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Summary. We have examined the utilisation of glu- 
cose and ketone bodies in normal adipose tissue in re- 
sponse to insulin and some drugs used in diabetic therapy. 
Under basal conditions 14C from acetoacetate was in- 
corporated into long chain fatty acids, while ~aC from glu- 
cose was found principally in the glyceride glycerol frac- 
tion of tissue lipids. Fat ty  acid synthesis from acetoacetate 
was stimulated ten-fold by glucose addition up to 20ram 
and conversely, acetoacctate enhanced the incorporation 
of glucose 14C into lipids. The stinmlatory effect of 
glucose was independent of its transport, since it is not 
reproduced by 2-deoxy-glucose. Insulin further stimulated 
fat ty acid synthesis from acetoacetate, an effect abolished 
in the absence of glucose. Phenethyl-biguanide (Phenfor- 

rain) increased tissue glucose uptake, although it decreased 
glucose laC and acetoacctate 14C incorporation into tri- 
glyceride. Free fatty acids (FFA) and very low density 
lipoproteins (VLDL) addition at concentrations observed 
in diabetic ketosis resulted in inhibition of acetoacetate 
utilisation. We conclude that ketone bodies do not block 
glucose utilisation in normal human adipose tissue in 
vitro. The apparent reduction in ketone body metabolism 
during diabetic ketosis may be related to the high FFA 
and VLDL levels observed. 

Key words: Human adipose tissue, glucose, ketone 
bodies, long-chain fatty acids, triglyceride, phenethyl- 
biguanide. 

The mechanism of insulin resistance during diabetic 
ketosis is not well understood. Some reports have 
suggested an impairment  of glucose metabolism in 
muscle exposed to high concentrations of aceto-acetate 
and beta-hydroxybutyr ie  acid [i, 2]. Randle and his 
colleagues [3, 4], working with perfused ra t  heart, 
suggested a reciprocal relationship between ketone 
body oxidation and glucose metabolism. From their 
observations they  derived the hypothesis tha t  during 
ketone body oxidation the intracellular level of acetyl 
CoA is raised at the expense of free CoA, resulting in 
inhibition of glucose utilisation. These investigations 
suggest tha t  the rising concentration of plasma ketone 
bodies during diabetic ketosis might  be responsible, a t  
least in part ,  for the insulin resistance observed. Aceto- 
acetate and beta-hydroxybutyra te  serve as readily 
metabolisable substrates in ra t  adipose tissue [5]. 
Furthermore,  ra t  adipose tissue could effectively 
synthesise f a t ty  acid from ketone bodies in vitro [6, 7]. 

I t  seemed reasonable, therefore, to test  whether 
this antagonism could be detected in man. In  the 
present investigation we have explored the interrela- 
tionship between ketone body metabolism and glucose 
utilisation in normal human adipose tissue. 

Materials and Methods 

Ad@ose Tissue 
Subcutaneous human adipose tissue was obtained 

during routine surgery from 16 patients with normal 
fasting blood sugar. :Patients with jaundice, uraemia 
or other metabolic disease were excluded. Pre-medica- 
t ion was with lqembutal and general anaesthesia was 
induced by  Pentothal  and maintained with either 
Cyclopropane and oxygen or Halothane and nitrous 

oxide, with oxygen. The adipose tissue was removed 
early in the operation and transferred to the laboratory 
in 0.9% saline. Ra t  adipose tissue was obtained from 
the epididymal fat  pads of 150--200 g male Wistar  
rats after an overnight fast. 

Incubation Conditions 
Adipose tissue pieces (50--100 mg) were incubated 

for 2 - -6  h in 1 ml of Kreb 's  bicarbonate buffer, pH.  7.4, 
containing 2% bovine serum albumin (Armour, re- 
crystallised). Incubations were performed in poly- 
styrene tubes, stoppered with rubber  caps supporting 
a hanging well 11~ by  1 cm. Incubation was carried out 
in an atmosphere of 95% 02 and 5% CO 2 at  37~ in a 
metabolic shaker. The substrate concentrations and 
specific act ivi ty of the labelled compounds are shown 
in each table. After incubation, 0.5 ml of 1 M hyamine 
was introduced into the centre well through the rubber 
cap. 0.4 ml of 1 N sulphuric acid were then introduced 
via the side arm into the main compar tment  of the 
incubation tubes. This stopped the reaction instantly 
and ensured complete liberation of the CO r The in- 
cubation tubes were returned to the metabolic shaker 
for a further 1 h to ensure complete t ransport  of the 
C02 to hyamine. 

Assay of Compounds 
The COz from glucose or aceto-acetate metabolism 

was determined by  transferring the central well con- 
taining the hyamine to a counting vial with 10 ml of 
scintillation fluid (Toluene I~PO + I)POP). Using known 
concentrations of labelled sodium bicarbonate, the 
efficiency of CO 2 recovery was determined and the 
counts corrected accordingly. After incubation, adipose 
tissue pieces were removed, rinsed several times in cold 
saline and extracted in 15 ml of chloroform-methanol 
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[8]. The washed extract was dried under nitrogen and 
saponified in alcoholic KOH at 60 ~ C for 1 h. Complete- 
ness of saponification under these conditions was 
checked by thin layer chromatography as below. After 
saponification, the glyceride glycerol and fatty acids 
were isolated and determined according to the method 
of Denton and Randle [9]. Separation of the total lipids 
into single lipid classes was performed on aliquots of 
unsaponified extract using thin layer chromatography 
in a solvent system of diethyl ether, heptane and acetic 3 
acid (80:20:2). The hpid fractions were identified by 
iodine vapour, decolourised and counted. The radio- 
active glycogen was isolated from the delipidated tissue -~ 
using the method of Stetten et al. [10]. 20 mg of non- .~ 
radioactive glycogen were added to each tube to serve 
as a recovery mixture. After isolation the purified 
glycogen was dissolved in 0.5 ml of water and counted "~ 
in 10 ml of toluene PPO/PPOP containing 30% triton. _ 

Corrections for quenching were performed using in- 
ternal standards. Glucose in the medium was measured 
using the glucose oxidase method of Cramp [ll]. 

Materials 
Uniformly labelled glucose 14C and ethyl aceto- 

acetate 3.z4C were obtained from Amersham i~adio- = s0c 
chemicals, England. Acetoacetate and 3-14C aceto- 3 

acetate were freshly prepared, daily, by the method of 
Krebs and Egglestone [5]. Reagents for glucose ~ ~0 
estimation were purchased from Boehringer Corpora- 
tion, England.  Phenethyl biguanide (Phenformin, .~ 
sodium salt) was generously supplied by Winthrop ~ 

g Pharmaceutical Company. Kieselgel chromatography 8= 
plates (20 cm • 20 era) were obtained from Merck A/G, 
Darmstadt, West Germany. Insulin (6-fold recrystal- -= 
lised) was obtained from Boots Pure Drug Co. and 

o 

chlorpropamide from ttoechst Pharmaceuticals. ~ ] 
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R e s u l t s  

a) Glucose and Acetoacetate Metabolism in Human and 
Rat Adipose Tissue 

The conversion rate of laC glucose into glyceride 
glycerol, glyceride fatty acids, glycogen and C02 by 
human and rat adipose tissue is shown in Fig. 1. In 
contrast to rat adipose tissue, the major fraction of 
glucose metabohsed by the human tissue was recovered 
in the glyceride glycerol. Less than 4% of the radio- 
activity from glucose was incorporated into fatty acids. 
laC-3 acetoacetate, on the other hand, was mainly 
metabolised into glyceride fatty acids and C02 by 
human and rat adipose tissue. 

b) The Effect of Glucose on laC Aeetoacetate Metabolism 
In the presence of glucose 20 mM the incorporation 

of acetoacetate into total lipids by human adipose 
tissue shreds was hnear up to 6 h (Fig. 2 a). When the 
glucose concentration in the medium was raised from 5 
to 40 raM, incorporation rate of aeetoacetate into total 

Fig. 1. Metabolic fate of glucose and acetoacetate metab- 
olism in human  and rat  adipose tissue: Tissue pieces 
(100--150mg) were incubated at 37~ in l m l  of buffer 
containing either aeetoacetate (5 raM) or glucose (5 rnM) 
for 3 h. The results are means • SE1V[ of 3 separate ex- 

periments done in triplicate 

lipids was further increased (Fig. 2b). These effects 
suggested that glucose may affect the pathways of 
acetoacetate metabolism in human adipose tissue, and 
the results are summarised in Table 1. Glucose in- 
creased the fatty acid production from aeetoacetate by 
almost 20-fold. On the other hand, glucose did not 
affect the oxidation of acetoacetate into CO~. Negligible 
amounts of radioactivity were recovered in the glyceride 
glycerol or glycogen fractions during incubation of 
human adipose tissue with 140 acetoacetate. 

The stimulating effect of glucose on fatty acid 
synthesis from acetoacetate is not due to membrane 
glucose transport or an osmotic effect, since 2-deoxy 
glucose at equimolar concentration did not affect fatty 
acid synthesis from 14C aeetoacetate (Table 1). 
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c) The Effect of Acetoacetate o~ 140 Glucose Metabolism 
The effect of aee toace ta t e  on un i fo rmly  labe l led  

glucose ~4C convers ion in to  t o t a l  l ip ids  b y  h u m a n  
adipose  t issue f r agmen t s  is summar i sed  in  Fig.  3. A t  a 
concen t ra t ion  of 20 raM, ace toace ta t e  enhanced  in- 
corpora t ion  of glucose in to  l ipid.  This  effect was l inear  

d) The Effect of Free Fatty Acids ( F F A )  and Very Low 
Density Lipoproteins (VLDL)  on Glucose and Aceto- 

acetate Metabolism by Human Adipose Tissue 
Fig.  4 b shows the  effect of increas ing concent ra t ions  

of free f a t t y  ac id  on g lycer ide  synthes is  f rom glucose. 
A concen t ra t ion  of 4 m E q / l i t r e  of a d d e d  f a t t y  acids  
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Fig. 2. The effects of glucose on the incorporat ion of the  acetoacetate into lipids by  human adipose tissue: A. Time 
curve with and without  glucose (20 raM). B. Concentration curve. Results are means 4- SEM of 3 separate experiments,  

done in tr iplicate,  scale units for graph B identical to A 

Table 1. The incorporatio~ of carbon from laC-3-aceto acetate into C02, glyceride, fatty acids, glyceride glycerol and glycogen 
by human adipose tissue in vitro: The effects of glucose and deoxy glucose added to the medium 

Addit ion to the  Aeeto acetate Aceto acetate incorporated into 
medium Uptake  CO~ Glyceride f a t ty  Glyceride a 

acids Glycerol 
(raM) (~ moles/g/3 h ~g atoms carbon/g/3 h • 10 a 

Glycogen a 

mone 

Glucose 
P 5 
P 20 

Deoxy Glucose 
P 5 
P 20 

5 
20 

5 
20 

0.2510.015 789=[=21 69.4q- 9 2.4~:0.52 0.06 4-0.03 
0.364-0.020 790•  670~:22 1.2-4-0.60 0.0454-0.022 
0.52 • 0.045 8394- 76 1081 4- 44 1.6 4- 0.22 0.086 ~: 0.010 
< 0.001 mS < 0.001 --  --  
< 0.001 mS < 0.001 --  - -  
0.23• 816•  56.6 4- 6 2.14-0.16 0.0274-0.06 
0.264-0.012 733•  404-4.6 1.8-4-0.26 0.0424-0.015 
NS NS NS --  - -  
mS mS NS - -  - -  

l~esults are means 4- S.D. calculated from 6 experiments,  each in tr iplicate.  Incubat ion volume was 1 ml, containing 
5 mM of aeeto acetate 1 tzCi/ml. 3-1aC aceto acetate,  incubation conditions are as methods.  P5  and P20 compares the  
values in the  presence of glucose or deoxyglucose to the  appropria te  basal  values. Levels of significance were calculated 
by  s tudent ' s  t-test. 

a For  determinat ion of glyceride glycerol and glycogen adipose tissue from tr ipl icate incubation was pooled and 
hence no s tat is t ical  analysis was performed. 

up to  6 h (Fig. 3a).  F u r t h e r  increase in  the  m e d i u m  
concen t ra t ion  of ace toace ta t e  showed t h a t  20 mlV[ was 
the  op t ima l  concen t ra t ion  for g lycer ide  synthes is  f rom 
glucose (Fig. 3b) .  Table  2 summar i ses  the  effects of 
ace toace ta t e  on the  inco rpora t ion  of glucose in h u m a n  
adipose  t issue.  Aee toace ta t e  enhanced  the  glucose 
incorpora t ion  in to  g lycer ide  g lycerol  a n d  CO s w i thou t  
de tec tab le  change on i ts  e n t r y  in to  o ther  pa thways .  

m a x i m a l l y  s t imu la t e d  the  inco rpora t ion  of glucose 
in to  l ipids.  Analys i s  of the  l ip id  f rac t ions  showed t h a t  
over  95% of glucose r a d i o a c t i v i t y  was inco rpora t ed  
in to  g lycer ide  glycerol .  On the  o ther  hand ,  free f a t t y  
ac id  add i t i on  m a r k e d l y  inh ib i t ed  the  synthes is  of f a t t y  
acids  f rom ace toace ta te .  S imi la r  effects were observed  
when t r ig lycer ide  concen t ra t ions  of the  m e d i u m  were 
e l eva ted  using purif ied h u m a n  V L D L  (Fig.  4a) .  
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e) The Effect of Insulin and Oral Hypoglycaemic Drugs 
on Glucose and Acetoace$ate Metabolism in Adipose 

Tissue 
Insulin (1 mU/ml) stimulated glucose uptake by 

human adipose tissue fragments with an increase in 
both glycogen and glyceride glycerol labelling from ~4C 

U glucose. Insulin did not, however, affect the rate of 
fatty acid synthesis from glucose (Table 3). In the 
presence of glucose, insulin stimulated fatty acid 
synthesis from acetoacetate. Omission of glucose from 
the medium, however, abolished the stimulating effect 
of insulin on aeetoacetate metabolism (Fig. 5). 
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Fig. 3. The stimulating effect of acetoacetate on glyceride synthesis from glucose: A. Time course with and without 
aeetoaeetate (20 raM). B. The effect of increasing acetoacetate concentration. The results are means :~ SEM of 3 

separate experiments done in triplicate. Scale units for graph B identical t o / k  
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Fig. 4. The effect of VLDL or F F A  on glucose and acetoacetate incorporation into lipids by human adipose tissue: A. 
Human adipose tissue pieces were incubated in medium containing increasing concentrations of VLDL triglyceride 
and the incorporation of ltC glucose (~--  -- - -~)  or aeetoacetate (~ ~) into lipids was measured (means • SEM, 
n = 3). B. The synthesis of lipids from glucose or acetoacetate was measured in the presence of increasing concentra- 

tions of free fa t ty  acids. Symbols as in A. Means • SEM, n ~ 3 
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F ig .  5. The effects o f  i nsu l i n  and  o ra l  h y p o g l y c a e m i e  drugs 
on the acetoacetate metabolism by human adipose tissue : 
The incorporation of acetoacetate laC into adipose tissue 
lipids was measured (a) in the presence of glucose 5 mM 
and (b) in the absence of glucose. The results are means 4- 

SEM, of 2 experiments done in triplicate 

The sulphonylurea,  chlorpropamide, at  a concen- 
t ra t ion  of 100 Fg/ml did no t  influence either glucose 
or acetoacetate  metabol ism in h u m a n  adipose tissue. 
The lack of effect of chlorpropamide on incorporat ion 
rates of glucose and acetoacetate  into various inter- 
mediates is shown in Table 3 and  Fig. 5. The biguanide 
Phenformin  st imulated Uo14C glucose up take  f rom the 
medium, bu t  inhibited its incorporat ion into lipids 
and glycogen, (Table 3). Phenformin addi t ion also 
abolished the  s t imulat ing effect of glucose on f a t t y  
acid synthesis f rom acetoacetate  (Fig. 5). 

Discuss ion  

Ketone  bodies are manufac tured  pr imari ly  in the 
liver and t ranspor ted  th rough  blood to  peripheral  
tissues where they  are readi ly oxidised [t, 2]. The 
regulation of hepatic  ketone body  product ion has been 
extensively studied bo th  i~ rive and in vitro [12, 13, 
14]. However,  little is known about  the factors con- 
trolling the peripheral utilisation of ketone bodies and 
its relation to carbohydra te  metabolism. Ea r ly  work 
suggested t h a t  ketone b o d y  uti l isation was no t  in- 
fluenced by  carbohydra tes  and was regulated purely  
b y  the supply of ketone bodies to  the tissue [1, i5]. 
Recent  work using kinetic methods,  however, suggests 
t ha t  ketone body  incorporat ion can be influenced by  
the pa t te rn  of glucose metabolism in diabetic rats [16] 
and dogs [17]. 

Table 2. The effects of aceto acetate on the incorporation of carbon from U.I~C glucose into GOs, glyceride glycerol, glyceride 
,fatty acids and glycogen of human adipose tissue incubated in vitro 

Addition to the medium Glucose Glucose incorporated into 
Uptake CO 2 Glyceride fat ty Glyceride 

acids glycerol 
(raM) m moles/g/3 h ~g atoms carbon/g/3 h x 10 s 

Glycogen 

None 0.824-0.12 6904-105 1024.28 11404.310 648-t-210 
Aceto acetate (5) 1.4 4.0.09 9194. 79 894-34 46264-148 6944-162 
Aeeto acetate (20) 1.894- 0.16 15794-110 116• 16 62464.109 8104.114 
P 5 < 0.001 < 0.01 NS < 0.001 NS 
P 20 < 0.001 < 0.001 NS < 0.001 NS 

Values are means of 6 experiments done in triplicate 4. S.D. Glucose was present in the medium at a concentration 
of 5 raM, 1 ~Ci u-laC-glucose in a total volume of 1 ml. Incubation methods are as described in the methods. P 5 and 
P 20 compares the values attained in the presence of acetoacetate compared to basal conditions, using student 's t-test. 

Table 3. Effects of insulin and oral hypoglycaemic agents on the incorporation of U-14C-glucose into COs, glyceride fatty 
acids, glyceride glycerol and glycogen in human adipose tissue 

Addition to the medium Glucose Glucose incorporated into: 
Uptake Glyceride fat ty Glyceride glycerol 

acids 
m Moles/g/3 h ~g atoms carbon/g/3 h x 10 a 

Glycogen 

(Basal) 0.854.0.18 864-28 1042• 111 5764- 65 
Insulin (1 mU/ml) 1.624.0.12 1064.36 33064.4-115 20504-124 
P < 0.001 NS < 0.001 < 0.001 
Chlorpropamide 0.784- 0.09 98 4.19 984=t= 78 6144- 46 
(100 ~g/ml) 
P NS NS NS NS 
Phenformin (100 ~g/ml) 1.464.0.14 304. 6 1034- 26 1024. 13 
P < 0,01 < 0.005 < 0.001 < 0.001 

Values are means i S.D. from 6 separate experiments, each performed in triplicate. Glucose was present in the 
medium at a concentration of 5 mMolar (1 ~ci U-l~C-glucose). Incubation conditions as described in methods. P values 
denote probabilities between the presence of insulin or oral hypoglycaemics compared with control tubes using stu- 
dent 's t-test. 
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Our results show that human adipose tissue utflises 
acetoacetate in vitro. The conversion of acetoacetate 
into fatty acids and C02 requires its initial activation 
into acetoacetyl S-CoA. Two acetoaeetate thiokinases 
have been recently identified in brown adipose tissue 
[18]. Furthermore, the succinyl thiophorase system 
described by Stein et al. [19] in skeletal muscle could 
also convert acetoacetate into acetoacetyl S-COA. If 
this pathway is present in human adipose tissue, 
acetoacetyl S-CoA could be a common precursor for 
both fatty acid synthesis and CO2 production. 

The increased fatty acid synthesis h'om 14C aceto- 
acetate in the presence of glucose has been demon- 
strated previously in rat adipose tissue [6, 7]. Glucose 
enhances the formation of triglycerides and thus mini- 
raises the accumulation of intracellular long chain fatty 
acyl-S-CoA which is known to inhibit further fatty acid 
synthesis [23, 24]. Moreover, glucose favours lipo- 
genesis by generation of NADPtt which is essential 
for fatty acid synthesis. The enhancement of fatty acid 
synthesis from acetoacetate was not associated with a 
comparable increase in CO s production. This observa- 
tion might suggest that acetoaeetate is activated to 
aceto-acetyl-S-CoA and incorporated into fatty acids 
without being first broken down to aeetyl S-CoA. 

The stimulant effect of aeetoacetate on glucose 
metabolism in human adipose tissue is in marked con- 
trast to its reported effects in muscle [1, 2, 3]. The fact 
that these two tissues react differently to ketone bodies 
is not surprising since the metabolism of glucose in 
these tissues is also markedly different. In contrast to 
the rat, human adipose tissue metabolises glucose 
mainly to glyceride glycerol. A minor fraction of the 
glucose utflised is converted to fatty acid. The basis 
for this particular metabolism by human adipose tissue 
has yet to be defined. Shrago et al. [20, 21] demon- 
strated a decrease in the enzymes generating acetyl 
S-CoA from glucose in human adipose tissue. Others 
believe that high activity of alpha glycerophosphate 
dehydrogenase in this tissue favours alpha glycero- 
phosphate synthesis from glucose [25, 26]. We favour 
the second possibility, since human adipocytes could 
effectively incorporate pyruvate and acetate into fatty 
acids in the presence of glucose in the medium [33]. I t  
seems reasonable therefore to believe that ketone 
bodies stimulate glucose utilisatiou since the fatty acid 
synthesised from acetoacetate would stimulate the 
further synthesis of alpha glycerophosphate from 
glucose [27]. The increase in COs production from 14C 
labelled glucose in the presence of acetoacetate could 
be attributed to the generation of succinate from the 
suceinate thiophorase system during acetoacetate 
activation. 

The diabetic state is characterised by a number of 
metabolic derangements among which are elevations 
in plasma FFA and triglycerides [28, 29, 30, 31]. In 
order to evaluate the role of these two compounds in 
the development of ketosis we measured the incorpora- 
tion of glucose and acetoacetate into lipids in their 

presence. Free fatty acids and triglyceride fatty acids 
are actively utilised by human adipoeytes [32]. In vitro 
addition of these substrates enhanced the incorporation 
of glucose into triglycerides. However, fatty acid 
synthesis from acetoacetate was markedly inhibited by 
the addition of either substrate. The effect of fatty acid 
and VLDL on glucose metabolism might have been 
expected since these compounds will ultimately raise 
intracellular levels of fatty acyl-CoA, resulting in 
stimulation of glucose conversion to glyceride glycerol 
[27]. The accumulation of intraeellular fatty acyl-CoA 
on the other hand, would inhibit fatty acid synthesis 
from aeetoacetate [23]. 

The effects of glucose on acetoacetate metabolism 
could not be linked to glucose transport since 2-deoxy- 
glucose at equivalent concentration did not affect 
aeetoacetate utilisation. I t  seems, therefore, that it is 
the pattern of glucose metabolism, rather than its 
transport, which determines the fate of acetoacetate. 
Insulin stimulates glucose utilisation and its incorpora- 
tion into glyccride glycerol. This would prevent the 
accumulation of intracellular fatty acyl-CoA through 
esterification and therefore favour continued fatty acid 
synthesis from acetoacetate. In contrast, phenformin 
inhibits the synthesis of glyceride glycerol from glucose, 
despite stimulating glucose uptake from the medium. 
Fatty acid synthesis was also inhibited. 

These experiments did not identify the causative 
factor underlying insulin resistance during diabetic 
ketosis. They do, however, exclude the possibility that 
ketone bodies interfere with glucose utilisation in 
normal humau adipose tissue. The physiological 
mechanisms governing glucose, fatty acid and ketone 
body utilisation in diabetic human adipose tissue 
remain, however, to be evaluated. 
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