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Summary. To assess the role of glucagon and insulin in the 
acute regulation of ketone body kinetics in man, somatostatin 
was administered with various combinations of these hor- 
mones by replacement infusions in groups of six to seven nor- 
mal subjects. Somatostatin-induced insulin and glucagon de- 
ficiency produced a threefold increase in total ketone body 
concentrations within 2 h. This increase was the combined re- 
sult of enhanced production (71%),-and decreased metabolic 
clearance (32%), as determined by 14C-acetoacetate infusions. 
An associated elevation of non-esterified fatty acids (66%) and 
glycerol levels occurred. Glucagon replacement (2 ng�9 kg 1 . 
rain-l) during insulin deficiency failed to enhance ketogene- 
sis or lipolysis but lowered the fl-hydroxybutyrate/acetoace- 
tate concentration ratios. Hyperglycaemia, observed during 
glucagon administration and insulin deficiency, did not di- 

minish ketone body production or lipolysis. In contrast, insu- 
lin replacement (150 aU . kg -1 �9 min 1) diminished lipolysis, 
lowered ketone production, and elevated the metabolic clear- 
ance rate of ketone bodies. Glucagon infusions (2 and 4 ng - 
kg ~ �9 min 1) during somatostatin and insulin replacement 
did not accelerate ketone body production or raise non-esteri- 
fled fatty acid levels, but produced a dose-dependent eleva- 
tion of blood glucose levels. The results suggest that glucagon 
is not an important ketogenic hormone under the conditions 
studied. 

Key words: Ketone body turnover, ketogenesis, acetone, lipo- 
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Ketone body concentrations may reach markedly ele- 
vated levels during various physiological and pathologi- 
cal conditions, such as fasting and diabetic ketoacidosis 
[1]. Controlling factors are involved which enhance or 
inhibit the accumulation of  ketone bodies in the blood. 
It has been recognized recently in a study performed in 
rats, that ketogenesis is under  the bihormonal  control of  
insulin and glucagon [2]. However,  the relative roles of  
these two hormones  in regulating ketone body produc- 
tion or utilization has not been defined in man. While it 
is generally agreed that insulin deficiency enhances ke- 
togenesis, controversial results have been obtained re- 
garding the ketogenic capacity of  glucagon. An increase. 
in ketone body concentrations was observed after glu- 
cagon administration to insulin-withdrawn diabetic pa- 
tients [3-5]. In contrast, glucagon failed to stimulate ke- 
togenesis in normal man [3, 6], probably due to counter- 
regulatory insulin release following glucagon adminis- 
tration which suppressed the potential ketogenic effects 
of  glucagon. 

The present studies were performed to assess the ef- 
fect of  acute alterations in insulin and glucagon levels 

on concentrations and kinetics of  ketone bodies. Pro- 
duction and utilization of  total ketone bodies were de: 
termined using primed continuous infusions of  3J4C - 
acetoacetate. Administration of  somatostatin provided 
an acute deficiency of  insulin and glucagon; it also pre- 
vented counter-regulatory release of  either hormone by 
the other, during various replacement infusions of  insu- 
lin and glucagon. 

Subjects and Methods 

Subjects 
Thirty-five healthy subjects (13 males and 22 females) aged between 
43 and 66 years participated in the study. Each subject's weight was 
within 10% of his ideal body weight (based upon 1959 Metropolitan 
Life Insurance Tables). The oral glucose tolerance test, haematocrit, 
serum electrolytes, urea and liver enzymes were within normal limits 
before the study. The investigation was approved by the Local Ethical 
Committee, and written informed consent was obtained from all par- 
ticipants. 
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Experimental Procedures 

The subjects reported to the laboratory after a 13-h overnight fast, fol- 
lowing consumption of a light meal at 19.00 h on the previous day. A 
Venflo catheter (inner diameter: 1.2 ram) was inserted into an antecu- 
bital vein for infusion. The hand of the contralateral arm was placed 
in a warming chamber at 60 ~ and arterialized venous blood was 
sampled from a dorsal hand vein by a Butterfly needle (inner diame- 
ter: 0.8 ram) [7]. A primed constant infusion of sodium 3-14C-acetoace - 
tate (0.56-0.72 btCi/min) was administered throughout the study. 
Blood samples were obtained during 14 rain at 2 rain intervals follow- 
ing primer injection (20 IxCi) for determination of the pool size of ke- 
tone bodies, and after 40 rain of tracer equilibration, at 10 and 15 rain 
intervals during 165 min. 

Infusion protocols: (1) saline (0.154 tool/l); (2) somatostatin (6.5 
.ug - kg -1 - h-l), either alone or in combination with: (3) glucagon 
(2 ng �9 kg -1 �9 rain-l); (4) glucose (20 g/100 ml H20) to produce com- 
parable hyperglycaemia to that observed during glucagon infusions; 
(5) insulin replacement (150 ~U . kg -1 �9 rain-l); (6) insulin replace- 
ment and glucagon (2 ng . kg -1 - rain 1); (7) insulin replacement and 
glucagon (4 ng �9 kg -1 �9 min-~). 

Preparation of Infusates 

3-14C-ethylacetoacetate (160 .uCi, sp. act. 9.2 Ci/mol, Amersham 
International, Bucks., UK) was added to freshly redistilled carrier 
ethylacetoacetate (0.5 retool). After hydrolysis with NaOH (10% 
excess) and incubation for 60 rain at 40 ~ the solution was evaporat- 
ed to approximately half of its initial volume to remove ethanol, ace- 
tone and water [8]. The purity of the tracer [9] was 86 _+ 1% (range 
76%-99%). The infusates were sterilized by passing through a MiIli- 
pore filter (0.22 gin) and stored in sterile flasks at - 6 0  ~ until use 
(within 8 weeks). Cyclic somatostatin was purchased from Serono, 
Freiburg, FRG; insulin (Actrapid) and glucagon were obtained from 
Novo, Copenhagen, Denmark. Somatostatin, insulin and glucagon 
were dissolved in saline (0A54 tool/l) containing human albumin 
(0.5 g/100 ml). All infusates were delivered using Harvard pumps. 
During the hyperglycaemia study, glucose (20 g/100 ml H20) was ad- 
ministered at rates which were periodically adjusted according to in- 
stantaneously measured blood glucose levels. 

Analytical Procedures 

The blood samples were drawn with heparinized syringes and collect- 
ed in tubes containing 5 mg/ml EDTA. Aliquots (4.5 ml) were imme- 
diately deproteinized by adding equal volumes of chilled HC104 
(30 g/100 ml H20) and neutralized with KOH (20 g/100 ml H20). 
Blood concentrations of acetoacetate [10] and fl-hydroxybutyrate [l 1], 
glycerol [12], and glucose [13] were measured using a microfluorimet- 
ric adaption of enzymatic methods. In the hyperglycaemia studies 
(protocol 4), blood glucose was determined instantly by a Yellow 
Spring glucose analyzer (Yellow Springs Instrument Co, Yellow 
Springs, Ohio, USA). Blood acetone was determined using head 
space analysis and gas chromatography [14]. Acetoacetate and ace- 
tone were assayed within 6 h, during which period both were shown 
to be stable. 14C-ketone bodies were determined as described previ- 
ously [9]. Recoveries determined in all studies were 87 _+ 1% for 140 
acetoacetate, and 84 _+ 2% for 14C-fl-hydroxybutyrate. The sp. act. of 
acetoacetate and of total ketone bodies included acetone values. Plas- 
ma non-esterified fatty acids (NEFA) were measured by a radiochem- 
ical method [15], plasma immunoreactive insulin using Sephadex- 
bound antibodies [16], and immunoreactive glucagon in plasma con- 
taining Trasylol (500 IU/ml) using the 30 K antibody obtained from 
Dr. Unger, Dallas, Texas [17]. 

Total ketone body kinetics were calculated using a single pool 
model as originally described for glucose [18] and as recently validat- 
ed for ketone bodies [19l. The pool sizes of total ketone bodies were 
determined in each subject as described previously [19l; a pool frac- 
tion of total ketone bodies of 1.0 was employed. Total ketone body 

production was obtained by using the combined sp. act. of individual 
ketone bodies in the calculation. The metabolic clearance rate was 
calculated by dividing the rate of utilization by the concentration, as 
the latter has been used previously as an index of efficiency of utiliza- 
tion of ketone bodies [20]. In the calculation of the metabolic clear- 
ance rate of ketone bodies, urinary losses of ~4C-ketone bodies were 
neglected, since < 1% of the infused radioactivity was shown to be 
lost in the urine during the experimental period. Calculations were 
performed using a Hewlett-Packard 9815 desk top computer. Results 
are presented as mean _ SEM. Student's paired t-test was used for 
the comparison of two experimental periods in the same subject. The 
unpaired t-test was employed for the assessment of statistical signifi- 
cance between different protocols. 

Results 

Effect of Saline Infusion on Ketone Body Kinetics 
(Table 1) 

The  p r o d u c t i o n  rates o f  to ta l  ke tone  b o d i e s  rose  s l ight ly  
d u r i n g  the  s tudy  f rom 6.3 + 1.3 btmol �9 kg -1  . m i n -  
d u r i n g  the  con t ro l  p e r i o d  to 8.7 + 1.6 u m o l  �9 kg - t  
min  -1 at  150 min  (p < 0.02). The  u t i l i za t ion  ra tes  o f  to- 
tal  k e t o n e  b o d i e s  f o l l o w e d  the  p r o d u c t i o n  rates  c lose ly ;  
c o n s e q u e n t l y  there  was a smal l  bu t  s ign i f ican t  inc rease  
in to ta l  ke tone  b o d y  c o n c e n t r a t i o n s  (47%, p < 0.01). 
T h e r e  was also a s ign i f i can t  inc rease  in f l - h y d r o x y b u t y -  
ra te  c o n c e n t r a t i o n s  (81%, p < 0.005). B l o o d  ace toace -  
tate,  ace tone ,  m e t a b o l i c  c l e a r a n c e  rate  o f  k e t o n e  bod ies ,  
p l a s m a  insul in  a n d  g l u c a g o n  d i d  no t  c h a n g e  s ign i f ican t -  

ly. 

Effect of Somatostatin-Induced Insulin and Glucagon 
Deficiency on Ketone Body Kinetics (Fig. 1) 

S o m a t o s t a t i n  i n fus ion  ( p r o t o c o l  .2) r e su l t ed  in a de-  
c rease  o f  insu l in  at  150 min  f rom 5.6 + 0.6 to 1.7 _+ 
0.4 m U / 1  (p < 0.01), a n d  o f g l u c a g o n  f rom 132 _ 14 to 
89 + 16 p g / m l  (p < 0.001). W h i l e  p l a s m a  insu l in  was 
s u p p r e s s e d  to the  d e t e c t i o n  l imi t  o f  o u r  assay ,  g l u c a g o n  
c o n c e n t r a t i o n s  were  still c l ea r ly  m e a s u r a b l e .  The  to ta l  
k e t o n e  b o d y  c o n c e n t r a t i o n s  i n c r e a s e d  a l m o s t  th ree fo ld ,  
f r o m  364 ___ 120 to 1081 + 231 ~tmol/1 (p < 0.01). This  
i nc rease  was  ent i re ly  due  to  the  e l eva t ion  o f f l - h y d r o x y -  
b u t y r a t e  wh ich  rose  f rom 210 +_ 68 to 851 _+ 
180 g m o l / 1  (p < 0.005). B l o o d  a c e t o n e  levels i n c r e a s e d  
f rom 29 _+ 11 to 50 ___ 12 btmol/1 (p < 0.005), whe reas  
a c e t o a c e t a t e  c o n c e n t r a t i o n s  r e m a i n e d  u n c h a n g e d  a n d  
the  f l - h y d r o x y b u t y r a t e / a c e t o a c e t a t e  c o n c e n t r a t i o n  ra- 
t ios  rose  f rom 2.0 + 0.05 to 4.5 + 0.4 (p < 0.001). The  
inc rease  in to ta l  k e t o n e  b o d y  c o n c e n t r a t i o n s  du r ing  the 
120 min  o f  h o r m o n a l  p e r t u r b a t i o n  was due  in pa r t  to in- 
c r e a s e d  k e t o n e  b o d y  p r o d u c t i o n ,  which  rose  du r ing  
s o m a t o s t a t i n  i n fus ion  f rom 7.7 _+ 2.7 to 13.2 __+ 2.2 
~tmol �9 kg -~ �9 min  -1 (p < 0.001). To ta l  ke tone  b o d y  ut- 
i l i za t ion  f o l l o w e d  the  p r o d u c t i o n  ra tes  c losely ,  bu t  wi th  
a s l ight  de lay .  The  m e t a b o l i c  c l ea r ance  ra te  o f  to ta l  ke-  
t one  b o d i e s  d e c l i n e d  s ign i f i can t ly  by  32% (p < 0.005) 
w h i c h  a u g m e n t e d  the  k e t o n a e m i c  effect  o f  the  in- 
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Table 1. Effect of  g lucagon on ketone body  kinetics at 150 min during somatos ta t in - induced  insulin deficiency and  during insulin replacement  

Protocol n u m b e r  N u m b e r  Total ketone body  Metabolic  clearance rate Total ketone body  
of  product ion o f  ketone bodies concentrat ion 
patients  (l.tmol �9 kg 1 . r a in - l )  (ml �9 kg -1 �9 rain < )  Q.tmol/1) 

M ean  A change Mean  A change Mean  A change 
value from control value from control value from control 

period period period 

1) Saline 6 8 .7+1 .6  2 .3+0 .7  16 .2+1.8  -0 .2+_1.3  630_+120 153_+ 43 

2) Somatos ta t in  (SS) 6 13.2 _+ 2.2 5.6 4- 0.7 ~ 12.6 _+ 1.4 - 6.0 _+ 0.9 b 1081 _+ 131 716 _+ 134 ~ 

3) SS + g lucagon 7 14.0+1.9  6.3_+1.3 ~ 13.5_+1.3 - 4 . 8 + 1 . 2  ~ 1020+119  6 7 4 +  95 ~ 
(2 ng �9 kg -1 �9 min -~) 

4) SS + hyperglycaemia  6 12.6_+1.2 5.1_+1.0 ~ 10.6+1.1 -2 .6_+1.3 1145_+103 605_+ 71 ~ 

5) SS + insul in 6 6.9+1.3 d 1.2+1.4 d 23.7___3.3 d 6.9+2,4 c,d 3434-118 d -13_+ 95 d 
(150 aU �9 kg - I  . rain - I )  

6) SS + insulin + g lucagon 6 3.44-0.4 b,d - 4 . 1 4 - 1 . 1  c,d 24 .2+2 .0  ~ 8.14-1.5 c'd 187-+ 31 c'd - 3 3 9 - +  62 c'd 

(2 n g .  kg -1 �9 min  -1) 

7) SS + insulin + g lucagon 6 2.9+_0.6 Cd -2 .1_+0.8  c,d 23 .6+2.5  a 4.84-1.7 a'd 112_+ 22 c,d -182_+ 82 c'd 

( 4 n g .  kg ~. min -1) 

Results  expressed as m e a n  + SEM;  a p < 0.025, b p < 0.01, ~  < 0.001 versus saline, d p < 0.01 versus somatos ta t in  
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Fig. 1. Effect of  somatos ta t in - induced  insulin and  glucagon deficiency 
on total ketone body kinetics in six normal  subjects fasted overnight.  
After  75 min, the increase in ketone body  product ion,  utilization and  
concentrat ion,  and the decrease of  the metabolic clearance rate f rom 
the control period were significant (/7 < 0.01). Results expressed as 
m e a n  ___ SEM 
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Fig. 2. Effect of  somatosta t in  (SS) and glucagon replacement  at 2 ng - 
kg -1 - min 1 on insulin, glucagon and total ketone body  kinetics in 
seven subjects. After 60 min, ketone body  production,  utilization, met- 
abolic clearance rate and  concentrat ions were significantly different 
f rom control values (p < 0.01). Results expressed as mean  _+ SEM 
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Fig.3. Insulin, glucagon and ketone body kinetics during infusion of 
somatostatin (SS) and glucose in six subjects. Glucose (200 g/l) was 
infused at variable rates (bottom panel) to mimic the hyperglycaemia 
of protocol 3 (Fig.2). The rates were adjusted in 15 rain intervals ac- 
cording to instant blood glucose measurements. Results expressed as 
mean + SEM 

creased production. The elevation of ketone body pro- 
duction and the decrease of the metabolic clearance 
rate were significantly greater than during saline infu- 
sion (p < 0.01, Table 1). 

Effect of  Somatostatin-Induced Insulin Deficiency 
and Glucagon Replacement(2 ng . kg - j  . min -~) 
on Ketone Body Kinetics (Fig. 2) 

Infusion of somatostatin and glucagon (protocol 3) re- 
sulted in insulin deficiency and mild hyperglucagon- 
aemia of 303 + 59 pg/ml. Total ketone body concentra- 
tions increased similarly as during somatostatin infu- 
sion alone, rising from 347 _ 63 to 1020 + 119 fxmol/1 
at 150 rain (p < 0.01). This increase was the combined 
result of an elevation of fl-hydroxybutyrate concentra- 
tions from 194 _+ 136 to 684 + 97 amol/1 (p < 0.005) 
and of acetoacetate levels from 127 _+ 30 to 288 _+ 
31 p.mol/1 (p < 0.02). Glucagon replacement resulted in 
significantly higher acetoacetate concentrations (p < 
0.05), and in lower fl-hydroxybutyrate/acetoacetate 
concentration ratios (2.5 _+ 0.3, p < 0.05) at 150 min 

than during the protocol of glucagon deficiency. The in- 
crease in total ketone body concentrations arose from 
an increase in production from 6.7 + 0.9 to 14.0 + 1.9 
,amol kg-1 . rain-1 (p < 0.005). The pattern of total ke- 
tone body utilization again followed the production rate 
with a slight delay, causing an increase in total ketone 
body concentrations. The metabolic clearance rate of 
total ketone bodies declined during the infusion period 
by 26% (p < 0.01). The change of production and meta- 
bolic clearance of ketone bodies from control rates were 
not significantly different from the protocol of somato- 
stalin infusion alone (Table 1). 

Effect of  Hyperglycaemia During Somatostatin Infusion 
on Ketone Body Kinetics (Fig. 3) 

To examine whether the elevation of blood glucose as- 
sociated with glucagon infusion influenced the result of 
ketone body kinetics and lipolysis, glucose was infused 
into six subjects during somatostatin infusion (protocol 
4) to mimic the hyperglycaemia of the glucagon proto- 
col. Total ketone body production rates increased sim- 
ilarly as during somatostatin infusion alone (from 7.1 + 
1.2 to 12.6 + 1.2 ,amol �9 kg -1 �9 m i n - l , p  < 0.01). Due 
to the imbalance between ketone body production and 
utilization, ketone body concentrations rose more than 
twofold mainly on account of increased fl-hydroxy- 
butyrate concentrations. NEFA and glycerol concentra- 
tions increased similarly as during somatostatin alone, 
indicating that hyperglycaemia during insulin deficien- 
cy did not alter lipolysis. 

Effect of  Glucagon at 2 and 4 ng�9 kg- /  . rain-1 
During Insulin Replacement (150 It U. kg- 1 . min- i) 
on Ketone Body Kinetics 

Insulin replacement without glucagon (protocol 5) re- 
sulted in a slight over-replacement of basal insulin lev- 
els in the peripheral circulation (11 _+ 2 at 150 min ver- 
sus 8.1 + 2.1 mU/1 during the control period, n = 6). 
Glucagon concentrations were lowered during soma- 
tostatin infusion by 50 _+ 14% (p < 0.01). Total ketone 
body production declined transiently from a mean con- 
trol rate of 5.6 + 0.8 to 3.4 + 0.5 gmol . kg-1 . rain- 
at 90 rain (p < 0.01). Due to a delayed fall of ketone 
body utilization, total ketone body concentrations were 
lowered by 41 + 9% at 90 min. At the end of the infu- 
sions, ketone body kinetics were not significantly differ- 
ent from saline controls (Table 1). 

Figure 4 shows the effect of insulin and glucagon re- 
placement at 2 ng �9 kg- 1 . rain - 1 (protocol 6) on ketone 
body kinetics. Glucagon levels were raised to 320 pg/ml 
between 105 and 150 rain, representing a mean 2.5-fold 
elevation of basal concentrations. Insulin levels were 
again slightly elevated during insulin infusion. Inspire 
of the addition of glucagon, the rate of total ketone 
body production declined, to 3.4 + 0.4 gmol �9 kg- 
min -~ (45% of control rate at 150 rain, p < 0.01). Total 
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ketone body utilization followed the production with a 
slight delay, this imbalance resulting in a gradual de- 
crease of total ketone body concentrations by 69 + 4% 
at 150 rain (p < 0.01). 

The glucagon infusions at 4 ng�9 kg- t . rain- 1 (pro- 
tocol 7) resulted in an increase in plasma glucagon lev- 
els to 780 _ 145 pg/ml (n = 6) at 150 min. These con- 
centrations were twice the levels achieved during the 
2 ng �9 kg -~ min -~ infusion. Insulin concentrations 
again increased slightly from 8.2 + 1.6 to 12.7 ___ 
0.8 mU/1; the insulin levels were similar to the two pre- 
vious protocols. Total ketone body production de- 
creased to 2.8 _+ 0.5 lxmol �9 kg-1 . min-1 at 90 min (p 
< 0.05), despite hyperglucagonaemia and remained 
lowered throughout the study. The fall during the infu- 
sion (Table 1) was similar to that found during the 2 ng 
�9 kg-1 . min-~ infusion�9 Total ketone body concentra- 
tions decreased significantly to 141 _+ 52 gmol/1; thus, 
neither glucagon infusion rate raised ketone body lev- 
els. The metabolic clearance rate of total ketone bodies 
increased similarly in all three insulin replacement pro- 
tocols by 28, 46 and 35%, respectively (p < 0�9 

NEFA, Glycerol and Glucose Concentrations (Fig. 5) 

NEFA concentrations were not statistically different 
during the control periods of all protocols. Infusion of 
somatostatin resulted in a significant (p < 0.05) in- 
crease in NEFA levels to 1465 + 235 umol/1 at 
150 min. Glucagon replacement did not alter the NEFA 
response to insulin deficiency, since NEFA concentra- 
tions increased similarly to 1200 + 158 gmol/l  (p < 
0.025), All three insulin replacement protocols resulted 
in lowering of plasma NEFA (Table 2). While this de- 
crease during insulin replacement alone was transient 
(57 + 6% of basal at 90 min), it was sustained and simi- 
lar during both glucagon replacement protocols. 

The pattern of the glycerol concentrations (not 
shown on figure) was similar to that of NEFA. Glycerol 
levels increased significantly during somatostatin infu- 
sion from 128 _+ 23 to 213 _+ 46 gmol/1 (p < 0,02) at 
150 min, and during somatostatin and glucagon from 
111 + 21 to 163 ___ 22 gmol/1 (p < 0.005). During saline 
infusion, plasma NEFA and glycerol levels did not 
change significantly. 

Blood glucose levels decreased significantly during 
somatostatin infusion alone from 4.8 +_ 0.2 to 3.5 + 
0.1 Fmol/l (p < 0.001) (Fig. 5 and Table 2). In contrast, 
glucagon replacement exerted a pronounced hypergly- 
caemic effect, increasing concentrations to 10.4 + 
0.7 retool/1 (p < 0.001). During insulin replacement, 
blood glucose declined to 3.1 + 0�9 mmol/1 (p < 0.01), 
and the addition of glucagon to insulin raised blood 
glucose to values only moderately lower than in the pro- 
tocol without insulin. Doubling the glucagon dose to 
4 ng �9  kg-~ �9 min-1 resulted in blood glucose concen- 
trations of 9.7 +_ 0.4 mmol/1. The increment of blood 
glucose over the time period (I 50 rain) was significantly 
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Fig.4. Plasma insulin, glucagon and ketone body kinetics during infu- 
sion of  somatostatin (SS) with insulin (150 gg . kg -~ . rain -1) and 
glucagon (2 n g � 9  kg -~ �9 rain -1) in six subjects. Results expressed as 
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Fig.5. Plasma concentrations of  non-esterified fatty acids (NEFA) 
and blood glucose concentrations during infusion of saline ( O - - O ,  
n = 6), somatostatin ( O - - O ,  n = 6), somatostatin with glucagon re- 
placement ( •  x ,  n = 7), and somatostatin with insulin and glu- 
cagon replacement at'2 ng - kg -1 �9 min -~ ( n - - ~ ,  n = 6). Results 
expressed as mean _+ SEM 
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Table 2. Plasma NEFA and blood glucose concentrations at 150 min 

Protocol Number NEFA Glucose 
number of concentration concentration 

patients @mol/l) (mmol/l) 

1) Saline 6 980+110 4.7+0.2 

2) Somatostatin (SS) 6 1465 _+ 235 3.5 _+ 0.1 ~ 

3) SS + glucagon 7 1200+t58 I0.4+0.7 b'c 
(2 ng �9  kg -1 . 
rain -~) 

4) SS + hypergly- 6 1803_+159 ~ 10.5_+0.3 b'c 
caemia 

5) SS + insulin 6 685+ 96 ~ 3.1+0.1 b'c 
(150 aU �9 kg -~ . 
rain -1) 

6) SS + insulin + 6 388_+ 64 c 7.9_+ 0.8 b-~ 
glucagon (2 ng �9 

kg ~. rain -1) 

7) SS + insulin + 6 374_+ 39 c 9.7_+0.4 bc 
glucagon (4 n g .  
kg -1 . min -1) 

Results expressed as mean _+ SEM ~p < .0.01, b p < 0.001 versus 
saline, Cp < 0.01 versus somatostatin 

higher than during the 2 ng - k g  1 . m i n - I  infusion 
study (512 + 18 versus 359 _+ 53 mmol . l  -~ min -~, 
p < 0.05). 

D i s c u s s i o n  

In normal subjects glucagon failed to enhance ketogen- 
esis and lipolysis either during acute insulin deficiency 
or during maintained insulin levels. The failure of phy- 
siological glucagon concentrations to enhance ketone 
body production in man was unexpected, since stimula- 
tory effects of glucagon on ketogenesis have been de- 
monstrated in animals, such as fasting dogs [21] and rats 
[2]. Although ketogenic effects of glucagon have never 
been demonstrated in normal man, elevation of ketone 
body levels by glucagon has been reported in diabetic 
patients after insulin withdrawal [3-5]. Glucagon defi- 
ciency following pancreatectomy in man resulted in de- 
layed development of ketosis after insulin withdrawal 
[22]. However, these results were not confirmed in a 
later study [23]. 

It is conceivable that under certain conditions, e.g. 
prolonged insulin deficiency in diabetic patients, glu- 
cagon could exert ketogenic effects. However, the pres- 
ent study indicates that during acute insulin deficiency, 
elevated physiological glucagon levels did not acceler- 
ate the development of ketosis, although enhanced lipo- 
lysis provided increased substrate levels for ketogenesis. 
We also demonstrated that hyperglucagonaemia was 
unable to stimulate ketone body production when 
NEFA supplied to the liver were limited by near-basal 
maintained insulin levels. The failure could not be ex- 

plained by inadequate replacement of intraportal levels 
by the peripheral infusion, since a portal-peripheral glu- 
cagon gradient of 1.3 has been reported [24], and since a 
hyperglycaemic response of glucagon was preserved. 

The observed lowering of fl-hydroxybutyrate/ace- 
toacetate concentration ratios by glucagon extends to 
man our previous observations in dogs [21] that gluca- 
gon lowers this ratio in the liver, suggesting an effect on 
the intrahepatic redox state [25]. 

The hyperglycaemia studies indicate that elevation 
of blood glucose concentrations during insulin deficien- 
cy does not diminish lipolysis and ketogenesis. These 
results are in contrast to those of a previous study in 
dogs with maintained insulin levels [26]. Our findings 
provide indirect evidence that hyperglycaemia associat- 
ed with glucagon infusion does not  attenuate ketogene- 
sis or lipolysis. 

The present results confirm previous observations of 
the powerful effect of small changes in insulin concen- 
trations on NEFA levels [27] and thus ketogenesis [1]. 
The slight over-replacement of insulin was the most 
likely reason for decreased NEFA and ketone body lev- 
els. In addition to the effect on NEFA, a direct hepatic 
ketogenic effect of insulin may also play a role [28]. In- 
sulin appears to exert a dual effect on ketone body lev- 
els, since it not only diminished production but also en- 
hanced the metabolic clearance rate of ketone bodies. 
These findings agree with previous observations in dogs 
[29]. Alternatively, the increase in the metabolic clear- 
ance rate may be due, at least in part, to a lowering of 
ketone body concentrations [30]. 

The finding that glucagon raised blood glucose lev- 
els but not ketone body production suggests that there is 
a marked difference in the relative potency of insulin 
and glucagon to affect glycogenolysis and ketogenesis, 
i.e. that ketogenesis is markedly sensitive to insulin but 
comparatively insensitive to glucagon. 
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