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The Metabolic Effects of Sodium Dichloroacetate in the Starved Rat

By PERRY J. BLACKSHEAR, PAUL A. H. HOLLOWAY
and
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Nuffield Department of Clinical Medicine, Radcliffe Infirmary, Oxford OK2 6HE, U.K.

(Received 11 February 1974)

1. Sodium dichloroacetate (300mg/kg body wt. per h) was infused in 24 h-starved rats
for 4h. 2. Blood glucose decreased significantly, an effect that had previously only been
noted in diabetic animals 3. Plasma insulin concentration decreased by 63 %; blood
lactate and pyruvate concentrations decreased by 50 and 33 %, whereas concentrations
of 3-hydroxybutyrate and acetoacetate increased by 81 and 73 % respectively. 4. Livers
were freeze-clamped at the end of the 4h infusion. There were significant decreases in
hepatic [glucose], [glucose 6-phosphate], [2-phosphoglycerate], the [lactate]/[pyruvate]
ratio, [citrate] and [malate], and also [alanine], [glutamate] and [glutamine], suggesting
a diminished supply of gluconeogenic substrates. 5. Animals subjected to a functional
hepatectomy at the end of 2h infusions showed no difference in blood-glucose disappear-
ance but a highly significant decrease in the rate of accumulation of lactate, pyruvate,
glycerol and alanine, compared with control animals. Dichloroacetate decreased ketone-
body clearance. 6. After functional hepatectomy an increase in glutamine accumulation
appeared to compensate for the decrease in alanine accumulation. 7. It is concluded
that dichloroacetate causes hypoglycaemia by decreasing the net release of gluconeogenic
precursors from extrahepatic tissues while inhibiting peripheral ketone-body uptake.
8. These findings are consistent with the activation of pyruvate dehydrogenase (EC1.2.4.1)
in rat muscle by dichloroacetate previously described by Whitehouse & Randle (1973).

The hypoglycaemic action of di-isopropylammon-
ium dichloroacetate was first observed in diabetic,
but not in normal, fed rats by Lorini & Ciman (1962).
Glycosuria was decreased and the respiratory
quotient increased in the diabetic animals. They
concluded that di-isopropylammonium dichloro-
acetate stimulated the peripheral utilization of
glucose in the diabetic state. Stacpoole & Felts (1970,
1971) demonstrated that dichloroacetate was the
active moiety, and that both its di-isopropyl and
sodium salts stimulated [U-'*C]glucose oxidation and
inhibited [1-14C]oleate oxidation in hemidiaphragms
from alloxan-diabetic rats. They too found no effect
in normal fed animals.

More recently Randle and co-workers (McAllister
et al., 1973; Whitehouse & Randle, 1973) showed
that sodium dichloroacetate decreased the blood
concentrations of lactate and pyruvate and increased
their extraction by heart muscle in normal dogs
infused with Intralipid and heparin. Similar changes
were observed in alloxan-diabetic dogs. They also
reported dichloroacetate-induced increases in glucose
and pyruvate oxidation and a decrease in lactate
production in the perfused hearts of normal rats, and
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attributed these effects to the activation of pyruvate
dehydrogenase (EC 1.2.4.1) by dichloroacetate which
they described in the perfused rat heart (Whitehouse
& Randle, 1973). The effects of dichloroacetate on
liver metabolism have not been investigated to date.

The aim of the present study was to investigate the
general effects of dichloroacetate on blood and liver
metabolites in normal 24 h-starved rats before its use
in the investigation of disorders of lactate and pyru-
vate metabolism.

Experimental
Animals

Male Ash/Wistar rats weighing 185-215g were
used. They were allowed free access to water and a
standard laboratory rat diet (diet 41b, Oxoid Ltd.,
London SE1 9HF, U.K.) at all times except where
stated in the text.

Experimental design

Fed rats were anaesthetized with sodium pento-
barbitone (60mg/kg body wt. intraperitoneally), and
polythene catheters (no. 1619R, Bardic I-Catheter,
C. R. Bard International Ltd., Clacton-on-Sea,
Essex, U.K.; no. 2FG Intravenous Cannula, Portex
Ltd., Hythe, Kent, U.K.) were inserted into the left



280 P. J. BLACKSHEAR, P. A. H. HOLLOWAY AND K. G. M. M. ALBERTI

femoral artery and vein. The rats were then placed in
restraining cages and allowed free access to water for
the next 24h. Infusions of NaCl or dichloroacetate
were begun through the venous cannula when the
animals had been deprived of food for 24h. All
animals were completely conscious during the
infusions.

NaCl was used at a concentration of 9g/litre;
dichloroacetic acid was neutralized with NaOH and
diluted with the NaCl to a final concentration of
50g/litre (0.39M). Both solutions were infused at
1.2ml/h for 4h. Previous studies had shown that the
mean packed-cell-volume decrease after this type of
infusion for 4h was 6% (v/v) (P. J. Blackshear &
K. G. M. M. Alberti, unpublished work).

Blood and liver sampling

(a) Infusions only. In one group of 12 animals, six
received 4h infusions of NaCl and six received di-
chloroacetate. Arterial blood samples (0.25ml) were
drawn into heparinized syringes at times O (in
duplicate), 15, 30, 60, 120 and 240min. A portion of
this blood (0.2ml) was immediately deproteinized in
2.0ml of ice-cold 3% (v/v) HCIO,; these samples
were prepared for enzymic analyses as described
previously (Schein e al., 1971). After each infusion,
the animals were killed by cervical dislocation and
the livers removed within 10s and freeze-clamped
(Wollenberger et al., 1960). The frozen tissue was
prepared for enzymic analyses as described previously
(Blackshear & Alberti, 1974) and followed the
procedure of Williamson et al. (1967a). A portion of
the frozen, pulverized tissue was shaken with 16vol.
of chloroform-methanol (2:1, v/v) for triglyceride
determination.

A second group of ten rats received only 1h
infusions, five receiving NaCl and five dichloroace-
tate. Samples (0.7 ml) were drawn from these animals
into EDTA (final concn. in blood, 5mMm) at 0, 15, 30
and 60min. The plasma was separated from these
samples and used for the determination of immuno-
reactive insulin and free fatty acids.

(b) Functional hepatectomy studies. For this, 16
further animals were cannulated in the usual manner,
with eight receiving NaCl and eight dichloroacetate
for 2h. Immediately after each infusion the animals
were anaesthetized with intravenous sodium pento-
barbitone (60mg/kg) and ligatures were placed
around the coeliac and superior mesenteric arteries
and the hepatic portal vein. In the rat, the coeliac
and superior mesenteric arteries supply all of the
abdominal viscera, including the liver, except the
kidneys, descending colon and rectum (Greene,
1968). When the hepatic artery and portal vein are
occluded, a functional hepatectomy is produced;
the other vessels were occluded to prevent pooling
of blood in the viscera.

In half of these animals, an arterial blood sample
(0.6ml) was drawn at Omin, and the vessels were
occluded immediately; further samples (0.3 ml) were
drawn at 10, 20 and 30min, deproteinized and
processed in the usual way. In the remaining animals
samples were drawn at 2, 3, 6 and 10min after func-
tional hepatectomy. The time elapsed between the
end of the infusions and the first blood sampling was
5-10min.

Assays

Enzymic assays were performed for: glucose
(Slein, 1963), acetoacetate and 3-hydroxybutyrate
(Williamson et al., 1962), glycerol (Eggstein &
Kreutz, 1966), lactate (Hohorst et al., 1959), pyruvate
(Biicher et al., 1963), glucose 6-phosphate and ATP
(Lamprecht & Trautschold, 1963), ADP and AMP
(Adam, 1963), glycerol phosphate (Hohorst, 1963a),
phosphoenolpyruvate, 2-phosphoglycerate and 3-
phosphoglycerate (Czok & Eckert, 1963), citrate
(Gruber & Moellering, 1966), 2-oxoglutarate
(Bergmeyer & Bernt, 1963), malate (Hohorst, 1963b),
L-alanine (Williamson et al., 1967b), L-glutamine
(Lund, 1970), rL-glutamate (Bernt & Bergmeyer,
1963) and r-aspartate (Pfleiderer, 1963). Pyruvate,
2-oxoglutarate and acetoacetate were determined
immediately after neutralization of the acid extracts;
all other hepatic metabolites were determined within
48h. Florisil-treated tissue extracts were used for the
assay of the a-oxo acids and glucose (Williamson
et al., 1967a). Plasma non-esterified fatty acids were
determined colorimetrically (Itaya & Ui, 1965), liver
triglyceride by the method of Eggstein & Kreutz
(1966), and plasma immunoreactive insulin was
measured by a micro-modification of the method of
Soeldner & Slone (1965).

Results are expressed as means+S.E.M. ; significant
differences were determined by using Student’s ¢ test
for paired or non-paired populations.

Special chemicals

Enzymes and coenzymes were supplied by Boeh-
ringer Corp. (London) Ltd., London W5 2TZ, UK.,
except for glutaminase, supplied by Sigma (London)
Chemical Co. Ltd., Kingston-upon-Thames, Surrey,
U.K. Florisil was obtained from Koch-Light Labora-
tories Ltd., Colnbrook, Bucks., U.K. Pentobarbitone
sodium (Nembutal) was from Abbott Laboratories
Ltd., Queensborough, Kent, U.K., and dichloroacetic
acid from BDH Chemicals Ltd., Poole, Dorset, U.K.
Rat insulin standard was a gift from Novo Industries,
Copenhagen, Denmark; !?°I-labelled insulin was
purchased from The Radiochemical Centre, Amer-
sham, Bucks., U.K., and antisera were from Wellcome
Laboratories, Beckenham, Kent, U.K.
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Results
Effects of dichloroacetate infusion

(@) Blood. The infusion of 300 mg of dichloroace-
tate/kg body wt. per h caused rapid and significant
decreases in arterial [glucose], [lactate] and [pyru-
vate] in 24 h-starved normal rats compared with NaCl-
infused animals (Fig. 1). Blood [glucose] rose by
approximately 1mm during the course of the 4h
Nacl infusions in control animals. The reasons for
this are not clear. Dichloroacetate also produced
a significant decrease in plasma immunoreactive
insulin concentration (Omin, 13+1.3xunits/ml;
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Fig. 1. Arterial blood [glucose] (a), [lactate] (b) and
[pyruvate] (c) changes with infusion of NaCl or dichloro-
acetate

@, NaCl (n=6); O, dichloroacetate (n=6). Values are
means+S.E.M. of concentration changes from zero time.
* P<0.05; ** P<0.01, comparing means of the two groups
at each time-point. Pre-infusion concentrations of glucose,
lactate and pyruvate for the NaCl-infused rats were as
follows: [glucose], 3.73+0.19mm; ([lactate], 0.85+
0.06 mM; [pyruvate], 0.08+0.01 mM. The values for the
dichloroacetate-infused rats were: [glucose], 3.94+
0.26mM; [lactate], 0.66+0.06mMm; [pyruvate], 0.12+
0.01 mM. Other details are described in the Experimental
section.
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15min, 9.8 +2.9 gunits/ml; 30min, 4.8 +-2.0 zunits/ml;
60min, 8.5+ 3.0xunits/ml; P<0.01 when comparing
Omin value with that at 30min by using paired ¢ test).
No significant changes in plasma immunoreactive
insulin concentrations were observed in the animals
infused with NacCl.

Dichloroacetate infusions also caused highly
significant increases in arterial [3-hydroxybutyrate]
and [acetoacetate], both metabolites exceeding the
values for the control animals by about 1mMm at
60min (Fig. 2). Blood [glycerol] remained unchanged
during both control and dichloroacetate infusions.
Dichloroacetate but not NaCl infusions also caused
a decrease in plasma free fatty acid concentrations:
Omin, 1.0440.03 mequiv. ; 15min, 0.96+ 0.03 mequiv. ;
30min, 0.78 +£0.05mequiv. ; 60min, 0.774+0.06 mequiv.
(P<0.01 when comparing Omin value with those at
30 and 60min by using paired ¢ test).

(b) Liver. The concentrations of metabolites in the
freeze-clamped livers from 24h-starved normal rats

+
o

[3-Hydroxybutyrate]
change from Omin (mm)
o

L
o
T

[ (b)

+
o
1

)
T
H

:

[Acetoacetate]
change from Omin (mm)

111 ] 1
01530 60 120 240

Time of infusion (min)

1
o

Fig. 2. Arterial blood [3-hydroxybutyrate] (a) and [aceto-
acetate] (b) changes with infusion of NaCl or dichloro-
acetate

@®, NaCl (n=6); O, dichloroacetate (n = 6). Values are
means+S.E.M. of concentration changes from zero time.
*P<0.05; **P<0.01, comparing means of the two groups
at each time-point. Pre-infusion concentrations of 3-
hydroxybutyrate and acetoacetate were as follows:
NaCl-infused rats: [3-hydroxybutyrate], 1.93+0.15mm;
[acetoacetate], 1.344+0.14mm; dichloroacetate-infused
rats: [3-hydroxybutyrate], 1.52+0.26 mm; [acetoacetate],
1.38+0.18mM. Other details are described in the Experi-
mental section.
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Table 1. Concentrations of metabolic intermediates in livers
of normal rats after infusions with NaCl or dichloroacetate

Livers were removed from rats and freeze-clamped after
240min of infusion with NaCl (n = 6) or dichloroacetate
(n = 8). Values are expressed as means+S.E.M. ; significant
differences were determined by using Student’s ¢ test:
*P<0.05; and **P<0.01, when compared with animals
receiving NaCl only. For other experimental details, see
the text.

Type of infusion

Metabolite (xmol/g) NaCl Dichloroacetate
Glucose 549+0.51  3.371+0.31**
Glucose 6-phosphate 0.08+0.02  0.02+0.00**
3-Phosphoglycerate 0.15+0.02 0.12+0.01
2-Phosphoglycerate 0.12+0.02  0.03+0.00**
Phosphophenolpyruvate 0.05+0.01 0.03+0.00
Pyruvate 0.03+0.00  0.07+0.01**
Lactate 0.52+0.04 0.46+0.04
Citrate 0.27+0.01 0.18+0.01**
2-Oxoglutarate 0.04+0.01 0.06+0.01
Malate 0.26+0.03  0.194+0.01*
a-Glycerophosphate 0.23+0.02  0.22+0.01
3-Hydroxybutyrate 2.01+0.26 2.4240.20
Acetoacetate 0.69+0.08  2.20+0.28**
Triglyceride 32.7 +49 327 +2.7
ATP 2.01+0.08 1.88+0.13
ADP 2.79+0.14 1.98+0.34
AMP 0.63+0.05 0.44+0.04*
Totaladeninenucleotides  5.42+0.16  4.30+0.44
Glutamate 2.10+0.15 1.6840.08*
Glutamine 521+0.66 3.94+0.23
Aspartate 0.72+0.06  0.40+0.05**
Alanine 0.51+0.04  0.32+0.02**
[Lactate] 189 +2.12  7.20+1.25%*
[Pyruvate]
[3-Hydroxybutyrate] 2.96+£0.23  1.28+0.24**
[Acetoacetate]

receiving 4h infusions of 0.99% NaCl or dichloro-
acetate are listed in Table 1. Dichloroacetate infusion
caused highly significant decreases in the concentra-
tions of several glycolytic intermediates, including
[glucose], [glucose 6-phosphate] and [2-phospho-
glycerate], as well as more than a twofold increase in
[pyruvate] and a 2.5-fold decrease in the hepatic
[lactate]/[pyruvate] ratio. Of the tricarboxylic acid-
cycle intermediates both [citrate] and [malate] were
significantly decreased in the livers from dichloro-
acetate-treated animals. There was no change in
water content of the liver after dichloroacetate
infusion (dry wt. as % wet wt.: 35.5+1.0 for dichloro-
acetate and 35.2+0.7 for saline-infused controls).

Of the fat metabolites, only [acetoacetate] was
significantly increased in dichloroacetate-treated
animals, resulting in a twofold decrease in the
[3-hydroxybutyrate]/[acetoacetate] ratio. Liver tri-
glyceride concentrations were identical in the two
groups.
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Fig. 3. Arterial blood [glucose] (a), [lactate] (b) and
[pyruvate] (c) changes after functional hepatectomy

Rats were infused with NaCl (@) (» = 4) or dichloroacetate
(O) (n=4) for 2h before functional hepatectomy at zero
time. Values are means+s.e.M. of concentration changes
from zero time. *P <0.05; ** P <0.01, comparing means of
the two groups at each time-point. Concentrations of blood
glucose, lactate and pyruvateimmediately before functional
hepatectomy were as follows for NaCl-infused rats:
[glucose], 4.28 +0.20mM; [lactate], 0.66+0.33mM [pyru-
vate], 0.05+0.00mm; for dichloroacetate-infused rats:
[glucose], 2.63+0.06 mM; [lactate], 0.37+0.03mwm; [pyru-
vate], 0.02+0.00mm. These differences were all significant
(P<0.01) when comparing values from NaCl-infused rats
with those from dichloroacetate-infused animals. Other
details are described in the Experimental section.

The [total adenine nucleotides] were slightly
decreased in the dichloroacetate-treated animals,
with only the decrease in [AMP] being significant
(P <0.05). Of the amino acids measured [glutamate],
[aspartate] and [alanine] were all significantly
decreased in the dichloroacetate-treated animals.
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Blood metabolite concentrations in functionally
hepatectomized rats

The blood metabolite concentrations of rats after
2h infusions of either NaCl or dichloroacetate and
immediately before functional hepatectomies were
performed are shown in the legends for Figs. 3, 4, 5
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Fig. 4. Arterial blood [3-hydroxybutyrate] (a) and [aceto-
acetate] (b) changes and [3-hydroxybutyratel/lacetoacetate]
(¢) after functional hepatectomy

Concentrations of blood 3-hydroxybutyrate and aceto-
acetate immediately before functional hepatectomy were
as follows for NaCl-infused rats: [3-hydroxybutyrate],
0.851+0.15mMm; [acetoacetate], 0.851+0.08mm; for di-
chloroacetate-infused rats: [3-hydroxybutyrate], 1.14+
0.20mM; [acetoacetate], 1.26+0.15mMm. The difference in
[acetoacetate] when comparing values from NaCl-infused
rats with those from dichloroacetate-infused animals was
marginally significant (P <0.05). All other details are as in
Fig. 3.
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and 6. The data confirm the hypoglycaemic action of
dichloroacetate in normal 24 h-starved rats and also
confirm its ability significantly to lower arterial
[lactate] and [pyruvate].

Fig. 3 shows the concentration changes observed
after functional hepatectomy for arterial [glucose],
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Fig. 5. Arterial blood [3-hydroxybutyrate] (a) and [aceto-

acetate] (b) changes, and [3-hydroxybutyrate)/laceto-

acetate] (c) after functional hepatectomy measured by using
rapid blood sampling

Concentrations of blood 3-hydroxybutyrate and aceto-
acetate immediately before functional hepatectomy were
as follows for NaCl-infused rats: [3-hydroxybutyrate],
1.84+0.63mM; [acetoacetate], 1.31+0.28mm; dichloro-
acetate-infused rats: [3-hydroxybutyrate], 1.35+0.13 mm;
[acetoacetate], 1.24+0.14mMm. All other details are as in
Fig. 3.
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Fig. 6. Arterial blood [glycerol] (a), [alanine] (b), [gluta-
mate]. (c) and [glutamine] (d) changes after functional
hepatectomy

Concentrations of blood glycerol, alanine, glutamate and
glutamine immediately before functional hepatectomy
were as follows for NaCl-infused rats: [glycerol], 0.19+
0.01mM; [alanine], 0.1240.03mM; [glutamate], 0.18+
0.01 mM; [glutamine]), 0.45+0.03 mMm; for dichloroacetate-
infused rats: [glycerol], 0.18+0.01mMm; [alanine], 0.07+
0.02mM; [glutamate], 0.2340.01 mM; [glutamine], 0.48 +
0.03 mM. Only [glutamate] was significantly different in the
dichloroacetate-infused animals (P<0.05). All other
details are as in Fig. 3.

[lactate] and [pyruvate] in the two groups of animals.
Blood glucose concentrations decreased in an almost
identical manner after functional hepatectomy,
despite the significantly different initial and final
concentrations; the mean blood [glucose] of 0.92+

0.18mM in the dichloroacetate-pretreated animals at
30min could possibly explain the death of all four
animals between 30 and 40min after functional
hepatectomy. As shown in Figs. 3(b) and 3(c),
pretreatment with dichloroacetate significantly in-
hibited the rapid increases in blood [lactate] and
[pyruvate] seen after functional hepatectomy in the
NaCl-pretreated controls; indeed [pyruvate] re-
mained unchanged in the dichloroacetate-pretreated
animals.

Fig. 4 shows the changes observed in blood
[3-hydroxybutyrate] and [acetoacetate] in the two
groups after functional hepatectomy. [3-Hydroxy-
butyrate] decreased strikingly in the control animals
after functional hepatectomy (Fig. 4a), whereas little
change in concentration occurred in the dichloro-
acetate-pretreated rats until 30min, when a slight
decrease was observed. [Acetoacetate], on the other
hand, decreased rapidly and similarly in the two
groups (Fig. 4b). However, decreased peripheral
acetoacetate uptake was suggested by the slower
increase in the [3-hydroxybutyrate]/[acetoacetate]
ratio (Fig. 4c) and the proportionately smaller
decrease in [acetoacetate] after functional hepa-
tectomy in the dichloroacetate-pretreated rats.

In an attempt to characterize further this early
rapid decrease in ketone-body concentrations, blood
samples were drawn at shorter time-intervals after
functional hepatectomy in a second group of NaCl-
and dichloroacetate-pretreated rats. As in the earlier
series, [3-hydroxybutyrate] decreased rather slowly
in the NaCl-pretreated animals but remained constant
in those pretreated with dichloroacetate; the differ-
ences were significant at 6 and 10min (Fig. 5a).
[Acetoacetate] decreased much more rapidly in both
groups of animals (Fig. 5b); this decrease was
apparently slower in the dichloroacetate-pretreated
animals, and resulted in a much less rapid increase
in the [3-hydroxybutyrate]/[acetoacetate] ratio de-
spite the concomitantly constant [3-hydroxybutyrate]
(Fig. 5¢).

Rapid sampling was also used to study changes in
glycerol and several amino acids (Fig. 6). Although
arterial blood [glycerol] did not change significantly
during dichloroacetate infusion in the whole animal,
Fig. 6(a) shows that its peripheral release was signifi-
cantly inhibited by pretreatment with dichloroacetate.
The release of alanine from the periphery was also
severely inhibited after functional hepatectomy by
pretreatment with dichloroacetate. It should be
noted that blood [alanine] was already decreased
before hepatectomy in the dichloroacetate-treated
animals (Fig. 6b). [Glutamate] did not change signifi-
cantly after functional hepatectomy in either group
(Fig. 6¢). However, in marked contrast with [alanine],
[glutamine] increased more rapidly in the dichloro-
acetate-pretreated animals than in the controls
(Fig. 6d).
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Discussion
Hypoglycaemia

Two possibilities may explain the marked decrease
in blood glucose after infusion of dichloroacetate
(Fig. 1): (1) increased uptake of glucose by peripheral
tissues, or (2) a decrease in hepatic gluconeogenesis.
As the hypoglycaemia is accompanied by a decrease
in circulating lactate and pyruvate (Fig. 1) and a
lowering of plasma insulin it would seem unlikely that
increased uptake of glucose is the explanation. The
lower concentrations of many hepatic metabolites
involved in gluconeogenesis after dichloroacetate
infusion (Table 1) strongly suggest that decreased
gluconeogenesis is the reason for the hypoglycaemia.
The fact that dichloroacetate does not decrease blood
sugar in fed rats (Lorini & Ciman, 1962; Stacpoole &
Felts, 1970, 1971) would support this contention.
It is worth noting that the dose of dichloroacetate
used in the present study is similar to those used in all
previous work in vivo (Lorini & Ciman, 1962;
Stacpoole & Felts, 1970, 1971; McAllister et al.,
1973); both six- and sixty-fold lower doses were
without effect in our hands (P. J. Blackshear &
K. G. M. M. Alberti, unpublished work). This raises
the question as to the mechanism of the decrease in
hepatic gluconeogenesis. Unlike the metabolite
patterns observed in liver with other hypoglycaemic
agents (Veneziale et al., 1967; Holland et al., 1973)
there is no marked accumulation of any gluconeogenic
intermediate which might indicate the site of action of
dichloroacetate. Indeed the metabolite pattern
suggests an absolute deficiency in the availability of
gluconeogenic precursors (e.g. alanine, aspartate,
glutamine). The increase in hepatic [pyruvate] may be
due to an alteration in cytoplasmic [NAD]/[NADH]
ratio; there is no change in [lactate+ pyruvate].

Confirmation of the decreased availability of
gluconeogenic precursors after dichloroacetate in-
fusion comes from the experiments with functional
hepatectomy. Here there was a decreased accumula-
tion of lactate, pyruvate, glycerol and alanine (Figs.
3 and 6), while peripheral uptake of glucose remained
constant (Fig. 3). The mechanism for this decreased
accumulation is probably the activation of pyruvate
dehydrogenase (EC 1.2.4.1) as described in perfused
rat heart by Whitehouse & Randle (1973), which
allows increased oxidation of lactate and pyruvate
(McAllister et al., 1973).

Alanine has been recognized for some time as a
major carrier of amino acid-derived nitrogen from the
periphery to the liver, probably from transamination
of pyruvate (Mallette et al., 1969; Felig et al., 1970;
Felig, 1973). Glutamine, which is also released in
amounts disproportionately higher than its concen-
tration in skeletal-muscle protein from the human
forearm (Marliss et al., 1971) and from the perfused
rat hindquarter (Ruderman & Lund, 1972) may be
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equally important as an amino-group carrier,
although recent studies have suggested that most of
this glutamine is taken up by the gut rather than the
liver (Aikawa et al., 1973; Matsutaka et al., 1973).
In our experiments, glutamine accumulation increa-
sed, after the entire splanchnic bed had been tied off
in dichloroacetate-treated rats (Fig. 6), by the same
amount that alanine accumulation decreased. This
suggests a mechanism which can control the relative
release of alanine and glutamine depending on the
availability of pyruvate and amino-group donors.

Hyperketonaemia

The increased [3-hydroxybutyrate] and [aceto-
acetate] seen during dichloroacetate infusion (Fig. 2)
suggest either increased hepatic ketogenesis or
decreased peripheral utilization of these substances.
The decreased hepatic [3-hydroxybutyrate]/[aceto-
acetate] ratio implies a decrease in hepatic free fatty
acid oxidation (Table 1) (Williamson et al., 1971).
The constant hepatic [triglyceride] and decreased
plasma [free fatty acid] after dichloroacetate infusion
suggest that decreased lipolysis could be responsible.
Experiments with functional hepatectomy confirm a
decrease in the peripheral release of glycerol (Fig. 6),
and demonstrate a marked inhibition of peripheral
ketone-body uptake in dichloroacetate-treated ani-
mals. The decreased uptake of 3-hydroxybutyrate
confirms the finding of McAllister ez al. (1973) that
3-hydroxybutyrate oxidation was inhibited by
dichloroacetate treatment in rat muscle. The mech-
anism of this inhibition may be a competition for CoA
between activated pyruvate dehydrogenase (White-
house & Randle, 1973) and the enzymes required for
ketone-body utilization which also require CoA, as
proposed by McAllister et al. (1973); a further possi-
bility is the inhibition of 3-hydroxybutyrate dehydro-
genase (EC 1.1.1.30) both in the liver and in muscle
by dichloroacetate.

Conclusion

The results of this study clarify the metabolic
effects of dichloroacetate in vivo. Its hypoglycaemic
action in normal starved rats appears to be due to the
decreased peripheral release of the gluconeogenic
substrates lactate, pyruvate, glycerol and alanine.
The elevation of ketone-body concentrations in
animals treated with dichloroacetate, in the face of
diminished lipolysis, apparently results from de-
creased peripheral uptake and utilization of these
substances. Finally, experiments with dichloroacetate-
pretreated functionally hepatectomized animals
suggest that alanine and glutamine can, to some
extent, serve as carriers for a common pool of amino
nitrogen from the periphery. Many of the results
can be explained by increased peripheral pyruvate
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oxidation; further study is required to determine the
mechanism of the dichloroacetate-induced inhibition
of peripheral ketone-body uptake.
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