to assess its interaction with elevated ke- 
tone body concentrations. To avoid a confounding ef- 
fect of  altered ketone body  concentrations, they were 
maintained at predetermined levels using rapidly de- 
termined ketone body concentrations and variable 
rates of  ketone body  infusions (ketone body  "clamp").  

Subjects and methods 

Subjects and procedures 

Nine volunteers (5 men, 4 women) aged between 41 and 63 years 
(52+7years), weighing 74• with a body mass index of 
25.1 • 0.8 kg/m 2 gave their written informed consent to participate 
twice; once in the insulin protocol, once in the control study. They 
were taking no medication; their history and clinical examinations 
were unremarkable. A glucose tolerance test was normal according 
to the WHO criteria (1980), as were their plasma electrolytes, creati- 
nine and liver enzymes. The study protocol was approved by the lo- 
cal ethics committee on human experimentation. 



U. Keller et al.: Effect of insulin on ketone body clearance 

After a 12-h overnight fast, they were admitted to the hospital; a 
teflon cannula was inserted into the left antecubital vein for infu- 
sions, and a butterfly needle in retrograde manner into a dorsal hand 
vein for sampling of arterialised blood [15]. After withdrawing blood 
for determination of recoveries of 14C-ketone bodies, a continuous 
infusion of 150 lxCi 3-14-C-Na-acetoacetate was started by bolus in- 
jection of 20 p.Ci of the tracer. After 60 min of tracer equilibration, 
blood samples were drawn in 10-rain intervals during a 30-min basal 
period and during 230 rain of unlabelled acetoacetate infusion (ke- 
tone body "clamp"). During the acetoacetate infusion either insulin 
(20 mU. m -2. rain -1) or saline (controls) were infused. All infusions 
were delivered using Harvard syringe pumps (Harvard Apparatus 
Ltd, South Natick, Mass, USA). 

Ketone body "clamp" 

Sodium acetoacetate was infused during the first 30 min at fixed 
rates (42.5 ~tmol-kg-l-min -1 during the first 10min, 21.4~tmol. 
kg- l -min -1 during the second 10 rain, and 11.6 Ixmol.kg -1.rain -1 
during the following 10 rnin) to raise total ketone body (TK) concen- 
trations acutely to 2.0 mmol/1. Thereafter, the infusion rate of so- 
dium acetoacetate was adjusted in 10-min intervals according to rap- 
idly determined acetoacetate (including acetone) and fl-hydroxybuty- 
rate concentrations and to an algorithm. Since ketone body concen- 
trations were only known with a 20-rnin delay after sampling, the 
actual total ketone body concentration at time i was predicted by us- 
ing the previous ketone body concentrations and acetoacetate infu- 
sion rates in the calculation. Thereby, the new acetoacetate infusion 
rate was calculated aiming to correct total ketone body concentra- 
tions to the desired value. Specifically, the average infusion rates of 
acetoacetate during the preceding 60 min were divided by the mean 
total ketone concentration, yielding thereby an estimation of the 
metabolic clearance rate (MCR) of total ketone bodies, neglecting 
the contribution of endogenous ketone body production to total 
turnover. The actual total ketone body concentration at time i was 
predicted using the ketone body concentration 20 rain previously, 
the calculated MCR at time i minus 20 min, and the acetoacetate in- 
fusion rate during the preceding 20 min. Thereafter, the new aceto- 
acetate infusion rate was calculated from the difference between ac- 
tual and target concentrations, using a volume of distribution (VD) 
of total ketone bodies of 0.2 1/kg [7], and aiming to correct total ke- 
tone bodies to the desired concentration within 30 rain. 

The algorithm for calculation of sodium acetoacetate (AcAc infu- 
sion rate at time i to adjust total ketone body concentrations to 
2 retool/l) is as follows: 

(1) Estimated TK-MCRa(_20_6o min) = 
mean AcAc infusion rateb(_20_60 rain) 

mean [TK]-2o-6o rain) 

(2) Predicted [Tg]~(~tmol/1)= 
[rK](i_20min) '[(1).[TK](I_2o rain)- AcAc infusion rateb(i.2o min)] 20 min 

VDrc 

(3) New AcAc infusion rate(i) u = 

0mmol"--( , 

where a indicates ml .kg -1 -min -1 and b ~tmol .kg -1 .min -a 

Infusions 

Unlabelled sodium acetoacetate and sodium-3-14C-acetoacetate were 
prepared from ethylacetoacetate by hydrolysis with a slight excess of 
Na(OH) as described previously [6, 7]. Concentration of unlabelled 
sodium acetoacetate was 1.45 ___ 0.19 mmol/1; each infusate was cali- 
brated by spectrophotometric assay [16]. Gas chromatography dem- 
onstrated that the infusate did not contain significant amounts of 
ethanol or acetone. Glucose 20% (w/v) was infused at variable rates 
adjusted in 10-rain intervals according to an algorithm to maintain 
euglycaemia during insulin infusion [17]. Radiochemical purity of 
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the sodium 3-14C-acetoacetate (Radiochemical Centre, Amersham, 
UK) was assessed according to Mayes and Felts [18] and was 76.4_+ 
1.7%. The tracer infusion rates were corrected accordingly. Actrapid- 
HM was from Novo, Bagsvaerd, Denmark; it was dissolved in 0.9% 
NaC1 containing 2% human albumin (Swiss Red Cross, Bern, Swit- 
zerland). 

Analyses 

Samples were collected in tubes containing EDTA (5 mg/ml blood). 
0.5 ml blood was added to 60 ml serum flasks containing 0.5 ml 
perchlorid acid 30% (w/v). The flasks were immediately stoppered 
with gastight rubber stoppers (Veneret, Paris, France), and incubated 
for 15 rain in a waterbath at 80 ~ Preliminary studies demonstrated 
that after 15 min, more than 99% of the acetoacetate had been decar- 
boxylated to acetone; the serum flasks were punctured with the nee- 
dle of a glass syringe, and 3 ml of head space air was injected into a 
gaschromatograph (Packard, Mod. 427) equipped with a glass col- 
umn packed with Carbopack c/0.2%, 80/100; (Supelco, Bellefonte, 
Calif, USA), kept at 60 ~ Acetone consisting of decarboxylated ace- 
toacetate and preexisting acetone eluted after 30 s. All determina- 
tions were performed in duplicate, the concentrations were read 
from a standard curve obtained from headspace air of acetoacetate 
solutions in saline. Plasma fl-hydroxybutyrate concentrations were 
determined rapidly by an enzymatic method [16] with the following 
modification: after obtaining plasma within 30 s. (Beckman Micro- 
fuge), 0.2 ml were added directly to 1.2 ml 0.2 tool/1 glycine buffer 
containing 2.54 ixmol NAD (Sigma, St. Louis, Mo, USA) in a cuvette. 
20 ~tl 3-D-fl-hydroxybutyrate dehydrogenase (no.1277833, Boerin- 
ger-Mannheim, FRG) was added, and the cuvettes were incubated at 
60 ~ for 20 min. Immediately thereafter, extinction of the samples 
was read at 340 nm (LKB photometer with automatic cuvette chang- 
er). Each sample was analyzed in triplicate, and a blank containing 
plasma but no enzyme was subtracted. Since the reaction came only 
to 60-70% completion, the concentrations were read from a standard 
curve prepared in plasma containing low endogenous fl-hydroxybu- 
tyrate concentrations to which known amounts of fl-hydroxybutyrate 
were added. Blood fl-hydroxybutyrate was calculated from plasma 
concentrations by multiplying with 0.85 [16]. fl-hydroxybutyrate con- 
centrations determined by this method were equivalent to those de- 
termined by standard enzymatic methods [16]. Plasma glucose con- 
centrations were measured within 5 rain using a YSI glucose 
analyzer (Mod. 23A; Yellow Springs, Ohio, USA). Blood 14C-total 
ketone body concentrations were determined as described previously 
[7, 18]. Recovery of 3JaC-acetoacetate and 3-14C-fl-hydroxybutyrate 
added to preinfusion blood was 107 + 2%, and 83 + 1%, respectively, 
and corrections were made accordingly. Rates of production and 
metabolic clearance of total ketone bodies were calculated using a 
single compartment model of total ketone bodies and the combined 
specific activity of total ketone bodies in a non-steady state equation 
assuming a functional volume of distribution of total ketone bodies 
of 0.21/kg [7]. The mean specific activity ratio of total ketone 
bodies/acetoacetate was 0.55 in the basal state, and 0.95 during ace- 
toacetate infusion. Endogenous ketone body production was the dif- 
ference between the rate of appearance of total ketone bodies, and 
the infusion rate of sodium acetoacetate. Tracer kinetics were not 
calculated during the initial 45 rain when steady state was grossly 
disturbed by the loading doses of sodium acetoacetate. Urinary 
excretion of acetoacetate was 1.6+0.3% of the infused unlabelled, 
and 1,7 + 0.6% of the labelled ketone body, and was neglected in the 
calculation of kinetic data. Plasma non-esterifled fatty acids [19], 
plasma insulin [20], glucagon [21] and lactate [22] concentrations 
were determined as described. 

Statistical analysis 

All parameters of ketone body kinetics did not change significantly 
with time during the 30-rain basal period, and during the last 
100 min of sodium acetoacetate infusion when tested by analysis of 
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Fig.1. Plasma insulin, total ketone body concentration and fl-hy- 
droxybutyrate/acetoacetate concentration ratio before and during 
the ketone body clamp. Nine overnight-fasted subjects received on 
two separate occasions either saline (control, dashed line) or insulin 
(full line). Results are mean + SEM 

variance with repeated measures or by Friedman's analysis of vari- 
ance. Hence, average values of these two periods were used to com- 
pare the two protocols. The changes from the basal period to the in- 
fusion period and the two protocols were compared by Student's 
paired t-test, and for non-normally distributed data by Wilcoxon's 
signed-rank test. Correlations were calculated according to Spear- 
man. Statistical calculations were performed using standard software 
(BMDP-Statistical Software, Inc. Los Angeles, Calif, USA) and a 
Digital Vax System. Results are means + SEM. 

Results 

Plasma insulin, total ketone body concentrations and 
fl-hydroxybutyrate/acetoacetate concentration ratio 
(Fig. 1) 

Plasma insulin concentrat ions ( 1 2 J + a . 9 m U / l  in- 
creased rapidly during insulin infus ion to steady state 
levels o f  55.2 + 2.5 m U / 1 ;  p lasma insulin levels in the 
control  studies decreased slightly from 1 0 . 4 + 1 . 4  to 
8.3 _+ 1.4 m U / 1  ( p <  0.05) during hyperketonaemia.  Bas- 
al total ketone  body  concentrat ions were 0.30 + 0.05 in 
the insulin protocol ,  and 0.43 + 0 . 0 6  m m o l / 1  in con-  
trols; they increased rapidly during acetoacetate infu- 
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Fig.2. Sodium-acetoacetate infusion rates, endogenous production 
(Ra) and peripheral clearance (MCR) of total ketone bodies before 
and during the ketone body clamp. The dashed line represents con- 
trol studies, the full line the studies with elevated plasma insulin con- 
centrations. P values refer to statistical differences of the interval 
150-270 min between the control and the hyperinsulinaemia proto- 
cols. Results are mean_ SEM 

sion and reached slightly lower levels in the insulin 
protocol  than in controls during the initial 60 min o f  
acetoacetate infusion. During the last 100 min o f  the 
"clamp" (steady state period), total ketone  body  con- 
centrations were similar (1.9_+ 0.97 and 2.04 + 
0.03 mmol /1  respectively); the coefficients o f  variation 
o f  total ketone body  concentrations were 11 and 10% 
respectively. The f l -hydroxybutyrate/acetoacetate  con- 
centration ratios (bottom panel)  during the basal peri- 
od  were 2 . 1 + 0 . 4  and 1 . 9 + 0 . 2  respectively; they de- 
creased rapidly during acetoacetate infusion to lower 
values in the insulin protocol  than in controls (0.54_+ 
0.03 vs 0 .97+0 .10 ,  p < 0 . 0 2 ) .  

Sodium acetoacetate infusion rates, endogenous 
production and metabolic clearance rate of total ketone 
bodies (Fig. 2) 

Unlabel led acetoacetate was infused during the first 
3 0 m i n  in a predetermined stepwise fashion (see 
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Fig.3. P lasma concentrat ions o f  non-esterif ied fatty acids and  glu- 
cose, and  glucose infus ion rates in control studies (dashed line) and  
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"Methods"); later on, its rate was on average 
11 p.mol.kg-l .min -1. During the last 100min, the 
acetoacetate infusion rate was 55% higher in the insu- 
lin protocol than in controls (p<0.005). Endogenous 
ketone body production (middle panel) decreased sig- 
nificantly during acetoacetate infusion in both proto- 
cols; during the last 100 min, ketone body production 
was entirely suppressed during insulin infusion to 
-0 .5+0 .4 lxmol .kg- l .min  -1 (p<0.01 vs basal peri- 
od). In comparison, total ketone body production de- 
creased in the control studies from 5.5 + 1.0 to 3.2+ 
1.0 p.mol, kg -1. min -1 (42%, p <  0.05); the decrease of 
production was smaller (p<0.015) than in the insulin 
protocol. Total ketone body clearance decreased signif- 
icantly during hyperketonaemia from 12.9--,0.8 to 
8.4 + 0.7 ml. kg- 1. min-  1 during elevated insulin (p < 
0.01), and from 12.5_+0.6 to 6.7+-0.4 ml-kg-a.min -1 
(p<0.001) in controls. Both the absolute values (p< 
0.015) and the changes from baseline (p<0.025) were 
significantly different between hyperinsulinaemia and 
control studies. The insulin effect on the fl-hydroxybu- 
tyrate/acetoacetate concentration ratio was signifi- 
cantly correlated with that of the acetoacetate infusion 
rate (p < 0.05). 
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Plasma concentration of non-esterified fatty acids 
(NEFA), glucagon, lactate, glucose and glucose infusion 
rate (Fig. 3) 

Plasma NEFA concentration decreased significantly in 
both studies during acetoacetate infusion by 0.40--- 
0.06mmol/1 (p<0.001) and by 0.21+0.04mmol/1 
(p< 0.01) respectively. The decrease was 91% greater in 
the insulin protocol compared to controls (p<0.001). 
Plasma glucose concentrations decreased slightly from 
5.67 ___ 0.28 to 5.11 -+ 0.17 mmol/1 (p< 0.01) during hy- 
perketonaemia in the control studies whereas they 
were maintained at basal levels by the glucose clamp 
when insulin was administered. Plasma glucagon con- 
centrations decreased slightly during hyperinsulinae- 
mia from 64---39 to 49--,31 pg/ml compared to a 
change from 59 + 44 to 69 -+ 58 pg/ml (NS) in controls. 
Plasma lactate concentrations increased significantly 
during hyperinsulinaemia from 1.14+0.15 to 1.46+ 
0.17 retool/1 (p< 0.015); in contrast, plasma lactate re- 
mained unchanged during hyperketonaemia (1.06--. 
0.13 in the control period, 1.02+0.15 mmol/1 during 
hyperketonaemia, p <  0.01 vs hyperinsulinaemia proto- 
col). 

Discussion 

The data of the present study demonstrated a stimula- 
tory effect of elevated plasma insulin concentration on 
ketone body clearance in man. Previous reports dem- 
onstrated that ketone body clearance was diminished 
in insulin-deficient ketotic humans [2, 23] and animals 
[%11]. However, these data were not conclusive since 
hyperketonaemia per se results in decreased ketone 
body clearance as demonstrated previously [5-7] and 
in the present study. 

When insulin was administered to dogs [10] and to 
humans [4, 24, 25] ketone body clearance decreased. 
However, the conclusion of two of these studies [24, 
25] may be challenged by the fact that ketone body 
concentrations decreased during insulin infusion. In 
the studies in which infusions of unlabelled ketone 
bodies were used to assess ketone body utilisation [4, 
10] the results can be critisised since two different 
models of ketosis were compared [10] and since the un- 
physiological racemate D,L-fl-hydroxybutyrate was 
used to determine ketone body clearance [4]. In addi- 
tion, ketone body disposal rates were determined with- 
out measuring endogenous ketogenesis during infusion 
of unlabelled ketone bodies [4]. Suppression of hepatic 
ketone body production occurred, however, in the pre- 
sent study in agreement with a previous report [6]. 

Regarding the mechanism of the insulin effect on 
ketone body clearance, an earlier study demonstrated a 
selective effect of insulin on fl-hydroxybutyrate remov- 
al in rat diaphragm without an effect on acetoacetate 
utilisation [26]. Insulin administration to diabetic rats 
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increased ketone body oxidation in heart mitochon- 
dria, along with a stimulation of the activity of fl-hy- 
droxybutyrate dehydrogenase and of 3-oxoacid CoA- 
transferase [27]. These findings may explain the present 
observation that the fl-hydroxybutyrate/acetoacetate 
concentration ratio decreased during insulin adminis- 
tration. This decrease was probably not due to dimin- 
ished de novo production of fl-hydroxybutyrate, since 
fl-hydroxybutyrate production was presumably small 
in both studies compared to the rate of acetoacetate in- 
fusion. A considerable amount of fl-hydroxybutyrate 
can be expected to be converted from infused ace- 
toacetate in the liver [28] and in peripheral tissues [29, 
30]. The present findings suggest, therefore, that hyper- 
insulinaemia increased total ketone body removal 
mainly by increasing fl-hydroxybutyrate clearance. Al- 
though we have no direct measurements of individual 
ketone body clearance this conclusion is consistent 
with a previous report demonstrating decreased clear- 
ance of fl-hydroxybutyrate but not of acetoacetate in 
diabetic patients [23, 30]. It is possible that label ex- 
change during acetoacetate infusion resulted in a spu- 
riously increased rate of' appearance of ketone bodies 
[31]; however, this should have occurred in both proto- 
cols. 

Elevation of plasma insulin concentrations en- 
hanced the decrease of plasma NEFA levels observed 
during hyperketonaemia per se, probably due to aug- 
mented suppression of lipolysis by elevated ketone 
body concentrations [6]. It is possible that the insulin- 
induced lowering of plasma NEFA concentrations 
contributed to the observed increase in ketone body 
clearance, e.g. by competition of NEFA with ketone 
bodies for uptake in peripheral tissues. Previous data 
on the interaction of NEFA and ketone bodies in pe- 
ripheral tissues are inconclusive; ketone body utilisa- 
tion was unchanged when NEFA availability was in- 
creased in muscle in fasted rats [32]; however, body 
utilisation was diminished in human adipose tissue 
during elevated NEFA concentrations [33]. 

A further mechanism whereby insulin affected ke- 
tone body clearance may have been related to its effect 
on glucose uptake; this point is also not clearly re- 
solved in the literature since in vitro studies showed 
that glucose had either no effect on ketone body utili- 
sation [34] or inhibited acetoacetate oxidation in adi- 
pose tissue [35] and in brain [36]. 

The present studies represent the first attempt to 
assess peripheral ketone body clearance at predeter- 
mined ketone body concentrations using a ketone 
body "clamp". Thereby, regulation of ketone body 
clearance can be studied independently of changes in 
ketone body concentrations even when ketone body 
production is altered. The results demonstrate that it is 
possible to reach the desired total ketone body concen- 
trations within a narrow range, below that known to 
influence peripheral ketone clearance [3]. The algo- 
rithm used to adjust the acetoacetate infusion rate has 
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some similarities to that described for the glucose 
clamp technique [17]. However, the ketone body clamp 
has two peculiarities: first, assay of fl-hydroxybutyrate 
is slower than that of glucose due to unfavourable ki- 
netic properties; attempts have been made previously 
to accelerate analysis time [3] but with limited success; 
second, the ketone body clamp is more labour-inten- 
sive since it requires measurement of two ketone 
bodies. 

The observed increase in plasma lactate concentra- 
tions during hyperinsulinaemia may be explained by 
increased insulin-induced glucose uptake, and result- 
ant glycolysis in peripheral tissues such as muscle. In 
addition, inhibition of gluconeogenesis may have de- 
creased lactate uptake. 

Endogenous ketone body production was com- 
pletely suppressed during hyperinsulinaemia and ele- 
vated ketone body concentrations; this may have re- 
sulted from the combined effect of diminished plasma 
NEFA concentrations, from a direct suppressive effect 
of ketone bodies on ketogenesis [6], and from a direct 
inhibitory effect of insulin on hepatic ketogenesis [38]. 

In conclusion, the present results demonstrate that 
elevated insulin concentrations result in increased rates 
of ketone body clearance. Since plasma insulin con- 
centrations achieved in the present study are in a simi- 
lar range to those observed during treatment of diabet- 
ic ketoacidosis [39] the results suggest that insulin 
therapy has a peripheral hypoketonaemic effect. Con- 
versely, diminished peripheral ketone body clearance 
may enhance the development of hyperketonaemia in 
insulin-deficient diabetic patients. However, it should 
be pointed out that the effect on ketone body clearance 
was observed at elevated insulin concentrations which 
does not occur spontaneously during conditions of hy- 
perketonaemia; in addition, the stimulatory effect of 
insulin on ketone body clearance was weaker than the 
inhibitory effect of hyperketonaemia. This emphasizes 
the importance of studying ketone body clearance at 
predetermined ketone body concentrations as attempt- 
ed in the present study by the ketone body "clamp". 
The technique should be suitable to study other mech- 
anisms influencing ketone body uptake, such as sub- 
strates and hormones. 
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