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1 proPOSE to discuss the concept that the accu-
mulation of ketone bodies arises from an in-
ability of the liver to regulate the relative rates of
certain metabolic processes. According to this
concept, ketosis is a disorder of the regulation of
metabolic processes rather than an insufficiency
of certain enzymes or of key metabolites.

The Origin of Ketone Bodies

The bulk of the ketone bodies arises by con-
densation of acetate which reacts in the form of
acetyl coenzyme A (CoA) (see Scheme 1). Two

! SCHEME |.*—PATHWAY OF FORMATION OF KETONE BoDIES
Fat, carbohydrate, amino acids

(acetyl~-CoA) 2 CH,.CO.SR

(acetoacetyl CoA) CH,.CO.CH,.CO.SR +HSR (CoA)
(acetoacetic acid) CH;.CO.CH,.COOH +HSR (CoA)
CO,+CH,.CO.CH, CH,.CH(OH).CH,.COOH

~ (acetone) (D-B-hydroxybutyric acid)

*Another pathway leading from acetoacetyl CoA to free
acetoacetate has been found by Lynen et al. (1958). This
involves a reaction between acetoacetyl CoA and acetyl CoA
leading to B-hydroxy-B-methylglutaryl CoA which is subsequently
hydrolysed to free acetoacetic acid and acetyl CoA. It is not
yet possible to assess the relative quantitative importance of the
two pathways.

molecules of acetyl coenzyme A first form
acetoacetyl coenzyme A and this is hydrolysed
by a specific enzyme—acetoacetyl-coenzyme A
deacylase. This enzyme is present in liver but
absent from most other tissues (Mahler, 1953)
which accounts for the fact that liver is the main
site of ketone body formation.

FEBRUARY

All foodstuffs—fats as well as carbohydrates
and proteins—yidld acetyl coenzyme A in the
course of their combustion and are therefore
potential sources of ketone bodies. However, in
the intact organism, the fate of acetyl coenzyme
A depends partly on its origin. Only the acetyl
coenzyme A derived from fatty acids with even
carbon numbers and the three ‘“ketogenic” amino
acids—leucine, phenylalanine and tyrosine—
produce major quantities of ketone bodies, and
long-chain fatty acids rarely form more than one
molecule of ketone body per molecule (Magnus-
Levy, 1899, 1901, 1925). Whilst the acetyl
coenzyme A arising from most sources undergoes
complete oxidation through the tricarboxylic acid
cycle (except for a relatively small fraction which
is utilized for various synthetic processes), some
of the acetyl coenzynie A arising from fatty acids
and from the ketogenic amino acids can yield
ketone bodies. ’

Site of Formation and Utilization of Ketone Bodies

The liver is by far the most important site of
ketone body formation though small quantities
can be formed in other tissues, e.g. kidney
(Weinhouse and Millington, 1951; Jowett and
Quastel, 1935). In ruminants, the wall of the
rumen is an additional major source (Pennington,
1952; Hird and Symons, 1959) and, in the
lactating animals, ketone bodies can also be
formed by the mammary gland (Terner, 1958).

Many tissues are capable of utilizing ketone
bodies as a substrate of respiration and of
oxidizing them completely to carbon dioxide and
water (Stadie et al., 1940; Shipley, 1944; Krebs
and Eggleston, 1948). This applies in particular
to the mammalian heart which appears to use
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acetoacetate in preference to most other sub-
strates of oxidation (Kulka, 1958; Williamson,
1959).

Accumulation of Ketone Bodies

It is relevant to the problem of the nature of
ketosis that there are many physiological or semi-
physiological conditions which can be associated
with an accumulation of ketone bodies above the
normal level in blood and urine. These include
starvation, diets low in carbohydrate (fat-protein
diets, Deuel et al., 1932), severe muscular exertion
—*“post-exercise ketosis” (Courtice and Douglas,
1936; Courtice et al., 1939; Passmore and
Johnson, 1958; Drury et al., 1941; Gemmill,
1940), exposure to a cold environment (Sargent
et al., 1958), alkalosis due to hyperventilation
(Davies et al., 1920) or to a dose of sodium
bicarbonate (Deuel et al., 1935), and anasthesia
(F. L. Engel and M. G. Engel, 1958).

Some of the pathological conditions which can
lead to ketosis of varying degrees have a common
basis: the failure to utilize cagbohydrate at the
normal rate. This applies to all forms of
diabetes—diabetes mellitus, diabetes due to
depancreatization or to alloxan poisoning
(Lukens, 1948), or to phlorizin poisoning
(Goldfarb et al., 1934)—to glycogen storage
disease, and probably also to ketosis following
vomiting (hyperemesis gravidarum and periodic
vomiting of children), and to the ketosis accom-
panying pregnancy toxaemia of sheep.

The ketosis of lactating cows, first described in
Holland in 1923 by Sjollema and Van Der Zande,
though not fatal, may seriously reduce milk
production and is a disease of major economic
importance.

Experimentally, ketosis can be produced both
in the intact body and in isolated liver prepara-
tions by substances which lower the oxaloacetate
level in tissues. Examples are malonate (Reck-
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nagel and Potter, 1951), fluoroacetate (Cole et al.,
1955), fluorocitrate (Gal et al., 1954), mesoxalate
and tartronate (Edson, 1936; Krebs and.
Stickland, 1958. One of the most interest--
ing forms of experimental -ketosis is that
produced by anterior pituitary extracts (Bennett
et al., 1948). The ketogenic effect of the anterior-
pituitary is suppressed by cortisone, hydro--
cortisone and related substances (Engel, 1957;
M. G. Engel and F. L. Engel, 1958). These effects.
indicate that the metabolism of ketone bodies.
is under hormonal control.

Relations Between Carbohydrate and Fat Meta-
bolism

The elucidation of intermediary stages of the
oxidation of fat has made it possible to re-
examine the meaning of the old remark
(Rosenfeld, 1885, 1906) that “fats burn in the
fire of carbohydrate”, a statement circumscribing
the fact that ketone bodies are mainly derived
from fat, and do not accumulate when carbo-
hydrate is burned.

Fatty acids are known to be oxidized by g-
oxidation to acetyl coenzyme A ; this condenses.
with oxaloacetate to enter the tricarboxylic acid
cycle, one turn of which represents the complete.
oxidation of one acetate equivalent. Oxalo-
acetate is thus necessary for the complete oxida-
tion of fatty acids. It cannot be formed from
fatty acids but it can be synthesized from carbo--
hydrate. Thus the need for oxaloacetate repre--
sents a link between fat and carbohydrate:
metabolism, even though carbohydrate is not the
only source of oxaloacetate: propionate and
certain amino acids—especially those which have:
long been recognized as glucogenic amino acids.
(aspartate, glutamate, proline, arginine)—can
also serve as precursors of oxaloacetate. The
various reactions which can yield oxaloacetate in
the animal body are listed in Table 1.

TABLE I.—MAIN SOURCES OF OXALOACETATE IN THE ANIMAL BobY

(1) Carbohydrate

(glycolysis) +CO;+ADP
Carbohydrate ———————— phosphopyruvate oxaloacetate + ATP
+CO;+TPNred
Lactate pyruvate oxaloacetate
rumen
fermentation +CO,+CoA

Carbohydrate ——————» propionate

(2) Amino acids o
transamination

succinate

methyl malonyl CoA

oxidation
——— oxaloacetate:

Aspartate ————————» oxaloacetate

transamination

oxidation

Glutamate —————+ a-ketoglutarate ————— oxaloacetate

Proline

transamination

oxidation

Arginine

a-ketoglutarate ——— oxaloacetate.



3

The Role of Oxaloacetate in Ketosis

It has been suggested that ketosis arises from
lack of oxaloacetate. However, the experimental
tests show that this is not true for most forms of
ketosis. The oxaloacetate levels in the livers of
‘well-fed and starved rats were found by Kalnitsky
and Tapley (1958) to be identical after twenty-
four hours although the acetoacetate level had
increased over tenfold (see Table II). These

TABLE II.—OXALOACETATE AND ACETOACETATE LEVELS IN RAT

Liver
Average values
Oxal t Acetc t
wmole/100 (umole/100 g
resh weight fresh weight)
Series 1 (Kalnitsky and Tapley,
1958) ey
Liver, well-fed 1-0 15
Liver, fasting 24 hours 11 152
Series 2 (Shaw and Tapley, 1958)
Liver, normal. . .. .. 09 0-4
Liver, alloxan diabetes 1-0 2-8

findings indicate that the ketosis of starvation is
not due to lack of oxaloacetate. Similarly, the
oxaloacetate levels of the livers of normal and
alloxan-diabetic rats were equal whilst the aceto-
acetate levels were seven times higher in the
diabetic rat. Thus the ketosis of alloxan
diabetes cannot be due to lack of oxaloacetate
either.

Another way of testing the role of oxaloacetate
in ketogenesis is the administration of oxalo-
acetate or its precursors to the ketotic organism.
Experiments on various animals show that the
dietary ketonuria produced by feeding butyrate
is greatly reduced by the administration of oxalo-
acetate or its precursors (Beatty and West, 1951;
Fasella et al., 1958). The ketosis of alloxan-
diabetic animals (Beatty and West, 1955) or of
human diabetics (MacKay et al., 1939; Dunlop
and Arnott, 1937; Lawrence, 1937; Dibold et al.,
1937) or of cows suffering from bovine ketosis on
the other hand, is not appreciably influenced by
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oxaloacetate and its precursors. Some authors
(Fasella et al., 1958) have drawn the conclusion
from these findings that the mechanisms respon-
sible for diabetic and dietary ketosis are “funda-
mentally different”. I prefer to express this
difference by the statement that different factors
limit the formation and the utilization of acetyl
coenzyme A in dietary ketosis on the one hand,
and diabetic ketosis on the other.

That lack of oxaloacetate can be a cause of an
accumulation of ketone bodies can be shown
-in vitro with liver preparations. As Lehninger
(1946) has shown, liver mitochondria convert
octanoic acid almost quantitatively to aceto-
acetate when added as the sole substrate, but
when oxaloacetate is available some of the
octanoate is converted to the acids of the tri-
carboxylic acid cycle or completely oxidized.
The importance of oxaloacetate in ketone body
accumulation can also be demonstrated in a
preparation of washed liver particles suspended
in saline. On addition of pyruvate, varying
amounts of acetoacetate, tricarboxylic acid cycle
intermediates and CO, are formed. The yield of
acetoacetate from pyruvate is substantially
increased by a variety of agents, which in differ-
ent ways all reduce the supply of oxaloacetate.
Malonate, oxalate, tartronate, mesoxalate, fluoro-
malate, fluorocitrate, and ammonium chloride
are examples. Their ketogenic action is shown
in Table III. Malonate prevents the formation
of oxaloacetate mainly by inhibiting succinic
dehydrogenase. Ammonium chloride interferes
with the tricarboxylic acid cycle at the stage of
a-oxoglutarate by causing its conversion to
glutamate and glutamine. Most of the other
agents inhibit the synthesis of C,-dicarboxylic
acids from pyruvate and CO,.

The determination of the level of oxaloacetate
in the presence of various inhibitors directly
shows the reduced steady state level of oxalo-
acetate on addition of the ketogenic agents (Table
IV). Fumarate, on the other hand, raises the

TABLE III.—EFFECT OF VARIOUS INHIBITORS ON ACETOACETATE FORMATION BY LIVER PARTICLES
IN THE PRESENCE OF PYRUVATE

(0-02 M pyruvate; 30°C; 60 min; 4 ml suspension)

Pigeon liver Rat liver
(22-1 mg dry weight) (35-0 mg dry weight)
Additions N acetoacetate . O, acetoacetate
(other than pyruvate) (umoles) (nmoles) (umoles) (wmoles)

None .. .. —29-1 + 65 —262 + 27
Malonate (5 x 10-*M) .. —19-8 + 94 —19-8 + 88
Tartronate (10-*M) —146 +12-0 —21-5 +10-8
Mesoxalate (5 x 10-*M).. —127 +13-9 - 73 + 175
Oxalate (10-*M) .. —200 +12-2 —16-3 +10-4
Fluoromalate (5 x 10-¢M) —13-6 +12-4 —11-8 + 80
Fluorocitrate (10-¢M) —-31-6 + 79 —16-8 +10-4
NH(CI (5 x.10-*M) —254 + 82 —-27-1 + 65
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TABLE 1V.—OXALOACETATE LEVEL IN PIGEON LIVER PARTICLE
SUSPENSIONS IN THE PRESENCE OF KETOGENIC SUBSTANCES

The data refer to wmoles in 8 ml suspension; 0-02 M pyruvate;
30°C; 60 min; 32-6 mg dry weight.

Additions
(other than Fluoromalate Oxalate Fluorocitrate
pyruvate) None (5x10-¢M) (10-*M) (10~*M)
O, used . .. —394 —23-0 —232 —-21-0
Acetoacetate formed +11-6 +21-4 +20-1 +21-0
Oxaloacetate present 0-12 0-06 0-07 0-05

at end of experi-
ment

oxaloacetate level and substantially reduces the
accumulation of acetoacetate in the presence of
pyruvate (Table V).

TABLE V.—EFFECT OF FUMARATE ON THE FORMATION OF
ACETOACETATE AND ON THE LEVEL OF OXALOACETATE IN PIGEON
LIVER PARTICLES INCUBATED WITH PYRUVATE

The data refer to umoles in 8 ml suspension; 30°C; 60 min.

Pyruvate
(0-02 M)
Pyruvate Fumarate fumarate
Substrates added (0-02 M) ©-02 M) 002 M)
O, used .. .o —427 —257 —47-1
Acetoacetate formed .. 4176 + 05 + 76
Oxaloacetate present at 0-15 0-41 0-21

end of experiment

Thus the supply of oxaloacetate can be a factor
controlling ketone body formation, i.e. the fate
of acetyl coenzyme A. But from what has
already been said about the failure of oxalo-
acetate to relieve some forms of ketosis, it is not
the only limiting factor in ketone body
accumulation.

The Role of Coenzyme A Transferase in Ketosis

It might be thought that apart from oxalo-
acetate derived from carbohydrate, there is also
a link between fat and carbohydrate metabolism
at the level of ketone body utilization. The most
important reaction in animal tissues which
initiates the disposal of free ketone bodies is
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probably that catalysed by coenzyme A trans-
ferase (Stern et al., 1956). This enzyme converts
acetoacetate to its reactive form, e.g. aceto-
acetyl CoA:

succinyl CoA -+acetoacetate —— succinate -+
acetoacetyl CoA.

However, the supply of succinyl CoA is not
dependent on carbohydrate; it arises as an inter-
mediate in the tricarboxylic acid cycle at the rate
of 2 molecules per molecule of acetoacetate. It
is self-generating and therefore cannot be ex-
pected to be a factor limiting the oxidative
disposal of acetoacetate.

Control of Substrate Utilization as a Factor in
Ketosis

There is, then, no evidence of a simple stoi-
chiometric link between fatty acid and carbo-
hydrate metabolism, in the form of an enzymic
reaction involving one reactant derived from
carbohydrate and another one derived from fat,
such as earlier authors (Shaffer, 1921 ; Henze, 1930;
Stshr and Henze, 1932) had visualized. Yet that
there is a further link between the metabolism of
carbohydrate and fat is evident from the fact that
when both are available they are not oxidized in-
dependently of one another. The body as a whole,
and many individual tissues, burn carbohydrate in
preference to fat, and fat takes the place of carbo-
hydrate as a fuel when the supply of carbohydrate
is exhausted. The total energy supply remains
approximately constant, irrespective of the nature
of the fuel burned. The “sparing” effect of
carbohydrate on the oxidation of fat may also be
expressed by the statement that carbohydrate
prevents the oxidation of fat.

This competition between different substrates
as fuels of respiration is shown by the following
experiment in which various substrates were
added to pigeon liver homogenate and the oxygen
uptake, as well as some of the substrate changes,
was measured (Table VI). Addition of sub-

TABLE VI.—OXIDATIVE METABOLISM OF PIGEON LIVER HOMOGENATES IN THE PRESENCE OF
DIFFERENT SUBSTRATES

(The data refer to 8 ml liver homogenate containing 91'8 mg dry weight tissue. 30°C.
60 min Oy; substrates 0-01 M. The homogenates were prepared in the apparatus of Potter
and Elvehjem from a mixture of 4 g of minced liver in 20 m10-9% KCl at 0°C. Each cup
contained 2 ml of this homogenate, 1 ml 0-1 M sodium phosphate buffer of pH 7-4,
0-4 ml 0-155 M KHCO,, 0-4 ml 0-02 M MgCl,, 0-4 ml 0-02 M sodium ATP, 04 ml 0-2 M
substrate solution (sodium salt) and sufficient 1-15% KCI to make up 8 ml)

Substrates added: None Citrate
Metabolic changes
(wmoles)

O .. . —~54-5 —48-0
Citrate .. 0 —34-0
Malate + fumarate 0 + 51
a-Oxoglutarate 0 +29-0
Succinate .. 0 + 14
Pyruvate .. 0 + 42

a-Oxoglutarate Succinate Fumarate
—54-8 —73-8 —54-8
+ 04 + 30 + 53
+26-6 +39-0 —52-5
—41-1 + 59 +14-4
+ 6:0 —61-6 0
+10-3 + 90 + 98
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TABLE VIL—OXIDATIVE METABOLISM OF WASHED PIGEON LIVER PARTICLES IN THE
PRESENCE OF DIFFERENT SUBSTRATES

Washed pigeon liver particles, 8 ml

ion in saline di

(47-0 mg dry weight),

30°C. 60 min O,. Medium: 1 ml 0-1 M Na-phosphate buffer pH 7-4; 0-4 ml 0-02 M MgCl,;
0-4 ml 0-155M KHCO;; 04 ml 0:02M ATP; 2 ml washed particles in 1159, KCI;
substrate solution 0-2 M (0-8 or 0-4 ml); 1-15%; KCl to 8 ml.

Substrates added: None Pyruvate
(0-02 M)
Metabolic changes
(wmoles)

O, .. .. .. —67 - 713
Pyruvate .. .. 0 —-117
Acetoacetate +2-7 + 125
Citrate .. .. 0 + 112
a-Oxoglutarate +0-8 + 119
Malate + fumarate 0 + 17:6

strates did not affect the rate of oxygen consump-
tion very much except in the case of succinate,
which caused a substantial increase. In con-
trast, the substrate changes were greatly affected
by the additions. When no substrate was added,
endogenous material served as a fuel and no
intermediates accumulated. The data for the
removal of the added substrates indicate that the
added material largely replaced the endogenous
material as a fuel. Thus, in the presence of
citrate, about 309, of the oxygen consumption
was due to the conversion of citrate to a-0x0-
glutarate, about 3 9, to the formation of succinate,
about 169 to the formation of malate and
fumarate, and about 179 to the formation of
pyruvate. When a-oxoglutarate was added, the
main oxidative reactions were the conversion of
the substrate to succinate (5-59%), to malate and
fumarate (48-59%,) and to pyruvate (289;). In
the presence of succinate, the conversion of
succinate to fumarate and malate accounted for
26-5% of the oxygen consumption. With
fumarate as a substrate, most of the oxygen con-
sumption was due to the stages of the tricarb-
oxylic acid cycle between fumarate and -
oxoglutarate.

Similar data were obtained with washed liver
particles (Table VII). Again, the main metabolic
reactions were those stages of the cycle nearest to
the added substrate. In the case of pyruvate,
this was the conversion of pyruvate to acetyl
coenzyme A.

In these experiments, the high concentration of
the added substrate was no doubt an important
factor in displacing other oxidizable materials as
fuels of respiration. How the mechanisms
operate which regulate the choice of substrate is
by no means fully known, but it can be explained
in general terms why the available nutrients are
not simultaneously burned.

A major factor is the circumstance that all
oxidations involve the same co-factors and are
therefore not entirely independent processes.

Citrate  a-Oxoglutarate Fumarate
(0-01 M) (0-01 M) (0-01 M)
—43-0 —48-1 —56-0
+ 24 + 44 + 27
+ 14 + 07 + 13
—37-0 + 16 + 28
+16-0 —-20-6 + 75
+ 18 +11-6 —54-2

The transport of hydrogen from a substrate to
molecular oxygen generally involves three types
of catalysts which are arranged in series. They
are the pyridine nucleotides, flavoproteins and
iron-porphyrins and only the first step of the
transport chain varies from substrate to sub-
strate. This is shown diagrammatically in Scheme
2.

SCHEME 2.—JOINT PATHWAYS OF HYDROGEN TRANSPORT FROM
DIFFERENT SUBSTRATES TO MOLECULAR OXYGEN

Lactate a-Oxo acids Glutamate Malate B-Hydroxy-
fatty acids
. —2H
—2H —2H
~2H
v —-2H
Pyridine nucleotide
-2H
Succinate
-2H
Fatty acid\
\—2: v

Flavoprotein
-2H
Cytochrome
- 2H(-2c +2H*) ‘
O,

Choice of substrate thus means competition of
several substances for the same catalyst.

Over-production or Under-utilization of Acetyl

Coenzyme A

The concept of substrate competition suggests
that ketosis may be a condition where the balance
of substrate utilization is disturbed. Ever since
it has been appreciated that ketone bodies can be
normal intermediates of metabolism it has been
realized that the accumulation of ketone bodies
could be due either to over-production or to
under-utilization. In the light of present
knowledge, this means over-production or
under-utilization of acetyl coenzyme A. If the



76

utilization of acetyl coenzyme A through the tri-
carboxylic acid cycle is impeded, then any excess,
instead of undergoing oxidation, would be ex-
pected to be shunted in the liver to the synthesis of
ketone bodies. On the other hand, an over-
production would mean that more acetyl
coenzyme A is formed than is needed for energy
release and this excess would again be expected
to be shunted to the synthesis of ketone bodies.

There is no evidence of under-utilization of
acetyl coenzyme A in the ketotic organism, in the
sense of the reduced rate of the tricarboxylic acid
cycle. The capacity of the body as a whole to
burn acetate is never fully used in a resting
organism. On exercise, the total energy supply
may be trebled and of this increase about two-
thirds is due to the oxidation of acetate. It is
true that the differences in respiration between the
resting and maximally active tissue are small in
liver (where most of the ketone bodies are pro-
duced) but numerous measurements of the
respiration of liver preparations in vitro have
shown that the rate of respiration, in terms of
Qo,, is not depressed in starvation, although the
rate of ketone body accumulation may rise four-
fold (e.g. Edson, 1935, see Table VIII). It is thus

TABLE VIIL.—COMPARISON OF RATES OF RESPIRATION AND OF
ACETOACETATE FORMATION IN THE LIVER OF STARVED AND
‘WELL-FED RATS

Average values (Edson, 1935)

Qo,  QAcetoacetate
Well-fed liver —11-5 +0-33
Starved (24 h) liver.. —10'6 +1-34

clear that ketosis can occur whilst the total
oxidative capacity of the liver and the rate of
utilization of acetyl coenzyme A through the
tricarboxylic acid cycle are normal.

This indicates that ketone body accumulation
is not due to under-utilization, but to over-
production of acetyl coenzyme A, and raises the
question of why over-production occurs.

Accumulation of Intermediary Metabolites

An over-production of intermediary metabol-
ites and their accumulation is a most exceptional
event in animal tissues. The non-accumulation
indicates that intermediates when available react
in preference to the starting material. A sub-
strate molecule of respiration, once its oxidation
has been initiated, burns to completion before a
new molecule is attacked. This can be directly
demonstrated by adding intermediates of the
tricarboxylic acid cycle to respiring tissues. As
already discussed (see Table VI) the result of the
addition is a suppression of the oxidation of the
endogenous substrates, such as glucose or fat.
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Whilst this inhibition by intermediates is the
rule, it does not apply to the ketotic state where
the presence of acetyl coenzyme A or ketone
bodies does not suppress the attack of new sub-
strate molecules. The ketotic disorder might
thus be looked upon as a failure of acetyl co-
enzyme A or of ketone bodies to suppress the
breakdown of new substrate molecules which
yield more acetyl coenzyme A. The reasons for
such a failure are still a matter of speculation.
There are many factors on which the rate of
degradation of a particular foodstuff depends—
the activity of the enzymes, the availability of
coenzymes and the presence of other foodstuffs.
The fact that ketosis can be caused by extracts of
the anterior pituitary suggests that pituitary
hormones also play a role in co-ordinating acetyl
coenzyme A utilization and production. The
ketogenic activity of the anterior pituitary appears.
to be inseparable from its fat-utilizing (‘“adipo-
kinetic’) activity. This would support the
assumption that the anterior pituitary plays a part
in the control of the rate at which fatty acids are:
oxidized to acetyl coenzyme A.

How such a control is-exerted is unknown. It
is likely that the hormone regulates the activity of
a key enzyme. Several cases are known where
the activity of enzyme is under hormonal control.
An example is adrenaline which promotes the
conversion of inactive phosphorylase to the
active enzyme and thereby accelerates the con-
version of glycogen to hexose phosphates
(Sutherland and Cori, 1951; Sutherland and
Wosilait, 1956; Rall et al., 1957).

Prevention of Ketosis by Dietary Measures

Even without full knowledge of the reasons of
ketosis and of the factors controlling the forma-
tion of acetyl coenzyme A, ketosis can to some
extent be controlled experimentally and thera-
peutically by dietary measures, i.e. by the admin-
istration of antiketogenic instead of ketogenic
food. Whether a food is ketogenic or anti-
ketogenic has long been established empirically
for the main foods (see Magnus-Levy, 1925). The
knowledge of intermediary metabolism makes it
now possible to predict the ketogenic and anti-
ketogenic properties of food constituents on the
following basis.

The energy supply from all foodstuffs com-
prises two major stages (Scheme 3). The first
consists of the reactions leading from the food-
stuffs to acetyl coenzymes A or to other inter-
mediates of the tricarboxylic acid cycle. The
second is represented by this cycle itself. On
ordinary diets, about two-thirds of the energy is
set free by the tricarboxylic acid cycle and one-
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SCHEME 3.—ENERGY-YIELDING REACTIONS LEADING TO THE TRICARBOXYLIC AciD CYCLE

Carbohydrate  Glycerol Alanine Fatty acids Leucine Glutamate Aspartate
Serine Tyrosine Histidine Tyrosine
Cysteine Phenylalanine  Prolines Phenylalanine
Arginine
Pyruvate
v ) N
Acetyl coenzyme A a-Oxoglutarate Oxaloacetate

TABLE IX.—RELATIVE AMOUNTS OF ENERGY OBTAINED FROM VARIOUS SUBSTRATES (1) BY OXIDATION OF ACETATE (I.E. TRICARBOXYLIC
Acip CYCLE) (2) BY STEPS LEADING TO ACETATE

(The amounts of energy are expressed by amounts of O, required and of ATP formed. ATP formation is calculated on the
assumption that all oxidative steps yield 3 ATP per one oxygen atom except the reactions a-ketoglutarate — succinate (4 ATP) and
—H,C—CH;— — —HC==CH—(2 ATP). The latter type of reaction occurs in the oxidation of succinate and of fatty acids)

Mole O, required for ATP formed % of ATP formed
Steps leading to  Tricarboxylic | Steps leading to Tricarboxylic through
tricarboxylic acid tricarboxylic acid tricarboxylic
Substrate acid cycle cycle acid cycle cycle acid cycle
Carbohydrate (per triose equivalent). . 1 2 7* 12 63
Fatty acids gong chains, per each C, fractxon) 1 2 5 12 71
Fatty acids ‘-m1due or butyrate) .. 1 4 ‘ 5 24 83
Glycerol . .. .. 13 2 9 12 57
Lactic acid .. .. .. .. .. 1 2 12 67
Propionic acid .. .. .. .. .. 13} 2 61 12 67
Succinic acid .. .. .. .. .. 13 2 8 12 60
Citric acid 2 2 15 12 4
Glutamic acid 2 2 15 12 4
}’rg-;no ! gl 1 % % {; }% 50
rop ene yoo
Aceti y 0 ' 2 -2t 12 100
Leucme .. 1} 6 8 36 82
Tyrosme 33 6 § 36 80
Pheny 4 6 12§ 36 75

*The ATP formed from carbohydrate includes that formed anaerobically. This amounts to one ATP per triose equivalent when
glucose is the starting material.

tAcetic acid requires the expendiﬁlre of two pyrophosphate bonds before it can enter the tricarboxylic acid cycle, and yield energy,
the reactions by which acetate is activated being:
acetate + ATP + CoA — acetyl CoA + AMP + PP

As far as is known the pyrophosphate is subsequently hydrolysed, and the AMP is phosphorylated by a second molecule of ATP to
form 2 ADP:

AMP + ATP - 2 ADP
The balance of the reaction leading to the entry of acetate into the cycle is therefore
acetate + 2 ATP + CoA —» acetyl CoA + 2 ADP + 2 phosphate

tLike acetate, propionate requires the expenditure of two pyrophosphate bonds, to be converted into its reactive form, i.e.
propion.yl—CoA. Propionyl CoA is converted to succinyl CoA before it can yield energy and a further molecule of ATP is used for this
conversion: propionyl CoA + CO; + ATP — methyl malonyl CoA + ADP + P

_methyl malonyl CoA == succinyl CoA
It is likcly that the encrgy-rich bond of succinyl CoA can be utilized for the generation of ATP through the reactions:
succinyl CoA + GDP + P=coenzyme A + GTP + succinate
GTP + ADP: GDP + ATP

which are intermediary stages in the oxidation of a-ketoglutarate and are taken to occur in all cells which perform the tricarboxylic
acid cycle. It is also known that succinyl-CoA can be used for ‘‘activating’ acetoacetate through the reaction:

succinyl CoA + acetoacelate.‘_.‘a succinate + acetoacetoyl CoA

and it can thus save ATP required for the *‘activation™ of acetoacetate. Thus. allowing for the net effect of these reactions, 2 ATP
molccules are required for the “‘activation’ of propionate.

§ Several steps of the oxidation of tyrosine (p-hydroxyphenyl pyruvate -- maleyl-acetoacetate, equivalent to 2 O,) are proi)ably
not atilized for the synthesis of ATP (see text).
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third by the reactions leading to it. A diet can
be so modified that the proportion of the total
energy supplied derived from the cycle, i.e. from
the utilization of acetyl coenzyme A, varies. If
ketosis is due to an excess of acetyl coenzyme A,
irrespective of whether the excess arises from
under-utilization or over-production, it should be
relieved by a diet in which less of the energy
supply depends on the utilization of acetate and
more on the reactions leading to the formation of
acetate (it being understood that the total oxygen
consumption stays at a given level).

Table IX lists the distribution of the energy-
supplying stages between these two phases of
metabolism. The list does not aim at complete-
ness but includes substances which may be of
therapeutic interest, especially with reference to
bovine ketosis. The relative contributions to
the energy supply are expressed by two different
standards, viz. the amounts of O, required and of
ATP formed. In calculating the formation of
ATP, the assumption has been made that all
oxidative steps yield 3 ATP molecules per oxygen
atom except the reaction «-oxoglutarate ——
succinate which yields 4 ATP and the reaction
-CH,.CH,- —— -CH : CH- which yields 2
ATP. The latter reaction occurs in the dehydro-
genation of succinic and of fatty acids, including
propionic acid and the fatty acid derived from
leucine, i.e. isovaleric acid. There are uncertain-
ties in the calculation of the ATP yield from
tyrosine and phenylalanine because the degrada-
tion of these two amino acids includes oxidative
steps which probably cannot be coupled with
phosphorylation. They are the steps between
hydroxy-phenylpyruvate, via homogentisic acid,
to maleyl-acetoacetate (Hager et al., 1957;
Schepartz, 1953; Knox and Edwards, 1955;
Dalgliesh, 1955). The enzyme systems con-
cerned with these stages do not seem to contain
pyridine nucleotides, flavoproteins and iron-
porphyrins and as a rule only cxidations which
involve these catalysts can be coupled to
phosphorylation.

The two standards used for measuring the
energy supply—O, consumption and ATP
formation—give in general parallel values, but
there are some differences, and the ATP values
are of more immediate interest because they are a
measure of the utilizable energy.

There are three substances in the list which
release more than 809, of the energy through the
tricarboxylic acid cycle. They are acetate
(1009%), the C,-fatty acid (839%), and leucine
(829). These substances are known to be the
main ketogenic materials of a normal diet.

Antiketogenic are those substances which
relieve the pressure on the tricarboxylic acid
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cycle by providing energy through reactions out-
side the cycle. The more energy that can be
obtained from reactions other than those of the
cycle, the greater this antiketogenic effect can be
expected to be. This is in fact the case. Accor-
ding to Table IX, the most effective antiketogenic
substances are expected to be propanol, citrate
and glutamate. These substances yield more
ATP by reactions outside the cycle than is yielded
by the cycleitself. The next best substance is 1,2-
propylene glycol, followed by glycerol, succinate,
propionate, glucose and lactate.

A precise quantitative measurement of the
antiketogenic activity in the intact animal is
difficult if not impossible, but qualitatively the
experience gained from experiments on the
ketosis of starvation, of pancreas diabetes and of
cows suffering from bovine ketosis is as expected.
The results of earlier experiments on the anti-
ketogenic effects of various substances have been
summarized by Magnus-Levy (1925). The anti-
ketogenic effect of glucose has long been known.
Those of lactate, glycerol, citrate, glutamate and
propionate have been observed on humans and on
dogs by Baer and Blum (1907), Satta (1906), and
Borchardt and Lange (1907). More recently
their antiketogenic effects, as well as those of
1,2-propylene glycol, have also been noted in
cases of bovine ketosis (Schultz and Smith, 1951;
Schultz, 1952, 1954; Johnson, 1951, 1954; Mills,
1954; Maplesden, 1954). In testing the anti-
ketogenic activity, complications may arise when
the substance under test is acidic and adminis-
tered as an alkali salt. Neutral substances have
probably the advantage of greater palatability
and of rendering unnecessary an intake of a
major quantity of alkali.

There is thus sufficient information to supple-
ment a diet so as to make it less ketogenic.

Hormonal Therapy

Since, however, the type of energy-supplying
reaction—whether energy is derived from carbo-
hydrate, fat or protein—is not solely controlled
by the diet but also by hormones, methods of
treatment may be based on either dietary changes
or hormonal supplements. An example of the
effectiveness of a hormonal supplement is the
insulin therapy of diabetes, and insulin is certainly
also the most effective remedy for those types of
ketosis where carbohydrate cannot be utilized
because of lack of insulin, i.e. the common forms
of diabetic ketosis. It is of course of no avail
when it is not a limiting factor in carbohydrate
utilization, as is the case in bovine ketosis.
Numerous reports have appeared in recent years
on the successful treatment of this type of ketosis
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with cortisone, hydrocortisone and related sub-
stances (Shaw, 1955, 1956; Paterson, 1957;
Gessert et al., 1955; Shaw et al., 1955; Link et al.,
1957; Vigue, 1955). The glucocorticoids are
antiketogenic because they inhibit the degradation
of fat and favour the utilization of carbohydrate.
The mechanism of action of these hormones is
not yet known in detail, but its study is a field
now ready for further experimental work. The
immediate problem is to pin-point the enzymes of
fat and/or carbohydrate metabolism on which
these hormones act.

Whilst, thanks to insulin, the problem of treat-
ing diabetic ketosis is now well in hand, this can-
not be said with equal confidence of bovine
ketosis in which, however, the difficulty is in
practical management rather than ignorance of
basic principles. A pattern for the treatment of
ketosis is provided by the experience of diabetes
mellitus in man. Diabetes, like bovine ketosis, is
primarily an upset of endocrine balance and in
this type of condition the two therapeutic ap-
proaches, dietary and hormonal, aim at restoring
to normality a dis-equilibrium: to replace the
deficient hormone by supplements and to modify
the diet in order to assist the body’s diminished
capacity for maintaining the metabolic balance.
In some cases, depending on the type and severity
of the disease, one method of treatment, either
dietary or hormonal, may be adequate. In
other cases, a combined dietary and hormonal
treatment is called for.

Conclusion

The development of biochemical knowledge
has substantially deepened our understanding of
ketosis but the final answer to the question of
why ketone bodies accumulate under certain
conditions still cannot be given. The newer
knowledge allows us to formulate the problem
more precisely: in ketosis, acetyl coenzyme A or
acetoacetate fail to prevent the oxidation of
substrates which provide further acetyl coenzyme
A. This is in contrast to the general rule that
intermediates do not accumulate because their
presence suppresses the degradation of the
material from which they arise. Full under-
standing of the ketosis problem will have to await
more information on how the degradation of
foodstuffs is controlled, but, on the practical side,
enough information is available to treat ketosis
effectively in man and in farm animals.
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