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Effects of adrenaline on ketogenesis from long- and medium-chain fatty
acids in starved rats
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1. Injection of adrenaline into 24 h-starved rats caused a 69% decrease in blood
[ketone-body] (3-hydroxybutyrate plus acetoacetate), accompanied by a decreased
[3-hydroxybutyratel/[acetoacetateJ ratio. Blood [glucose] and [lactate] increased, but
[alaninel was unchanged. 2. Adrenaline also decreased [ketone-body] after intragastric
feeding of both long- and medium-chain triacylglycerol. The latter decrease was
observed after suppression of lipolysis with 5-methylpyrazole-3-carboxylic acid,
indicating that the antiketogenic action of adrenaline was not dependent on the chain
length of the precursor fatty acid. 3. The actions of adrenaline to decrease blood
[ketone-body] and to increase blood [glucose] were not observed after administration of
3-mercaptopicolinate, an inhibitor of gluconeogenesis. This suggests that these effects of
the hormone are related. 4. The possible clinical significance of the results is discussed
with reference to the restricted ketosis often observed after surgical or orthopaedic
injury.

The increased rate of ketogenesis observed in the
fed-to-starved transition has been attributed to a
decreased plasma insulin concentration secondary to
hypoglycaemia [reviewed by Williamson &
Whitelaw (1978) and McGarry & Foster (1980)1.
Hypoinsulinaemia increases adipose-tissue lipolysis
and thus the supply of long-chain fatty acids (the
major substrates for ketogenesis) to the liver. In
addition, a fall in blood concentration of insulin
relative to that of glucagon increases hepatic
oxidation of long-chain fatty acids and decreases
their esterification to triacylglycerol. Here a major
control point is the carnitine acyltransferase system,
which is required for transfer of long-chain fatty
acyl-CoA into the mitochondrion for oxidation. One
regulatory mechanism is the inhibition of carnitine
acyltransferase I, the first enzyme of the carnitine
shuttle, by malonyl-CoA, an intermediate of lipo-
genesis (see McGarry & Foster, 1980). Thus when
lipogenesis is depressed, the concomitant lowering of
the malonyl-CoA concentration will divert fatty
acids into oxidative pathways.

In stress, as in starvation, hepatic fatty acid
supply is increased as a result of fat mobilization.
Circulating insulin concentrations are decreased
(Russell et al., 1975) and glucagon and catechol-
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amine concentrations are elevated (Hallberg & Oro,
1965; see Traynor & Hall, 1981). Despite the
lowered insulin/glucagon concentration ratio and
increased fatty acid supply, marked ketosis is not a
characteristic of stress states, especially those
associated with surgery or injury (Smith et al., 1975;
Wedge et al., 1976). The results of infusion studies
(e.g. Schade & Eaton, 1977, 1979) have suggested
that the catecholamines are ketogenic in vivo, acting
mainly by stimulating lipolysis and thus increasing
hepatic fatty acid supply (for review, see Alberti et
al., 1978). The effects of the catecholamines have
not, however, been extensively investigated in the
starved state, where adipose-tissue lipolysis is al-
ready stimulated. In this regard, surgical patients are
often starved pre- and post-operatively, and food is
not usually administered during the first 24 h after
orthopaedic trauma (see, e.g., Wedge et al., 1976).
The present paper reports that subcutaneous injec-
tion of adrenaline, in contrast with the expected
result, decreases blood ketone-body concentrations
in starved rats. We suggest that this effect of
adrenaline may explain the low blood ketone-body
concentrations often found in patients post-operat-
ively or after severe injury. If this is the case, the
accelerated protein loss observed in such patients
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(O'Donnell et al., 1976) may be a direct conse-
quence of stress-induced increases in circulating
adrenaline.

Experimental

A nimals
Female Albino Wistar rats (150-180 g) were

subjected to a 12 h-light/ 12 h-dark cycle, the light
period starting at 08:00h, and, unless otherwise
stated, were used after 24 h starvation in grid-
bottomed cages. Fed rats were allowed free access to
standard rodent diet [BP Nutrition (U.K.) Ltd.,
Witham, Essex, U.K.]. Water was supplied ad
libitum.

Studies in vivo
Experiments were started between 09:00 and

09:30h. Glucose (2mmol/lOOg body wt.; 2M
solution) was administered intragastrically as
described by Sugden et al. (1981), and long-chain
triacylglycerol (1.5 ml) or medium-chain triacyl-
glycerol (0.5 or 1.5 ml) was administered similarly.
Controls were intubated with water (0.5 or 1.5 ml).
Rats were killed 2h after intragastric feeding.

Administration ofdrugs and hormones
Heparin (200i.u.) was injected into the femoral

vein under diethyl ether anaesthesia immediately
before intubation. Insulin (2 units) and adrenaline
(20,ug/lOOg body wt.) were injected subcutaneously
0.25 h (insulin) or 1 h (adrenaline) after intragastric
feeding, i.e. 1.75 h or 1 h before the rats were killed.
Sodium 3-mercaptopicolinate (20mg/100g body
wt.) in 0.5 ml of 0.9% NaCl, pH 7.4, and 5-
methylpyrazole-3-carboxylic acid (0.66mg/100g
body wt.) in 0.2 ml of 0.9% NaCl, pH 7.4, were
injected intraperitoneally at the time of intubation. A
booster dose of 5-methylpyrazole-3-carboxylic acid
was given 1 h after intubation. In controls, 0.9%
NaCl was injected instead of hormones or
drugs.

Measurement of rates ofhepatic lipogenesis
Rats were injected intraperitoneally with 3H20

(5 mCi, 0.5 ml in 0.9% NaCl) 1 h after intubation,
anaesthetized 50min later (sodium pentobarbital;
6 mg/lOOg body wt.) and dissected at 1 h as
described by Agius & Williamson (1980). The
incorporation of 3H into lipid was measured by the
method of Stansbie et al. (1976). An arterial blood
sample was withdrawn at this time for determi-
nation of plasma 3H20 specific radioactivity and
blood metabolite concentrations.

Determination ofmetabolites
Arterial blood samples were treated with 10%

(v/v) HCl04 (2.0ml/0.5ml of whole blood), and

D-glucose (Slein, 1963), alanine (Williamson, 1974),
lactate (Hohorst et al., 1959) and 3-hydroxybuty-
rate and acetoacetate (Williamson et al., 1962)
determined in KOH-neutralized HCl04 extracts.
Blood ketone-body concentration refers to the sum
of the concentrations of 3-hydroxybutyrate and
acetoacetate. Acetone was not measured. Insulin
was assayed in plasma by a double-antibody method
(Soeldner & Slone, 1965). Statistical significance of
differences was assessed with Student's unpaired t
test. Results are given as means + S.E.M., with the
numbers of observations given in parentheses.

Materials
Enzymes and coenzymes were from BCL Ltd.,

Lewes, East Sussex, U.K. 3H20 was from
Amersham International, Amersham, Bucks., U.K.
Long-chain triacylglycerol (glycerol trioleate) was
from BDH Chemicals, Poole, Dorset, U.K. Medium-
chain triacylglycerol (a mixture of C6-C12 fatty
acids with at least 95% C8 and CIO) was from Cow
and Gate, Trowbridge, Wilts., U.K. Insulin (Iso-
phane) was from Nordisk Laboratories, Copen-
hagen, Denmark. Adrenaline injection BP (in 0.9%
NaCl as acid tartrate, together with sodium meta-
bisulphite as stabilizing agent) was from Antigen
Ltd., Roscrea, Ireland. Heparin injection BP
(Pabyrn) was from Paines and Byrne, Greenford,
Middx., U.K. 5-Methylpyrazole-3-carboxylic acid
was a gift from Upjohn Ltd., Crawley, West Sussex,
U.K. 3-Mercaptopicolinic acid was a gift from Dr.
N. W. DiTullio, Smith, Kline and French Labora-
tories, Philadelphia, PA, U.S.A.

Results

Effects ofadrenaline infed and starved rats
Rats fed ad libitum had blood ketone-body

concentrations of 0.15 + 0.03 (4),umol/ml (Table 1).
Starvation of rats for 24 h increased blood ketone
bodies 5.8-fold (P <0.001, Table 1) and decreased
hepatic lipogenesis 3.9-fold from 21.9 + 3.3 (4),ug-
atoms of 3H incorporated/h per g wet wt. of liver to
5.6+ 1.3(7),ug-atoms/h per g (P<0.001). The
increase in blood ketone-body concentration there-
fore may reflect both increased long-chain fatty acid
supply to the liver and increased entry of long-chain
fatty acyl-CoA into the mitochondria for oxidation.
Adrenaline injection of 24 h-starved rats caused a
marked (69%) decrease in blood ketone-body
concentration (Table 1), but there was no increase in
hepatic lipogenesis [+ adrenaline, 5.7 + 0.4 (9),ug-
atoms of 3H incorporated/h per g wet wt.] This
suggests that the decrease in ketone bodies is not due
to inhibition of entry of fatty acyl-CoA into the
mitochondrion by an increased hepatic malonyl-
CoA concentration. The decreased ketone-body
concentration was accompanied by a decrease in
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Table 1. Effects ofadrenaline on blood ketone-body concentrations after triacylglycerolfeeding
For experimental details see the text. The values are means + S.E.M. for the numbers of rats shown in parentheses.
Values that are significantly different from each other are shown: ***P<0.001, *P<0.05 for rats not injected with
adrenaline (NaCl-injected) and rats injected with adrenaline in any one experimental group; tttP < 0.001, tP < 0.05
for differences between water-fed,and triacylglycerol-fed rats.

Treatment of rats
Fed ad libitum

+ Water
24 h-starved
+ Water
+ Medium-chain triacylglycerol (0.5 ml)
+ Medium-chain triacylglycerol (1.5 ml)
+ Long-chain triacylglycerol
+ Long-chain triacylglycerol + heparin

Blood ketone bodies (,umol/ml)

NaCl-injected Adrenaline-injected

0.15 +0.03 (4)

0.87 + 0.08 (7)
2.17 + 0.20 (6)ttt
3.06 + 0.13 (6)ttt
1.12 + 0.08 (6)t
1.79 + 0.10 (4)ttt

0.16 +0.02 (4)

0.27 + 0.03 (9)***
0.71 + 0.16 (5)***
2.19 +0.36 (5)*
0. 17 + 0.01 (5)***
0.57 + 0.06 (5)***

[3-hydroxybutyratel/[acetoacetatel from 2.8 + 0.3
(7) to 1.7 +0.2 (9) (P<0.01). This change in ratio
indicates a more oxidized mitochondrial free NAD+/
NADH system. Adrenaline administration had no
effect on hepatic lipogenesis (results not shown)
or blood ketone-body concentrations (Table 1) in
fed animals

Effects ofadrenaline after triacylglycerolfeeding
In contrast with long-chain fatty acids, medium-

and short-chain fatty acids are not esterified
(McGarry & Foster, 1971a) and do not require the
carnitine shuttle for transfer to the mitochondrial
matrix (see Williamson, 1979). To confirm that the
hypoketonaemic action of adrenaline was not due to
inhibition of the carnitine shuttle, we compared the
effects of the hormone after a single intragastric load
of either medium- or long-chain triacylglycerol.

Administration of long-chain triacylglycerol
slightly increased the blood ketone-body concen-
tration in 24 h-starved rats. A more significant
(106%) elevation was found if heparin was given at
the time of intragastric loading (Table 1). Blood
ketone bodies were also increased by giving medium-
chain triacylglycerol (Table 1). An intragastric load
of 0.5 ml of medium-chain triacylglycerol produced
blood ketone-body concentrations comparable with
those found in rats treated with long-chain tri-
acylglycerol plus heparin. If the volume of medium-
chain triacylglycerol was 1.5 ml, higher blood con-
centrations of ketone bodies were achieved (Table
1). Injection of adrenaline into rats in every
experimental group decreased the blood ketone-body
concentration (Table 1), and the percentage decrease
in concentration was similar if the rats were treated
with water (i.e. ketone bodies were derived from
endogenous long-chain fatty acids), 0.5 ml of
medium-chain triacylglycerol, or long-chain triacyl-
glycerol plus heparin (69%, 67% and 68% respec-
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tively; Table 1). The effect of adrenaline was less
marked (28%) after administration of 1.5 ml of
medium-chain triacylglycerol. It is important to
stress that, when the initial concentrations of ketone
bodies were comparable, the percentage decrease in
ketone-body concentration was not dependent on
whether the substrates for ketogenesis were long-
chain or medium-chain fatty acids. These experi-
ments therefore confirm that the effect of adrenaline
to decrease blood ketone-body concentrations is not
due to inhibition of carnitine acyltransferase. More-
over, since medium-chain fatty acids are not
esterified, the decreases in blood ketone-body con-
centrations are not secondary to diversion of fatty
acids into esterified products. Thus, either adrenaline
inhibits ketogenesis by a mechanism which is
independent of the chain-length of the precursor
fatty acids, or adrenaline promotes the utilization of
ketone bodies by peripheral tissues. In most
situations the turnover of ketone bodies in the rat
varies approximately in proportion to their circu-
lating concentrations (see Robinson & Williamson,
1980). Thus a decrease in circulating ketone bodies
is more likely to reflect a lower rate of ketogenesis
than increased peripheral extraction.

Effects of adrenaline in the presence of 5-methyl-
pyrazole-3-carboxvlic acid

As ketone bodies inhibit lipolysis (Bj6rntorp,
1966; Bj6rntorp & Schersten, 1967; see Robinson &
Williamson, 1980), the high blood ketone-body
concentrations produced by giving medium-chain
triacylglycerol should suppress release of long-chain
fatty acids from adipose tissue. However, to elimin-
ate any chance that circulating ketone bodies
observed after giving medium-chain triacylglycerol
were derived not only from medium-chain fatty
acids, produced by the intestinal cells and released
into the portal blood stream (Senior, 1968), but also
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from long-chain fatty acids released from en-
dogenous fat stores, the experiments were repeated
after suppression of lipolysis with 5-methylpyra-
zole-3-carboxylic acid (Axelrod et al., 1979).
Administration of 5-methylpyrazole-3-carboxylic
acid to 24 h-starved rats dramatically decreased
plasma ketone bodies (Table 2). The concentration
of ketone bodies observed after this treatment is the
contribution of ketone bodies formed from en-
dogenous long-chain fatty acids to total blood
ketone bodies found after giving medium-chain
triacylglycerol. Administration of 0.5 ml of medium-
chain triacylglycerol increased the blood ketone-
body concentrations in 5-methylpyrazole-3-carboxy-
lic acid-treated rats to 7 times the control (water +
5-methylpyrazole-3-carboxylic acid) value (Table 2).
5-Methylpyrazole-3-carboxylic acid did not decrease
blood ketone bodies in rats treated with medium-
chain triacylglycerol (Table 2), i.e., as expected,
adipose-tissue lipolysis was inhibited after giving
medium-chain triacylglycerol. Injection of adrenaline
decreased blood ketone bodies in 5-methylpyra-
zole-3-carboxylic acid-treated rats given either water
or medium-chain triacylglycerol (Table 2). The
blood ketone-body concentration was decreased by
69%. This decrease was much greater than that
which could be attributed to inhibition of keto-
genesis from long-chain fatty acids (i.e. 1.51mM
versus 0. 12 mM).

Hormone and metabolite interactions
Elevations of blood concentrations of lactate and

glucose have been observed after surgical stress
(Brandt et al., 1976; Kehlet et al., 1979) and have
been attributed to increased circulating adrenaline
concentrations (Christensen et al., 1975; Brandt et
al., 1976; Kehlet et al., 1979). Similarly we found
that adrenaline injection into 24 h-starved rats in
each experimental group dramatically increased
blood lactate and glucose (Table 3; also Table 5).
Lactate is antiketogenic in perfused livers of starved
rats and may decrease ketogenesis by increasing

availability of glycerol 3-phosphate for esterification
(McGarry & Foster, 197 lb) or by acting as a
precursor for oxaloacetate, thus increasing disposal
of acetyl-CoA by the tricarboxylic acid cycle
(Lehninger, 1946) and decreasing availability of
acetyl-CoA for ketogenesis. Lactate exerts its major
effect by the former mechanism or by increasing
lipogenesis (McGarry & Foster, 1971b). Thus an
increased lactate concentration would only be
expected to inhibit ketogenesis from long-chain fatty
acids. However, enhanced oxaloacetate formation
should decrease ketone-body synthesis from both
long-chain and medium-chain fatty acids, and this
was what we observed. The blood concentration of
alanine, which is hyperglycaemic, hyperlactaemic
and antiketogenic in starved rats (Nosadini et al.,
1980), was not consistently increased by adrenaline
injection (Table 3). Specifically there was no
increase in alanine after adrenaline injection in
5-methylpyrazole-3-carboxylic acid-treated rats
given 0.5 ml of medium-chain triacylglycerol
[control (4), 0.33 + 0.02,umol/ml; plus adrenaline
(5), 0.32 + 0.01 ,mol/mlI.

Increased blood glucose concentrations after
injection of adrenaline into starved rats (Table 3;
also Table 5) have also been observed by others (e.g.
Yajima & Ui, 1974; Shikama & Ui, 1975). The
hypoketonaemic effect of adrenaline might therefore
be explained if insulin secretion was increased owing
to the increased blood glucose, and insulin was
directly responsible for the decreased ketone-body
concentrations. This explanation is incorrect for the
following reasons. Firstly, at the time of death, the
plasma insulin concentration did not differ signifi-
cantly between control (NaCl-injected) and
adrenaline-injected rats, whereas control rats in-
tubated with glucose had significantly (P <0.001)
increased plasma insulin concentrations [control (3),
4.16 + 1.25ng of insulin/ml of plasma; plus ad-
renaline (5), 6.27 +0.47ng/ml; plus glucose (3),
14.8 + 0.9 ng/mll. Indeed it has been reported that
the catecholamines inhibit insulin secretion (Porte et

Table 2. Effects of adrenaline on ketogenesis from medium-chain triacylglycerol in the presence of 5-methy'lpyrazole-
3-carboxvlic acid in 24 h-starved rats

For experimental details see the text. The values are means ± S.E.M. for the numbers of rats shown in parentheses.
Values that are significantly different from each other are shown: ***P < 0.001, **P < 0.01 for rats not injected
with adrenaline (NaCI-injected) and rats injected with adrenaline; tttP <0.001. ttP <0.01 for differences
between rats treated with water + 5-methylpyrazole-3-carboxylic acid, and rats in the other three groups.

Blood ketone bodies (,umol/ml)

Treatment of rats NaCI-injected
Water 0.87 + 0.08 (7)tt
Water + 5-methylpyrazole-3-carboxylic acid 0.30 + 0.06 (3)
Medium-chain triacylglycerol (0.5 ml) 2.17 +0.20 (6)ttt
Medium-chain triacylglycerol (0.5 ml) + 5-methylpyrazole-3-carboxylic acid 2.20 + 0.06 (4)ttt

Adrenaline-injected
0.27 + 0.03 (9)tt
0.18 +0.01 (3)**
0.71 + 0.16 (5)ttt
0.69 + 0.14 (5)***tft
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al., 1966). Secondly, administration of insulin
(which decreased blood ketone bodies in water-
intubated 24 h-starved rats) did not decrease blood
ketone bodies after an intragastric load of medium-
chain triacylglycerol (Table 4), although insulin-
induced hypoglycaemia was observed in all these
animals. This observation in vivo is supported by the
finding in vitro that insulin has no effect on
ketogenesis from medium-chain fatty acids in
hepatocytes prepared from starved animals (Witters
& Trasko, 1979). Thus the effect of adrenaline on
blood ketone-body concentrations in rats given
medium-chain triacylglycerol is not mediated by an
increased insulin concentration. Presumably the
decreased blood ketone-body concentrations obser-
ved in the water-fed insulin-treated rats and in
glucose-fed rats are secondary to inhibited release of
long-chain fatty acids from adipose tissue, as rates of
hepatic lipogenesis were not increased (Table 4).

Role ofgluconeogenesis
To establish whether the action of adrenaline was

secondary to the changes in blood glucose and blood
lactate concentrations, the effect of the hormone was
investigated after treatment of the rats with 3-
mercaptopicolinic acid. This compound inhibits
gluconeogenesis at the level of phosphoenolpyru-
vate carboxykinase (DiTullio et al., 1974), and
decreases blood glucose concentrations and
increases blood lactate concentrations in 24 h-
starved rats (Blackshear et al., 1975). Our results
are shown in Table 5. 3-Mercaptopicolinate
increased blood lactate concentrations in rats in-
tubated with water or medium-chain triacylglycerol.
The blood lactate was not further increased by
adrenaline administration. 3-Mercaptopicolinate also
decreased blood glucose concentration in both
water-intubated and triacylglycerol-intubated rats,
and adrenaline failed to increase blood glucose in
3-mercaptopicolinate-treated animals. Although
glucose 6-phosphatase has been detected in muscle
(Surholt & Newsholme, 1981), and glucose may be
directly released from muscle (Wicklmayr & Dietze,
1978), these results indicate that the increased
glucose concentrations observed after adrenaline
treatment are secondary to increased gluconeo-
genesis in that the glucose molecules entering the
circulation are produced by gluconeogenesis rather
than glycogenolysis. Others, from turnover studies,
have come to the same conclusion (Shikama & Ui,
1975; see also Okajima & Ui, 1979). 3-Mercapto-
picolinate slightly (though not significantly) de-
creased ketone-body formation in the starved (water-
fed) animals (Table 5), and more dramatically
decreased ketone-body concentrations in the rats
given medium-chain triacylglycerol (Table 5). Ad-
renaline had little antiketogenic effect if the rats had
been treated with 3-mercaptopicolinate (Table 5).
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Table 4. Effects of insulin on rates of hepatic lipogenesis in vivo and blood glucose and ketone-body concentrations
after intragastricfeeding of24 h-starved rats

For experimental details see the text. The values are means ± S.E.M. for the numbers of rats shown in parentheses.
Significant differences between insulin-injected and control (NaCl-injected) rats are shown: ***P < 0.001. Lipogenesis
is expressed as pg-atoms of 3H incorporated into lipid/h per g wet wt. of liver.

Treatment of rats
Water
Glucose
Medium-chain
triacylglycerol
(.5 ml)

Lipogenesis Blood ketone bodies (,umol/ml)
t

A_ A, A- r

NaCl-injected Insulin-injected NaCI-injected Insulin-injected
5.2 + 1.4 (6) 5.8 + 0.6 (5) 0.8 1 + 0.08 (9) 0.20 + 0.01 (5)*** f
6.3 + 0.9 (4) 5.1 + 0.3 (6) 0.1 1+ 0.04 (4) 0.09 +0.02 (6) f
6.9 + 0.5 (6) 9.2 + 1.6 (6) 3.06 + 0.13 (6) 3.52 + 0.31 (6) f

Blood glucose (,umol/ml)

NaCI-injected
6.06+0.10 (9)
6.90+ 0.70 (4)
5.32 +0.28 (6)

Insulin-injected
1.5 1 + 0.05 (6)***
2.03 + 0.11 (6)***
2.04 + 0.20 (6)***

The blood ketone-body concentrations found after
administration of adrenaline to water-fed rats were
significantly higher if the rats had been treated with
3-mercaptopicolinate (Table 5). This would suggest
that it is unlikely that adrenaline decreases blood
ketone bodies via decreased provision of precursor
to the liver (possibly via decreased hepatic blood
flow; see Hems et al., 1976). The inhibition of the
hypoketonaemic action of adrenaline' by 3-
mercaptopicolinate would also tend to suggest that
increased peripheral ketone-body utilization is not
part of the mechanism. However, it should be
stressed that our experiments do not directly
measure hepatic ketogenesis, and, although to date
the only known site of action of 3-mercapto-
picolinate is inhibition of gluconeogenesis via
inhibition of phosphoenolpyruvate carboxykinase,
possible effects of adrenaline on hepatic fatty acid
uptake or on peripheral ketone-body utilization
cannot be excluded.

Discussion

Adrenaline lowers blood ketone-body concen-
trations when the substrates for ketogenesis are
either medium-chain or long-chain fatty acids.
Differences in the catabolism of medium-chain and
long-chain fatty acids occur before the oxidative
sequence, which occurs in the mitochondrial matrix
(see above). Thus either adrenaline inhibits keto-
genesis at an intramitochondrial site, or it increases
ketone-body utilization. It is perhaps of interest that
adrenaline-induced hyperglycaemia is associated
with impaired glucose removal by peripheral tissues
(Okajima & Ui, 1979) and it is possible that here
ketone bodies (or fatty acids) are being used as
alternative fuels. 3-Mercaptopicolinate blocks the
effects of adrenaline both to increase blood glucose
concentrations and to decrease blood ketone-body
concentrations (Table 5). This suggests that these
effects of adrenaline are related. One possibility is
that the decrease in blood ketone-body concen-
tration is secondary to an increase in gluconeo-

genesis. Gluconeogenesis from oxidized substrates
depends on the availability of reducing equivalents in
the cytosol (Williamson et al., 1969), and adrenaline
injection results in a more oxidized mitochondrial
free NAD+/NADH system. Thus if adrenaline
increases efflux of reducing equivalents from the
mitochondrion, formation of 3-hydroxybutyrate
from acetoacetate may be restricted. We have,
however, no information regarding the oxidation
state of the substrate used for gluconeogenesis in our
experiments. Alternatively, to generate the ATP
requirement for gluconeogenesis, the acetyl-CoA
generated by fl-oxidation may be completely oxi-
dized to CO2 and used as an energy substrate by the
liver rather than being partially oxidized to ketone
bodies. In support of this, adrenaline stimulates
oxidation of [1-'4C]oleate to '4CO2 in isolated rat
(Sugden et al., 1980) and mouse (Edwards et al.,
1981) hepatocytes. Increased oxidation to CO2 of
acetyl-CoA derived from fatty acids could be
effected by increased tricarboxylic acid-cycle flux
and/or stimulated respiratory-chain activity. In this
regard, mitochondria prepared from hepatocytes
from starved rats treated with the catecholamines
show increased rates of ADP-dependent respiration
and mitochondrial ATPase activity (Titheradge et
al., 1979; Titheradge & Hayes, 1980).

Clinical implications
After injury, patients have been divided into

groups, namely those with, and those without,
elevated blood concentrations of ketone bodies, and
it was suggested that the patients in the hyper-
ketonaemic group were less severely injured (Smith
et al., 1975; Wedge et al., 1976). Other studies have
indicated that again, after surgery, there is an inverse
relationship between blood ketone-body concen-
tration and severity of injury (Foster et al., 1979).
Severe trauma is characterized by an increase in the
circulating glucagon/insulin concentration ratio
(Lindsey et al., 1974; Mequid et al., 1972), and this
was suggested to be responsible for the variation in
the metabolic response to stress (Wedge et al.,
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1976). However, although glucagon may enhance
ketogenesis in insulin-deficient man (Alberti et al.,
1975), the hormone is relatively ineffective in the
presence of even a low concentration of insulin
(Schade & Eaton, 1975), and similar insulin con-
centrations have been observed in the more- and
less-severely injured groups (Foster et al., 1979).
The present results therefore offer an alternative
explanation for the differences in ketonaemia obser-
ved after trauma: patients responding to trauma with
a transient stress-induced increase in circulating
adrenaline concentrations would present in the
normoketonaemic group. Indirect support for our
suggestion is that patients in the normoketonaemic
group have elevated blood lactate and glucose
concentrations (Smith et al., 1975; Wedge et al.,
1976; O'Donnell et al., 1976), and we observe
increases in blood glucose and lactate concen-
trations in rats treated with adrenaline. Similarly,
increases in blood glucose and lactate concen-
trations [which are abolished by epidural analgesia
and are therefore probably mediated by an increase
in the circulating adrenaline concentration (Brandt
et al., 1976; Kehlet et al., 1979)] are associated with
decreased blood 3-hydroxybutyrate concentrations
in the late post-operative period (Kehlet et al., 1979).
As the rate of nitrogen loss from the body after
surgical operation, injury or serious infection is
inversely related to the blood ketone-body con-
centration (O'Donnell et al., 1976; Foster et al.,
1979), the absence of large increases of blood
ketone-body concentrations in these patients may
accelerate protein loss and delay complete recovery.
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