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Summary. It is controversial as to whether ketone bodies are 
utilized by the human brain as a fuel alternative to glucose 
during hypoglycaemia. To clarify the issue, we studied 10 nor- 
mal volunteers during an experimental hypoglycaemia close- 
ly mimicking the clinical hypoglycaemia of patients with 
Type 1 (insulin-dependent) diabetes mellitus or insulinoma. 
Hypoglycaemia was induced by a continuous infusion of 
insulin (0.40 mU.kg-l.min -~ for 8h, plasma insulin 

180 pmol/1) which decreased the plasma glucose concen- 
tration to approximately 3.1 retool/1 during the last 3 h of the 
studies. Subjects were studied on two occasions, i.e. sponta- 
neous, counterregulatory-induced post-hypoglycaemic in- 
crease in 3-fl-hydroxybutyrate (from = 0.2 to ~- 1.1 mmol/1 at 
8 h), or prevention of post-hypoglycaemic hyperketonaemia 
(plasma fl-hydroxybutyrate = 0.1mmol/1 throughout the 
study) after administration of acipimox, a potent inhibitor of 
lipolysis. In the latter study, glucose was infused to match the 
hypoglycaemia observed in the former study. The glycaemic 
thresholds and overall responses of counterregulatory hor- 

mones, symptoms (both autonomic and neuroglycopenic), 
and deterioration of cognitive function (psychomotor tests) 
were superimposable in the control study in which ketones 
increased spontaneously after onset of hypoglycaemic 
counterregulation, as compared to the study in which 
ketones were suppressed (p = NS). The fact that responses 
of counterregulatory hormones, symptoms and deteriora- 
tion in cognitive function were not exaggerated when post- 
hypoglycaemic hyperketonaemia was prevented, indicate 
that during hypoglycaemia, the counterregulatory-induced 
endogenous hyperketonaemia does not provide the human 
brain with an alternative substrate to glucose. Thus, it is 
concluded that during hypoglycaemia, endogenous hyper- 
ketonaemia does not contribute to brain metabolism and 
function. 
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If the plasma glucose concentration acutely decreases 
below approximately 2.8 mmol/1, the resulting neurogly- 
copenia impairs brain function [1]. This occurs despite the 
availability of alternative substrates that the brain can 
potentially oxidize, such as ketones, lactate and amino 
acids [2]. Thus, glucose is the major, if not the exclusive 
fuel for brain metabolism [3]. 

However, the fact that neuroglycopenia develops dur- 
ing hypoglycaemia despite the increased availability of 
substrates such as ketone bodies, after onset of counter- 
regulation to hypoglycaemia [4], does not necessarily rule 
out a role for ketones as brain fuel during hypoglycaemia. 
One might hypothesize that neuroglycopenia could result 
in an earlier and/or more severe impairment in brain func- 
tion if ketones had not increased in plasma during hypo- 
glycaemia. 

Although it has been demonstrated that the brain pre- 
dominantly utilizes ketones during prolonged fasting in 

man [5], and even in acute conditions in animals [6, 7], it is 
controversial as to whether ketones contribute to brain 
metabolism during acute, insulin-induced hypoglycaemia 
in humans. Frolund et al. [8] found no effect of a ketone 
infusion during hypoglycaemia. In contrast, Amiel et al. 
[9] reported evidence of utilization by the brain of ketones 
infused during insulin-induced hypoglycaemia. If ketones 
were fuel for the brain during hypoglycaemia as the study 
of Amiel et al. [9] indicates, then the rebound increase in 
plasma ketones during hypoglycaemia mimicking the 
clinical situation [4], should provide, at least in part, an al- 
ternative substrate for the brain. A physiological ap- 
proach to test this hypothesis, is to establish if brain-medi- 
ated responses to hypoglycaemia are more pronounced 
when the endogenous hyperketonaemia in response to 
hypoglycaemia is prevented. 

The present studies were undertaken to test the hypo- 
thesis that the spontaneous rebound increase in plasma 



1192 

ketones  dur ing  acute, insu l in - induced  hypoglycaemia  
contr ibutes  to bra in  metabo l i sm and  function.  To investi-  
gate this, the counte r regu la to ry  h o r m o n e  responses,  
symptoms,  and  de ter iora t ion  of cognitive funct ion in 
acute, insu l in- induced  hypoglycaemia  were s tudied under  
two condit ions,  i.e. spon taneous  increase in p lasma 
ketones  after counter regula t ion ,  as well as p reven t ion  of 
hype rke tonaemia  after adminis t ra t ion  of acipimox to 
block lipolysis [10]. 

Subjects and methods 

Subjects. Informed consent was obtained from 10 healthy volunteers 
(five males and five females) aged 24 + 1 years, with a body mass 
index of 23.7 + 1.0 kg/m 2, and with no family history of diabetes or 
other endocrine diseases. Each subject was studied on two different 
occasions. With the exception of one subject who was restudied after 
1 week, the remaining subjects were restudied after 3-4 weeks. For 
3 days before the studies all subjects consumed a weight-mainte- 
nance diet containing at least 250 g carbohydrate. 

Protocol Institutional Review Board approval was obtained for 
these studies. All subjects were admitted to the Clinical Research 
Centre of the Istituto di Medicina Interna e Scienze Endocrine e Me- 
taboliche, University of Perugia, between 06.30 and 07.00 hours, 
after an overnight fast (10-12 h). They were placed on bed rest and 
maintained in the supine position throughout the experiments. To 
obtain arterialized-venous blood samples [11], a dorsal hand vein 
was cannulated in a retrograde position with a 21-gauge butterfly 
needle, with the hand maintained at 60-65 ~ in a thermoregulated 
plexiglass box. An antecubital vein of the contralateral arm was can- 
nulated with an 18-gauge catheter and used for the infusion of insulin 
and, when required, glucose (20% solution) by means of separate 
syringe pumps (Harvard Apparatus Co., Inc., The Ealing Co., South 
Natick, Mass., USA). Both forearm and venous lines were kept pat- 
ent by infusion of 0.9 % NaC1 by means of two separate peristaltic 
pumps (VM 8000 M; Vial Medical, St-Martin-Le-Vinoux, Grenoble, 
France), at a rate of 30 ml/h. 

In the first set of experiments (control study), to induce moder- 
ate hypoglycaemia, insulin (Actrapid HM IU-40; Novo Nordisk, 
Copenhagen, Denmark), diluted to i IU/mI in 100 ml of 0.9 % NaC1 
containing 2 ml of the subject's blood, was intravenously infused at 
the rate of 0.40 mU- kg -~. rain -1 for 8 h with a syringe pump (Harvard 
Apparatus Co.). This intravenous rate of insulin infusion was chosen 
to reproduce the mild hyperinsulinaemia observed in previous 
studies during subcutaneous insulin infusion in normal man [4], and 
to simulate the type of hypoglycaemia that may develop in diabetic 
patients undergoing intensive insulin therapy [12-15]. 

In the second set of experiments (henceforth referred to as 
blockade of ketogenesis study), insulin was infused as in the previous 
study, but acipimox (5-methyl-pyrazene-carboxylic acid 4-oxide, O1- 
betam; Farmitalia Carlo Erba, Milan, Italy) (250 mg orally) was 
given at 60 min, and again at 240 min to block lipolysis. The sequence 
of studies was not randomized, neither were the studies double 
blind. Because we anticipated from a previous study [10] that sup- 
pression of lipolysis would result in impaired glucose counterregula- 
tion, glucose was infused when needed to prevent more severe hypo- 
glycaemia and to maintain plasma glucose concentration at the 
values observed in the control study, based on plasma glucose con- 
centration measured every 2.5-5 rain, as previously reported [4, 10]. 
This enabled us to avoid the confounding effects of lower plasma 
glucose concentrations in the blockade of ketogenesis study as com- 
pared to the control study, to prevent greater counterregulatory hor- 
mone responses because of severe hypoglycaemia, and also to avoid 
the discomforts and potential risks of severe hypoglycaemia. 

Arterialized-venous blood samples were drawn every 30 min 
from -30 to 480 min for determination of glucoregulatory hormones 
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and substrates. A semiquantitative symptom questionnaire was 
compiled every 30 min. Subjects scored from 0 (none) to 5 (severe) 
for each of the following symptoms: dizziness, tingling, blurred vi- 
sion, difficulty in thinking, faintness, anxiety, palpitations, hunger, 
sweating, irritability, or tremor. In accordance with previous classifi- 
cations [1,16-18], the first five symptoms were considered neurogly- 
copenic and the last six were considered autonomic. The sum of each 
of these constituted the symptom score. In addition, at baseline and 
at 1-h intervals thereafter, the following standard cognitive tests 
were compiled: trail-making part B, verbal fluency, interference sub- 
test from the Stroop test, simple and choice visual reaction time, 
word and colour subtest from the Stroop test, digit vigilance test, 
trail-making part A, verbal memory test and forward and backward 
digit span, as previously described [1]. On the evening before the 
study, the subjects extensively practiced each test. For the actual 
study, nine alternate forms were prepared. Subjects were not in- 
formed of their plasma glucose during the studies. 

Analyses. Blood samples were collected at 30-min intervals and as- 
sayed for glucose (Beckman Glucose Analyzer, Beckman Instru- 
ments, Fullerton, Calif., USA), insulin, C-peptide, cortisol, growth 
hormone, adrenaline and noradrenaline by previously described as- 
says [19]. Glucagon was measured by a radioenzymatic assay using a 
commercially available kit (ICN, Biomedical, Inc., Costa Mesa, 
Calif., USA). Plasma non-esterified fatty acids (NEFA) were 
measured by an enzymatic colorimetric method (Wako NEFA C test 
kit; Wako Chemicals GmbH, Neuss, Germany), and 3-~-hydroxy- 
butyrate, glycerol, alanine and lactate by a previously described 
method [20]. 

Statistical analysis 

Data in text and figures are given as mean + SEM, and the statistical 
significance was evaluated using analysis of variance corrected for 
repeated measures [21]. A p value less than 0.05 was considered sig- 
nificant. Glycaemic threshold for a given parameter was defined as 
the plasma glucose concentration at which the parameter first ex- 
ceeded the 95 % confidence limit observed for changes in that pa- 
rameter at baseline (euglycaemia). Because of differences in units of 
treatment, results of cognitive tests were transformed to z-scores (in- 
dividual value minus mean divided by standard deviation) [21] to 
permit their summation to obtain one unitless value for evaluation 
[1]. A commercially available software package (CSS, Stasoft, Tulsa, 
Okla., USA) was used for statistical analysis. 

Results 

Plasma insulin and C-peptide concentrations 

Plasma insul in  concent ra t ions  increased approximate ly  
3.5-fold during the 480 min  insul in  infusion in the con- 
trol  ( from 49 + 7 to 181+  12 pmol/1) and suppress ion 
of ketogenesis  exper iments  (from 55 +5  pmol/1 to 
178 + 14 pmol/1) (p = NS). Plasma C-pept ide  was similar- 
ly suppressed on both  occasions (data not  shown). 

Plasma glucose, rates of glucose infusion, plasma NEFA, 
and 3-fl-hydroxybutyrate (Fig. 1) 

In  the control  study, p lasma glucose decreased progres- 
sively f rom 4 .8+0 .1mmol /1  to 3 .1+0 .1mmol /1  by 
480 min.  Af te r  init ial  suppress ion by insulin,  p lasma 
N E F A  increased,  and  at 480 min  they were greater  than at 
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base l ine  (0.72 • 0.06 mmol/1 vs 0.51 • 0.07 mmogl ,  
p < 0.05). A l so  p l a sma  3 - f l -hyd roxybu ty ra t e  was ini t ial ly 
suppressed ,  bu t  by  the  end  of  the  study, had  inc reased  
above  base l ine  (1.06 • 0.17 mmol/1 vs 0.23 + 0.06 mmol/1, 
p < 0.05). 
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Fig. 1. Plasma glucose, non-ester• fatty acids (NEFA) and/3-hy- 
droxybutyrate concentrations during insulin-induced hypogly- 
caemia in the control study (O) and in the blockade of ketogenesis 
study (0). The rates of glucose infusion needed in the blockade of ke- 
togenesis study to maintain plasma glucose concentration at the 
level of the control study are also shown. Values shown are mean • 
SEM. n = 10 normal subjects 
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W h e n  ac ip imox was a dmin i s t e r e d  to b lock  ke to -  
genesis ,  the  dec rease  in p l a s m a  glucose was ini t ia l ly  simi- 
lar  to tha t  of  the  con t ro l  study. However ,  af ter  150 mba, 
g lucose  had  to be  infused  in o r d e r  to ma in t a in  p l a s m a  
glucose  at  the  h y p o g l y c a e m i c  va lues  of the  con t ro l  study. 
In  con t ras t  to the  con t ro l  s tudy in which  b o t h  p l a s m a  
N E F A  and  3 - f l - hyd roxybu ty ra t e  inc reased  p rogress ive ly  
af ter  240 min  above  base l ine ,  in the b l o c k a d e  of ke to -  
genesis  s tudy  p l a sma  N E F A  and 3 - f l -hydroxybu ty -  
ra te  concen t r a t ions  r e m a i n e d  supp re s sed  unti l  the  end  of 
the  expe r imen t s  (0.09 + 0.02 mmol/1 and  0.1 • 0.01 
mmol/1 at  480 min,  N E F A  and  3 - f l -hydroxybu ty ra t e ,  
respect ive ly) .  

Plasma glycerol, lactate and alanine concentrations 
(Table 1) 

Plasma  g lycerol  showed  the same  pa t t e rn  as N E F A  and 3- 
f l -hyd roxybu ty ra t e .  P l a sma  lac ta te  was slightly, a l though  
not  s ignif icant ly  g rea t e r  in the  b l o c k a d e  of  ke togenes i s  
s tudies  (1049_+66gmol/1) than  in the  con t ro l  s tudies  
(867+81  btmol/1). P l a sma  a lan ine  dec reased  in bo th  
studies,  but  to a lesser  ex ten t  in the  b l o c k a d e  of  ke togen-  
esis s tudy  (p < 0.05 af ter  240 min) .  

Plasma counterregulatory hormones (Fig. 2) 

Pla sma  g lucagon  and  ep ineph r ine  concen t ra t ions  in- 
c reased  at 150 min  (in r e sponse  to a dec rea se  in p l a s m a  
glucose concen t r a t i on  to  3 .7+0 .1  retool/ l) ,  to a com-  
p a r a b l e  ex ten t  in both  s tudies  (p = NS). P l a sma  cor t i sol  
(at  180 min,  when  p l a s m a  glucose  was 3.5 + 0.11 mmol/1) 
and  p l a s m a  n o r a d r e n a l i n e  (at  300 min,  when  p l a s m a  glu- 
cose was 3.2 + 0.1 mmol/1) also inc reased  s imi lar ly  in bo th  
s tudies  (p = NS).  The  p l a s m a  growth  h o r m o n e  response  
was g rea t e r  a f te r  360 min  in the  b l o c k a d e  of  ke togenes i s  
s tudy as c o m p a r e d  to the  con t ro l  s tudy (1.04 _+ 0.05 pmol/1 
vs 0.29 + 0.05 pmol/1, p < 0.05). 

Table 1. Plasma glycerol, lactate and alanine concentrations (mean + SEM) ha the control study (I) and in the blockade of ketogenesis 
study (II) 

Time (min) -30 0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 

Plasma [ 85 83 50 36 39 43 45 46 55 77 85 94 90 86 93 107 100 91 
glycerol • • • _+5 • • • • k9 • i l l  _+9 • • • • • • 
(gmol/1) 

Plasma 
lactate 
(gmol/l) 

Plasma 
alan• 
(Bmol/1) 

II 79 77 53 40 35 42 43 50 42 42 40 36 41 48 45 48 52 57 
• • • • • • • • • • • • • • • • • • 

l 850 890 895 890 900 910 905 900 880 840 810 790 800 790 870 950 910 840 
• • • • • • __+120 • • • • • • • • •177 • 

11 900 890 920 940 1012 110 1125 1110 1145 1107 1145 1090 1034 1050 1025 1000 991 980 
• • • • • • • • • • • • • • • •177 • 

I 457 483 456 414 400 406 382 347 378 366 312 297 261 238 267 300 277 256 
• • • • • • • • +40 • • • • • • • • • 

[I 423 436 439 426 410 400 423 392 389 392 378 345 303 389 306 345 300 291 
• • • i33  -+28 • • -+25 • • • • • • • -+34 • • 
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Fig.2. Plasma counterregulatory hormone concentrations during 
insulin-induced hypoglycaemia in the control study ( O ) and in the 
blockade of ketogenesis study (Q). Values shown are mean _+ SEM. 
n = 10 normal subjects 
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Fig.3. Autonomic and neuroglycopenic symptoms, and deteriora- 
tion of cognitive function (sum ofz scores of psychomotor tests) dur- 
ing insulin-induced hypoglycaemia in the control study (O) and 
blockade of ketogenesis study (@). Values shown are mean _+ SEM. 
n = 10 normal subjects 

Autonomic and neuroglycopenic symptoms and cognitive 
function (Table 2 and Fig. 3) 

Autonomic and neuroglycopenic symptom scores in- 
creased to a similar extent in both studies after 330 min 
when plasma glucose concentration was 3.2 + 0.1 mmol/1 
(score autonomic symptoms 3.2 + 0.3 and 3.3 + 0.4; score 
neuroglycopenic symptoms 3.5 + 0.4 and 3.2 + 0.4, control 
and blockade of ketogenesis studies, respectively, 
p = NS). Deterioration of cognitive function during hypo- 
glycaemia was similar in the control study and in the 
blockade of ketogenesis study both in terms of individual 
cognitive tests (Table 2) as well as sum of z scores (Fig. 3) 
although it did not reach the statistical significance in 
either of the two studies. 

Glycaemic thresholds of responses of counterregulatory 
hormones and symptoms of hypoglycaemia (Table 3) 

Glycaemic thresholds of responses of counterregulatory 
hormones and symptoms (both autonomic and neurogly- 
copenic) to hypoglycaemia were similar in the control 
study and in the studies of blockade of ketogenesis 

= NS). 

Discussion 

The present studies were designed to test the hypothesis 
that spontaneous hyperketonaemia following counter- 
regulation of insulin-induced hypoglycaemia, might pro- 
vide the brain with an alternative fuel, and protect brain 
function from neuroglycopenia. Our results indicate that 
neither the glycaemic thresholds, nor the overall respon- 
ses of counterregulatory hormones and symptoms (both 
autonomic and neuroglycopenic), nor the deterioration of 
cognitive function during hypoglycaemia, worsen when 
spontaneous post-hypoglycaemic hyperketonaemia is 
prevented - the opposite results would be anticipated had 
ketones been able to substitute for glucose as oxidative 
fuel in the brain. Thus, the hypothesis that ketones can be 
used by the human brain as an alternative fuel for glucose 
following the onset of hypoglycaemia should be rejected, 
at least in physiological conditions mimicking the changes 
in plasma glucose and ketones observed in the clinical hy- 
poglycaemia of patients with Type I (insulin-dependent) 
diabetes mellitus [4, 12, 13]. 

Previous studies in humans addressing the issue of the 
use of alternative substrates during hypoglycaemia by the 
human brain have been based on an infusion of ketones, 
and have yielded conflicting results [8, 9]. Frolund et al. [8] 
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Table 2, Scores of cognitive test (mean +_ SEM) in the control study (I) and in the blockade of ketogenesis study (II) 
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Time (min) 0 120 240 360 480 

Backward span a I 6.1 _+ 0.3 6.2 +_ 0.2 6.0 + 0.4 5.7 + 0.3 5.4 • 0.3 
II 5.4 + 0.2 5.2 + 0.2 5.4 + 0.3 5.3 • 0.4 5.2 + 0.3 

Choice RT b I 315,3 + 18.2 351.2 + 15.3 348.7 • 18.3 353.4 • 19.2 346.2 + 17.2 
II 332.0 • 16.0 334.5 + 16.6 336.8 _+ 19.0 350.9 + 16 352.0 • 16.8 

Forward span ~ I 8.2 + 0.4 7.7 + 0.3 6.3 + 0.2 6.5 + 0.3 6.6 • 0.3 
II 7.0 • 0.3 6.7 • 0.3 6.9 _+ 0.3 6.6 • 0.4 6.5 _+ 0.3 

Verbal fluency ~ I 12.8 • 0.9 13.3 _+ 1.0 11.9 • 1.1 12.4 _+ 1.0 11.9 • 0.9 
If 13.7 • 1.1 12.8 -+0,9 12.7 +_ 1.3 12.1 _+ 0.9 11.8 • 1.0 

Word list ~ I 4.2 + 0.3 4.8 • 0.4 3.2 • 0.3 3.0 • 0.3 3.1 • 0.3 
II 3.6 • 0.4 3.1 • 0.4 2.8 • 0.4 3.2 • 0.4 2.9 _+ 0.4 

Simple RT b I 270 +_ 16.3 291.2 • 19.2 318.2 + 18.2 316.7 + 21.2 318.2 • 23.2 
II 298 • 17.8 288.4 • 18.8 300.5 • 17.2 318.0 • 33.2 324.0 +_ 33.6 

Word reading a I 108.2 • 2.7 107.3 • 3.2 104.2 • 4.8 102.3 • 4.9 101.2 • 4.9 
II 105.4 • 3.0 105.4 + 4.6 105.6 _+ 5.5 101.4 • 5.4 100.4 • 5.4 

Colour naming ~ I 73.2 + 2.8 72.1 • 2.6 70.4 • 2.9 68.4 • 2.1 65.1 • 2.9 
II 67.8 • 2.3 71.0 k 3.1 67.4 • 3.6 65.3 • 3.6 64.1 • 3.4 

Interference ~ I 46.2 • 1.7 46.8 • 1.7 47.8 • 2.0 46.2 • 1.9 45.7 • 2.2 
II 48.1 • 1.5 48.2 • 1.7 50.3 _+ 2.1 51.8 • 2.1 46.9 k 3.7 

Trails A ~ I 59.3 • 5.9 60.2 • 6.8 72.2 • 6.9 71.1 _+ 6.4 71.3 • 6.3 
II 64.6 • 6.6 70.0 • 7.3 68.0 • 7.0 70.0 • 6.8 71.9 • 6.7 

Trails B c I 68.2 • 6.3 71.2 • 7.1 68.2 + 7.3 72.2 • 7.8 74.2 • 7.4 
II 65.2 • 6.6 73.6 _+ 8.6 60.0 • 7.7 76.6 • 8.7 78.4 • 8.8 

Vigilance a I 47.2 • 3.0 47.0 + 2.8 45.6 • 2.8 46.2 • 2.7 45.9 • 2.7 
II 46.8 + 2.1 44.0 • 2.8 46.0 • 2.8 49.1 + 3.9 46.7 • 3.9 

a Number of responses, b Time in ms, c Time in s, RT, Reaction time 

Table 3. Glycaemic thresholds of plasma counterregulatory hor- 
mone and symptom responses (mean + SEM) to hypoglycaemia in 
the control, and blockade of ketogenesis studies. Glycaemic thresh- 
olds were defined as the plasma glucose concentration (expressed in 
mmot/t) at which the parameter first exceeded the 95%confidence 
limit observed for changes in that parameter at baseline (eugly- 
caemia) 

Control study Blockade of ke- 
togenesis study 

Glucagon 3.6 + 0.1 3.7 • 0.1 
Adrenaline 3.5 _+ 0.1 3.6 • 0.1 
Noradrenaline 3.1 • 0.1 3.2 _+ 0.1 
Growth hormone 3.6 • 0.1 3.6 • 0.1 
Cortisol 3.5 • 0.1 3.6 _+ 0.1 
Autonomic symptoms 3.1 + 0.1 3.1 _+ 0.1 
Neuroglycopenic symptoms 3.0 _+ 0.1 3.1 +_ 0.1 

found no effects of a f l -hydroxybutyra te  infus ion dur ing 
acute hypoglycaemia.  In  contrast ,  Am• et al. [9] re- 
por ted that  responses of p lasma adrenal ine ,  growth hor- 
m o n e  and  cortisol to hypoglycaemia ,  slowly induced  over 
a 4-h per iod  by infusion of bo th  insul in and glucose, were 
reduced  when  f l -hydroxybutyra te  was also infused. A 
similar f inding has recent ly  been  repor ted  by Vene ma n  
et al. [22]. 

To the best  of our  knowledge,  the presen t  study is the 
first to address  the ques t ion  of the possible effect on 
h u m a n  bra in  metabo l i sm of the spontaneous ,  i. e. physio- 
logic r e b o u n d  increase in endogenous  plasma ketones  
after onset  of coun te r regu la t ion  of hypoglycaemia.  Not-  

ably, the conclusions of the present  studies, i.e. that  
ke tones  are no t  a b ra in  fuel dur ing hypoglycaemia,  are op- 
posite to those of Am• et al. [9] and V e ne ma n  et al. [22]. 
However,  in the studies of A m i d  et aI. [9] and Veneman  
et al. [22], the infusion of f l -hydroxybutyra te  was ini t ia ted 
approximate ly  1-2 h before plasma glucose decreased 
below the glycaemic threshold for release of adrenal ine ,  
and  was con t inued  throughout .  Thus,  in the studies of 
Am• et al. [9] and V e n e m a n  et al. [22] hype rke tonaemia  
preceded by at least 1-2 h the onset  of hypoglycaemia,  
whereas  in the presen t  study, endogenous  hyperketo-  
naemia  followed the onset  of hypoglycaemia  by approxi- 
mately  2 h. It is likely that  in the study of Am• et al. [9], 
the 10-fold increase in plasma ke tone  body concentra-  
t ion (plasma f l -hydroxybutyra te  f rom = 0.06 mmol/1 to 

0.6 mmol/1) dur ing  the 2 h pr ior  to the onset  of hypogly- 
caemia  induced bra in  ut i l izat ion of ketones,  so that dur ing 
the ensuing hypoglycaemia  the bra in  con t inued  to use 
ketones.  This would  suppor t  the concept  of a lag phase re- 
quired by the b ra in  to adapt  its metabol i sm to ke tones  [5]. 
In  fact, previous  studies have indicated that  only after a 
p ro longed  fast do endogenous  ke tones  become  an impor-  
tant  fuel for b ra in  me tabo l i sm in the post -absorpt ive  state 
[5] and  dur ing insu l in - induced  hypoglycaemia  [23, 24]. 
Wha t  the studies of Am• et al. [9] and V e n e m a n  et al. 
[22] seem to indicate  in this regard,  is that  a relatively short 
per iod of t ime, i.e. approximate ly  1-2 h of hyperke to-  
naemia  are sufficient to induce cerebral  ut i l izat ion of 
ketones.  Interestingly,  in the p resen t  studies the plasma 
concen t ra t ion  of f l -hydroxybutyra te  after onset  of 
coun t e r r egu l a t i on  to hypoglycaemia,  was near ly  twice as 



1196 

high as compared to that in the studies of Amiel et al. [9], 
but we found no evidence for brain utilization of ketones. 
Thus, it appears that the timing of increase in plasma 
ketones as compared to the onset of hypoglycaemia, more 
than the absolute plasma ketone concentration achieved, 
is the critical factor for utilization of ketones by the brain. 
A similar effect of timing of plasma increase in a substrate, 
has been reported to be important in conditions of meta- 
bolic competition between glucose and NEFA for oxida- 
tion at the muscle level [25]. 

The present studies do not exclude that ketones cannot 
be used by the brain under special experimental condi- 
tions. It is well known that the necessary enzymes for 
ketone oxidation are present in the brain [26], and that the 
transport of ketones through the blood-brain barrier via 
transporters of monocarboxylic acids is linearly related to 
arterial concentrations of ketones [27]. Experiments in 
animals indicate that ketones may be rapidly used by the 
brain. For example, intraperitoneal injection of acetate in 
the mouse [28], or infusion of fl-hydroxybutyrate in the rat 
[7] reduce the signs of hypoglycaemia, and infusion of 
ketones in dogs leads to increased brain utilization of 
ketones and reduced counterregulatory response to hypo- 
glycaemia [6]. However, the present studies indicate that 
the human brain cannot utilize ketones when they become 
available after onset of neuroglycopenia, i. e. in conditions 
closely mimicking the clinical hypoglycaemia of patients 
with Type 1 diabetes [12, 13] and insulinoma [29]. Thus, 
the fact that the human brain may partially replace glu- 
cose with ketones as fuel when exogenous ketones are in- 
fused before the onset of neuroglycopenia [9, 22] is inter- 
esting, but not relevant to the clinical situation of hypogly- 
caemia in which plasma ketones are initially suppressed 
and later increase [4]. 

The metabolic effects of administration of acipimox in 
the present studies should be noted. First, acipimox effec- 
tively blocked lipolysis, as previously reported [10]. That  
ketogenesis remained blocked despite increases in plasma 
of several ketogenetic, counterregulatory hormones, reaf- 
firms the key role of the substrate NEFA in promoting ke- 
togenesis [30]. Secondly, glucose had to be infused when 
lipolysis and ketogenesis were blocked to maintain plas- 
ma glucose at the values of the control study. In theory, this 
might be due to reduced secretion of counterregulatory 
hormones, secondary to loss of compensation of brain me- 
tabolism by ketones, or to impaired counterregulation. 
The fact that counterregulatory hormones, with the ex- 
ception of growth hormone, were superimposable in the 
two studies, and the recent demonstration of the impor- 
tance of lipolysis in counterregulation [10], indicates that 
the latter, not the former factor accounted for the need of 
glucose infusion. The growth hormone responses in the 
blockade of ketogenesis study were exaggerated as com- 
pared to the control study. This was most likely due to the 
well-known suppressive effects of NEFA on growth hor- 
mone release, as previously reported [10, 19]. 

Finally, one could argue whether it would be teleologi- 
cally advantageous for the brain to use ketones during 
neuroglycopenia. In theory, if the brain could acutely 
use ketones during hypoglycaemia, then the glycaemic 
thresholds of counterregulatory hormones and symptoms 
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in response to hypogtycaemia would increase, i.e. greater 
decreases in blood glucose would be required to elicit a re- 
sponse, or maximal responses of hormones and symptoms 
to hypoglycaemia would be blunted, or both, as reported 
by Veneman et al. [22]. These higher glycaemic thresholds 
or decreased maximal responses, or both, would represent 
a serious threat to the safety of the brain and whole body, 
because ketones would only partially, not fully compen- 
sate for neuroglycopenia, as indicated by the studies of 
Amiel et al. [9] and Veneman et al. [22]. Therefore,  if the 
brain used ketones during hypoglycaemia, the responses 
of counterregulatory hormones would be reduced, and 
the symptoms of neuroglycopenia would be masked, re- 
sulting in a clinical picture qualitatively similar to that of 
the hypoglycaemia unawareness of Type 1 diabetic pa- 
tients [31]. Thus, to protect itself it is better  that the brain 
does not use ketones during clinical hypoglycaemia. 
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