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FAT METABOLISMIN DIABETES MELLITUS1

By WILLIAM C. STADIE
(From the John Herr Musser Department of Research Medicine of the

University of Pennsylvania, Philadelphia)
(Received for publication August 7, 1940)

Hypotheses of fat metabolism in diabetes mellitus

The development of thought concerning the
metabolism in diabetes mellitus since the classical
experiments of v. Mehring and Minkowski has
been formulated into two contrasting theories.
Evidence of crucial character bearing upon these
theories is still being actively sought for by ex-
perimenters, but it appears that the totality of this
evidence is not yet sufficient to bring complete
conviction to all in one direction or the other.

Briefly, these opposing theories may be stated
as follows:

1. Under-utilization hypothesis. The major, if
not the sole, defect in the intermediary metabolism
in diabetes mellitus is that the peripheral tissue
(i.e. chiefly muscle) cannot, either at all or in
sufficient measure, oxidize carbohydrate without
the catalytic intervention of insulin.

2. Overproduction hypothesis. Fatty acids are
convertible into carbohydrates by the liver. The
function of insulin is to control, directly or indi-
rectly, the extent of this conversion; its action in
the periphery, which is to catalyze the oxidation
of carbohydrate, is either nil or of minor im-
portance.

According to the first of these hypotheses, the
complete diabetic subject must lose all of the en-
ergy derivable from carbohydrate and most of that
from protein; hence he must fall back upon fats
as the chief source of his energy requirements.
According to the second hypothesis also, there is
in the diabetic a profound disturbance of the
normal course of fat metabolism in the liver. It
therefore becomes necessary to examine the theo-
ries of fat metabolism which developed simul-
taneously with the growth of the above hypotheses.

There are two possible chemical mechanisms by
which fats can be utilized in the periphery. These
are:

I Aided by grants from The American Philosophical
Society and The Rockefeller Foundation.

I. Fats are utilized directly by the periphery,
i.e., oxidation is initiated and completed in the
muscles themselves.

II. There must be a preliminary partial oxida-
tion in the liver to diffusible substances which are
oxidizable by the muscles.

The possibility, discussed later, that both I and
II are operative at the same time must also be
considered. However, differences of opinion
arose over the detailed mechanism of II which
were expressed in the alternative hypotheses:

II-A. Fats are preliminarily oxidized in the
liver to ketone bodies plus a two-carbon compound
(acetic acid). In the normal subject these are
completely oxidized in the periphery.

II-B. Fats are initially converted by the liver
to carbohydrates as well as ketones for peripheral
utilization.

II-C. Fats are completely converted in the liver
to ketone bodies only.

Early in the literature the emphasis was placed
upon one of these alternatives (II-A) almost to
the complete exclusion of the others. The reasons
for this were threefold: the ascendency of the
under-utilization school, the strong position of the
Knoop hypothesis of successive beta oxidation of
fatty acids, and the development of the hypothesis
of obligatory coupling of ketone body-carbohy-
drate oxidation in the periphery. The relation of
these to the problem of fat metabolism in the
diabetic will be briefly discussed.

Hypothesis of successive beta oxidation of fatty
acids

The original experimental work of Knoop (1)
upon which this hypothesis was based was con-
fined to the study of phenyl-substituted fatty acids
in which the side chain contained 5 carbons or
less. When these acids were fed, the nature of
the phenyl residue excreted clearly showed that
these short fatty acids were oxidized at the carbon
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atom which was in the beta position to the ter-
minal carboxyl group. In the case of phenyl
valeric acid, the longest fatty acid studied, Knoop
limited his conclusion to the statement that there
was beta and delta oxidation but asserted nothing
about the possible paired splitting off of acetic
acid or other oxidized two-carbon compound. Nor
did he state that the type of oxidation which he
showed for these short fatty acids was a general
biological reaction for the oxidation of longer
fatty acids.

Dakin (2a), however, continued work with
phenyl-substituted fatty acids and became con-
vinced that "the evidence obtained " . . . (indi-
cates) . . . "that five acids of the type Ph.C.-
C.C.C.COOH undergo oxidation in the body in
such a way that four carbon atoms are removed
from the side chain in two pairs. . . ." This
process "may be termed successive beta oxida-
tion " and he saw " no reason to suppose that it is
not a general biochemical reaction." For then it
became clear " that the catabolism of a fatty acid
group, CH3. (CH2)2.COOH, is effected by the
successive removal of two carbon groups at a
time." It would necessarily follow that each
molecule of fatty acid would be degraded through
a succession of fatty acids each shorter by two
carbon atoms than its immediate precursor.
Finally one molecule of butyric acid would result
which in its turn would be oxidized to one mole-
cule of acetoacetic acid or beta hydroxybutyric
acid.

Of the nature of the two-carbon compound split
off little was known. It was most generally as-
serted to be acetic acid and as such was incor-
porated in schemes of fatty acid oxidation. The
difficulty, pointed out by Friedmann (3), that
acetic acid was markedly ketogenic in perfused
livers was generally ignored. For then the fatty
acids with odd numbers of carbon atoms, when
oxidized by successive beta oxidation, should like-
wise produce acetic acid and therefore should be
ketogenic. But they are not. Dakin (2b), rec-
ognizing the difficulty, avoided it by postulating
the possible formation of other two-carbon oxida-
tion products of the type of glyoxylic acid. How-
ever, nowhere in the literature are there any
reports of the isolation or identification of any
of these hypothetical two-carbon compounds.

Hypothesis of obligatory coupling of ketone-
carbohydrate oxidation

The striking ketone body excretion by the dia-
betic subject and its equally striking recession
following resumption of carbohydrate oxidation
remained to be explained. Although there were
isolated appeals for a simpler hypothesis (Cf.,
for example, von Furth (4); Raper and Smith
(5)), the hypothesis of obligatory coupled oxida-
tion of ketone bodies and carbohydrates, initially
founded upon an aphorism and not much more,
dovetailed so neatly with the Knoop hypothesis
that it became the almost unchallenged theory of
the metabolism of fats in the diabetic for a period
of forty years. The statement of this hypothesis
as it became fully developed was as follows: the
long even-numbered fatty acid chains (C => 16)
present in natural fats are oxidized by successive
beta oxidation in the liver. A two-carbon com-
pound-presumably acetic acid, which is easily
oxidized by the peripheral tissues of the complete
diabetic-is split off. The fatty acid molecule is
thus reduced step by step to the four-carbon
butyric acid. This in turn is oxidized to aceto-
acetic or beta-hydroxybutyric acid which cannot
be further utilized by the diabetic and is excreted
in toto.

If the diabetes is " incomplete " or if insulin is
given, carbohydrates can be oxidized and there
occurs in the periphery the chemical reaction of
coupled ketone body-carbohydrate oxidation, viz.:

Ketones + carbohydrate + 02= CO2+ H20.

This is the sole mechanism by which ketone bodies
can be oxidized in normals or diabetics.

The reasons for the ascendency of this com-
bination of hypotheses are easy to discern:

1. It permitted the under-utilization school of
diabetic students to explain how the complete dia-
betic, who was losing about 70 to 80 per cent of
the energy from protein as carbohydrate or ketone
bodies, and 100 per cent of that from carbohy-
drate, could still exist. The calculations in Table
I show that there was still a possible 27 to 62
per cent of the energy of the original fat in the
form of a hypothetical two-carbon compound split
off by the beta oxidation available for the energy
requirements of the periphery. The balance was
lost to the periphery either iiVhe process of pre-
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TABLE I

The heats of combustion of oxidized derivatives of fatty acids
and the caulcked energy availabk to the periphery

1 gram mole of fat (triglyceride) = 870 grams = 8200
calories (typical fatty acid = C1H,202, palmitic)

Total fat
Substrate formed in liver Moles/ oalories

by partial oxidation Calories/Moles Mole of available Glucogenic
of fatty acid fat to

l________periphery

per amn
Acetic acid .209 3X6* 46 No
Acetaldehyde ........... 281 3X6 62 No
Glyooilic acid ............ 167 3X6 37 See footnote
Glycolaldehyde .......... ? 3X6V8 footnote
Glyoxylic acid ........... 125 3X6 27 8S footnote
Formi .63 3X12* 27 o
Beta-hydroxybutyrio acid. 488 3X4t 72 No
Aoetoacetic acid ......... 3X4t No
Gluos ................ 673 3X2.67t 68 Yes

* By successive beta oxidation hypothesis: 1 mole fatty
acid = 1 mole ketone + 6 mole substrate.

t By multiple alternate oxidation hypothesis: 1 mole
fatty acid = 4 mole substrate.

$ Hypothetical maximum yield per mole fat.
§ No information found that these compounds are

intermediates in fat catabolism. None have been clearly
demonstrated to be glucogenic.

liminary oxidations in the liver or in the form of
unoxidizable ketone bodies. The position of the
complete diabetic was indeed quite precarious, but
it was conceivable that his energy requirements
could be met by such a mechanism. Curiously
enough, as is seen from the table, the formation
of acetic acid or glyoxylic acid, which are those
most frequently advocated, would yield the least
amount (27 to 46 per cent) of the energy of the
original fat to the periphery.

2. It allowed this school to avoid postulating
the formation of carbohydrate from fats, since a
compound other than carbohydrate, but presum-
ably oxidizable by the diabetic, was formed in the
liver.

3. It allowed of a ready explanation, which
appeared to be quantitative, of the marked in-
fluence of carbohydrate utilization upon urinary
ketone body excretion.

The position of the over-productionists was less
clear. Obviously, they could hardly espouse the
obligatory coupling hypothesis, for then ketonuria
would never occur, since by assumption abundance
of carbohydrate is oxidized in the periphery. It
was natural, then, that they concerned themselves
with experiments designed to show that the ketone
bodies were oxidized in the periphery without
coupling with carbohydrate oxidation (6, 7). The

abnormal fat metabolism in diabetes could more
easily be explained by postulating that there oc-
curred in the liver the reaction:

Fatty acids + oxygen = ketone bodies +
glucose + (two-carbon compound?)

The exact stoicheiometric proportions of this re-
action wer-e never clearly defined. The important
assumption was made that this reaction was con-
trolled directly or indirectly by insulin. In dia-
betes mellitus, therefore, it ran to excess, resulting
in " over production " of ketone bodies and glu-
cose. The effect of what the under-utilizationists
call a " resumption of carbohydrate oxidation in
the periphery " in causing a recession of ketonuria
and glycosuria could just as readily be explained
by asserting that under the same conditions the
above reaction was inhibited. However, despite
the fact that the hypothesis of successive beta
oxidation was the accepted explanation of the
mechanism of fat oxidation in the liver, certain
of its implications were ignored, viz.:

1. All the conceivable two-carbon oxidized com-
pounds derivable from fatty acids (Table I) have
either been shown to be aglucogenic or else have
never been shown to be intermediaries in the
catabolism of fat. It was necessary to fall back
upon the assumption that the four-carbon residues
of the oxidation of fatty acids were the immediate
precursors of glucose, although there was no con-
clusive evidence that this was so. Butyric acid
itself, which is known to be glycogenic in the liver
(8b), has never been shown to be an intermediate
in the hepatic catabolism of fat. Nor is there any
evidence that the ketone bodies themselves are
glycogenic. The recent experiments of Weil-
Malherbe (9) showing that acetoacetic acid is
converted into glucose by the kidney have not
been confirmed (10).

2. Aside from this, there is another difficulty
if only the residuaJ four-carbon compounds of
fatty acid are convertible to glucose. For then
both the ketone bodies and glucose originating
from fatty acids must come entirely from these
residues and the maximum grams (G) of glucose
which could be obtained from the catabolism of
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F grams of fat when K grams of beta-hydroxy-
butyric acid are excreted:

180 70-( X104)

orG =0.41F -1.15 K.
In other words, there should be in the diabetic

an inverse relation between glucose and ketone
excretion, and in the limit, according to the equa-
tion, glucose excretion from fats should be zero
when the grams of urinary ketones is approxi-
mately % of the grams of total fat catabolized.
But no such relations have ever been remotely
suggested in innumerable metabolic studies of dia-
betes mellitus. These considerations logically re-
quire that the over-productionists abandon the
hypothesis of successive beta oxidation of fatty
acids as incompatible with their own views and
propose another, although to date no convincing
substitute has been suggested.

Ezidence against the combined hypotheses

A retrospect of the literature shows that, long
before outspoken doubts began to appear, there
was evidence which was completely at variance
with the successive beta oxidation and obligatory
coupling hypotheses when these were carried to
their logical conclusions. For example, it was
long known that the partition of fats in the livers
of fasting normal animals who must be subsisting
largely on fats failed to reveal any of the lower
fatty acids which were supposed to be formed by
degradation of the higher ones. The major por-
tion of the fatty acids contained carbon atoms
=> 16. Small amounts (1 to 2 per cent) of
myristic (C14) and lauric (C12) were found, but
essentially no acids with fewer carbon atoms. In
particular, butyric acid should have been formed
in large amounts by the livers of diabetic subjects
with severe ketosis and, being freely diffusible,
should have appeared in the urine. There, as
Hurtley (11) pointed out, its presence should
long ago have been revealed by its odor alone ! 2
Still more convincing was the evidence in the
working diabetic, particularly the exercising de-

2 Butyric acid at pH 5 to 7.4 is easily detectable by its
odor at 0.01 M. This is approximately 1o of the urinary
concentration of ketone bodies frequently observed in
severe ketosis.

pancreatized animal.8 Since these animals were
presumably oxidizing no carbohydrate, they should
oxidize no ketone bodies. Hence, during exercise,
the excess ketone body excretion over the basal
excretion could easily be calculated from the ex-
cess fat metabolism. But there was no doubt,
as found by many observers, that there was es-
sentially no increase of ketone body excretion
during exercise despite large increases of fat
metabolism. This is clear indication that large
amounts of fats were completely utilized without
coupling with carbohydrate oxidation. This one
fact alone was completely at variance with the
obligatory coupling hypothesis and should have
forced its abandonment at once.

The more systematic attack upon the Knoop
hypothesis may be said to have begun with Hurt-
ley's paper (11). The absence of the lower fatty
acids in the livers of diabetics dying of coma led
him to reject the Knoop hypothesis and propose
instead the hypothesis which became known as
the multiple alternate oxidation hypothesis (II-C).
According to this, fatty acids are oxidized simul-
taneously along the whole length of the carbon
chain at alternate carbon atoms with complete
disruption into ketone bedies according to the
scheme:

CH$ . . . CH2.CH2.CH2.CH2.CH2.CH2.CH2.CH2
... COOH+02= CH8. . . CO.CH2.CO.CH2.-
CO.CH2.CO.CH2 ... COOH+ 02=4CH8.CO.-
CH2.COOH.

A typical fatty acid such as pahnitic (C16H8202)
would accordingly yield not one but four mole-
cules of ketone bodies. Jowett and Quastel (13)
determined ketone body formation by liver slices
in the presence of various fatty acids. The yield
of ketone bodies from the higher fatty acids
(C410) in comparison to that from the lower ones
brought them to the conclusion that the oxidation
went by way of multiple alternate oxidation.
Deuel, Hallman, Butts, and Murray (14) fed the
ethyl esters of fatty acids up to C18 to fasting rats.
Comparison of the rates of excretion of ketone
bodies makes it appear unlikely that successive
beta oxidation alone is responsible for the degrada-
tion of the fatty acids. For example, in the case

8 See for example Barker's (12) recent experiments on
exercising depancreatized dogs.
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of caprylic acid (C8), they concluded that delta
oxidation as well as beta oxidation occurred so
that two acetoacetic acid molecules would result.
In the case of palmitic and stearic acids their re-
sults were more difficult of interpretation, but
they concluded that three or possibly four aceto-
acetic acid molecules might result from one mole-
cule of fatty acid. Their conclusion was that in
the case of the higher fatty acids (C8-C18) their
oxidation proceeded according to the hypothesis
of multiple alternate oxidation.

Blixenkrone-Moller (8a) perfused the livers of
diabetic cats and compared the total oxygen con-
sumption with the ketone formation. He found
that it was possible to explain the low oxygen to
ketone ratio only by assuming that four molecules
of ketones were formed per molecule of fatty
acid oxidized. Stadie, Zapp, and Lukens (15a)
studied the formation in vitro of ketone bodies by
slices from the livers of diabetic cats. They com-
pared the experimentally observed ratio of oxygen
uptake to ketone formation with the theoretical
ones calculated according to the Knoop hypothesis
and the multiple alternate oxidation hypothesis.
They found (Table II) that, when oxygen uptake

TABLE II

The calculatd and observed ratios of hepatic oxygen uptake
to ketone formation in the diabetic animal (15a)

Equation for oidation of a typical
Hypothesis higher fatty acid (paimitic) Ratio

02: ketones
Knoop C1Hs202+602

C4H80s+6CH,COOH 6 :1
Multiple

alternate
oxidation C1,H5202+502=4CH sOs 1.25 : 1

Observed in 6
diabetic cats 1.1 10.12

was corrected for carbon dioxide formation and
for the oxygen required for the deamination of
amino acids, the ratio did not differ significantly
from that calculated by the latter hypothesis.
Stadie, Zapp, and Lukens (15b) added further
evidence at variance with the hypothesis of suc-

cessive beta oxidation which predicts that some

oxidized two-arbon compound, presumably acetic
acid, should be formed from the higher fatty
acids. Acetic acid formnation should be approxi-
mately six times the ketone body formation.

Nevertheless, in slices from the livers of diabetic
cats they could find no trace of acetic acid forma-
tion, although the ketone body formation was
large. In addition, they found that with liver
slices actively producing ketone bodies, the molecu-
lar ratio of ketone body increase to fatty acid
decrease was in accordance with the hypothesis of
multiple alternate oxidation rather than that of
successive beta oxidation ( 10).

Present position of the successive beta oxidation
hypothesis

The totality of the evidence cited above appears
to be convincing proof that the major portion of
fatty acid oxidation in the liver occurs in such a
way that the entire fatty acid molecule is com-
pletely oxidized to ketone bodies. It is not in-
tended to imply that beta oxidation does not occur.
Indeed, the original experiments of Knoop and
of Dakin are strong proofs that it does. More
recently Stetten and Schoenheimer (16), using
deuterium, have shown that palmitic acid (C14)
can be degraded to a small extent step-wise to
lauric (C14) and myristic (C12) acids. The point
to be emphasized is that the original implication
of the successive beta oxidation hypothesis,
namely, that large amounts of intermediary fatty
acids down to acetic acid are formed in the liver
by oxidation of the long-chain fatty acids, is no
longer in conformity with the experimental facts.
Successive beta oxidation, if it occurs, must ac-
count for only a small part of the total fatty acid
oxidation in the liver; most of it appears to be
accounted for by multiple alternate oxidation.

Concerning the mechanism by which multiple
alternate oxidation is brought about, nothing can
be said. It is worth while remarking, however,
that the conception that there is an enzyme which
will " fit " a large triglyceride molecule and cause
its complete disruption into ketone bodies without
the formation of intermediates is not a priori im-
probable. An analagous case would be that of
glycogen whose molecule is much larger (16-18
glucose residues) and yet is rapidly broken down
to glucose-l-phosphate by a specific enzyme with-
out the formation of intermediary polysaccharides
(17).
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The production of carbohydrates from fats by the
liver

The conversion of fatty acids into carbohy-
drates by the liver would supply the muscles with
an oxidizable derivative of fat other than ketone
bodies. The evidence pro and con has been re-
cently reviewed by Mitchell (18) and Soskin
(19). Evidence in favor of this hypothesis has
been, as a rule, indirect and circumstantial. Such
direct proof as is in the literature has usually
failed of confirmation. Stadie, Zapp, and Lukens
(15a) moreover, showed that this conversion did
not occur in the livers of diabetic cats. With
liver slices they found that the summation of the
respirations for the main oxidative process oc-
curring in the liver was essentially equal to the
total observed oxygen uptake.

TABLE III

The oxidive metabolism of liver slices from
6 depancreatied cats (1Sa)

Meanoxygen uptake per
Oxidative process gram liver per hour

micromoles
Deamination of amino acids. 8.2 1.2

Carbon dioxide formation . 28.0 + 5.0

Ketone body formation ........ . 63.0 t 4.0

Sumof known oxidations......... 99.2 4 6.5

Total observed oxygen uptake.... 87.5 4 4.0

Difference unaccounted for. 7 7.6*

* Difference not significant.

It is obvious that fatty acid (e.g. palmitic) re-

quires oxygen for its conversion to carbohydrate.
The maximum4 yield would be according to the
equation:

C1,H8202 + 7.002= 2.67C6H1206.
Thus 1 uM of 02 would suffice for the production
of 0.38 uM of glucose. Now, the average excre-

tion of glucose in Stadie, Zapp, and Lukens' series
of cats ( 1 to 4 hours before the actual experiment
with the liver slices) was 1100 + 167 uM per

4 It is frequently stated in the literature, apparently
upon entirely hypothetical grounds, that the reaction for
this conversion has a respiratory quotient of 0.3, viz.,

C1oHga20 + 1002 = 2.2C.H.0, + 3CO, + 3H20.

Then 1 mole of oxygen would be equivalent to only 022
mole of glucose. The difficulty in balancing the oxygen

uptake in the liver against the hypothetical glucose for-
mation would become even greater.

kgm. cat per hour. Or, since the average weight
of the liver is 30 grams per kgm., there would be
required approximately 97 uM of oxygen per
grams of liver per hour to produce this amount of
glucose from fatty acids. But there was no oxy-
gen whatever available in the metabolism of the
diabetic liver slice for this conversion. This ex-
periment alone, even if there were no others avail-
able, is convincing proof that the conversion of
fatty acids to glucose does not occur in the dia-
betic liver. In the case of fasted phlorhizinized
rats in which there was marked glucose and
ketone-body excretion, they found the same oxy-
gen balance with liver slices as in the diabetic cats
(10). They also showed by direct analysis that
there was no gluconeogenesis attributable to fat
by liver slices from diabetic cats (10).

Direct utilization of ketone bodies by the diabetic
The above discussion makes it clear that the

chief oxidation products of fatty acids in the liver
are the ketone bodies. The calculations in Table
I show that more than 70 per cent of the original
energy of fat still resides in these ketone bodies
and the question arises as to whether this energy
is available to the peripheral tissues of the diabetic.
The evidence for the answer that the diabetic can
abundantly utilize ketone bodies in the periphery
is completely convincing. Stadie, Zapp, and
Lukens (15a) reviewed the evidence on this prob-
lem and added their own. Table IV gives calcu-
lations from data in the literature of the utilization
of ketone bodies by the peripheral tissues of nor-
mal and diabetic animals. An inspection of this
table shows the following:

1. Under basal conditions the diabetic animal
can utilize sufficient ketones to furnish a large
part, if not the whole, basal energy requirements.

2. The potential capacity for utilization under
conditions of (a) work or (b) with high blood
ketone concentration (induced by injections of
ketones) is 4 to 6 times the basal utilization.

In other words, it is apparent that, provided the
production of ketones from fatty acids by partial
oxidation in the liver is sufficient, the diabetic
could subsist practically entirely upon ketone
bodies, even under conditions of severe exercise.
Furthermore, this oxidation of ketone bodies pre-
sumably is completely independent of carbohydrate
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TABLE IV

Cakulations from data in the literature of ketone body
stilization by the peripheral tissues of the normal and
,diabetic animal

Mean ketone body
utilization per kgm.

per day
milhinsoes

Chaikoff and Soskin (6)
By measurement of rate of disappearance

of injected ketones from blood of:
Diabetic eviscerated dogs ............ 29 1 1.0
Normal eviscerated dogs .......... . 34 4 5.5

Friedemann (20)
By measurement of ketone body excretion

in eviscerated dogs when injected with
very large amounts of acetoacetate... . Maximum 120*

Blixenkrone-MOller (8)
By comparison of ketone formation of

perfused diabetic cat livers with prior
ketoneexretion .......................39 4 8.0

By measurement of rate of disappearance
of ketone bodies from blood perfused
through:

Resting hind limbs of normal and dia-
betic cats..... 27 1 3.6

Working hind limbs of normal and dia-
betic cats ...................... 130 k 6.7*

Dye and Chidsey (21)
Injection of acetoacetate at high rate into

nephrectomized-depancreatized dogs... Maximum 180*
Stadie, Zapp, and Lukens (lSa)

(1) By comparison of ketone formation
by diabetic cat liver slices with
prior urinary ketone body excretion 27 1 3.6

(2) By measurement of ketone body
utilization of normal and diabetic
muscle mince in presence of added
acetoacetate.................... 22 - 6.3

(3) By measurement of ketone body
utilization by diabetic cat muscle
mince simultaneously equilibrated
with diabetic cat liver slice .... . 50 :1 10.0

(4) By measurement of the portal-
hepatic ketone body difference of
diabetic cats.30 9.8

Mean basal ketone utilization .. . 32 :& 3.1
Equivalent in grams of fat .2.3 i1 0.2

* Excluded from basal mean.

oxidation. The hypothesis of obligatory coupling
of ketone-body-carbohydrate oxidation becomes,
therefore, not only unnecessary, but indeed diffi-
cult, if not impossible, of retention.

The calculation of the ketogenic-antiketogenic
ratio as support of the obligatory

coupling hypothesis
There still remained in the minds of the stu-

dents of diabetes the possibility that there is a
definite molecular ratio between carbohydrate oxi-
dized and ketone bodies oxidized. This idea

stemmed from numerous calculations in the lit-
erature of the so-called ketogenic-antiketogenic
ratio in diabetes mellitus. It remains,' therefore,
to re-examine the calculations and the assumptions
upon which they are based.

The assumptions are clearly stated by Shaffer
(22): ". . . The hypothesis states that antiketo-
genesis in the human subject is based upon a
. . .ketolytic reaction in the body between aceto-
acetic acid, the first formed of the acetone bodies
and a derivative of glucose (or of other antiketo-
genic substances), the compound being further
oxidized, but that failing to react with ketolytic
substance, acetoacetic acid is resistant to oxida-
tion, accumulates, and . . . is excreted. . . . The
fact that one finds at the threshold of ketosis an
approximately constant ratio between the number
of molecules of the precursors of acetoacetic acid
and of glucose in the metabolic mixture, must
mean that the further oxidation of acetoacetic acid
constantly taking place under normal conditions is
accomplished through a chemical reaction with a
derivative of glucose.

The best way to test the hypothesis by means
of the quantitative data which are available is to
set it up in the form of an equation. It has been
frequently emphasized in the literature that the
interrelations of ketones and carbohydrates in th{e
intermediary metabolism of the diabetic can only
be properly evaluated if the amounts of fat, pro-
tein, and carbohydrate in the metabolic mixture
are determined by calorimetric methods. Let the
partition of the metabolic mixture be:

K=Total mM. of ketone bodies formed from
total fat and protein catabolism. (The
ketone bodies derived from fat are calcu-
lated assuming 1 molecule of ketone body
per mole of fatty acid.)

U mM. of ketone bodies utilized.
A mM. of " antiketones " oxidized.
E mM. of ketone bodies excreted.
r " ketogenic-antiketogenic" ratio: a small

whole number ( 1 or 2).

According to the hypothesis, there occurs in the
periphery as the sole mechanism by which ketones
can be utilized the reaction:

Ketones + antiketones + 02= CO2+ H20.
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The total number of ketone body molecules
formed in the liver by partial oxidation of fatty
acids which can be utilized in the peripheral tissues
of either the normal or the diabetic subject can
never exceed r X A mM. Accordingly, if ketone
bodies are produced in excess of this value they
will be excreted. These relations are expressed
by the equation:

U=K-E=r X A.

There are three ways in which the data obtained
from subjects with diabetes mellitus can be ap-
plied to the equation:

1. By the selection of conditions where E is
just a little more than zero. Then it may be as-
sumed (practically) that

Ker X A

and r may be calculated when K and A are known
from the metabolic mixture. This method was
called the "measurement of the ketogenic-anti-
ketogenic ratio at the ketone body threshold."
However, the definition of " ketone threshold " is
somewhat arbitrary and the values of r obtained
by different observers using this method or by the
same observer in different cases were found va-
riant. This was explained away by supposing an
" unequal distribution " of metabolites so that in
some places glucose molecules were oxidized with-
out encountering ketone bodies and hence were
" wasted " as ketolytic agents, while in other cells
or localities ketone bodies formed without the
possibility of encountering glucose molecules and
hence accumulated.

2. Patients with definite excess of K, as indi-
cated by marked ketonuria, were selected, and the
observed ketone body excretion compared with
that calculated by the equation (r being assigned
a value of 1 or 2):

E=K-r X A.
Unfortunately E is the small difference of two

large numbers. Hence the approximate agree-
ment of the small observed and calculated E
values was considered sufficient even though, as
was frequently found, they differed from each
other by several hundred per cent.

3. In patients with definite excess of K the
statistics of the equation

U=rXA (1)

can be calculated. This is by far the best method
since the statistical calculations would constitute
an objective test of the equation and the hypothesis
upon which it is based. Oddly enough, it appears
never to have been used.

Fortunately, there is in the literature a sufficient
amount of the necessary data for re-testing this
hypothesis in subjects with diabetes mellitus. The
cases are all classical ones, reported in the litera-
ture before the advent of insulin when marked
ketonuria was, of necessity, a frequent accom-
paniment of the disease. Similar data on human
diabetics will in all probability never be obtained
again, since it is unlikely that patients with marked
ketonuria will be allowed to remain untreated
over long periods of time.

The assumptions made in calculating the data
are:

1. The metabolic mixture as represented by the
calories of protein, fat and carbohydrate calculated
by the original authors is assumed to be correct.

2. The conversion of calories into ketones and
"antiketones " is made by the use of the factors
given in Table V.

3. In testing the obligatory coupling hypothesis
as expressed by equation (1), the original assump-
tion that one fatty acid molecule yielded one ketone
body molecule was adhered to. The employment
of the 4:1 ratio as required by the multiple alter-
nate oxidation hypothesis, however, would make
no difference in the conclusions drawn from the
analysis of the data.

TABLE V

Factors converting calories of metabolic mixture into
mM. of ketones and "antiketones"

Factor
Kgm. calories of: Ketosenic Antiketogenic

Fat on basis of 1: 1 ratio ..0.363 0.121
Fat on basis of 4: 1 ratio ..1.45
Protein . 0.442 1.25
Carbohydrate....... 2.96

Factor converting mM. of ketone bodies into
grams of original fat = 0.0726 (on basis of 4
moles of ketone per mole of fatty acids). (Aver-
age molecular weight of fat = 870.)

Presentation of data
1. Cases of diabetes meUitus with marked ke-

tonuria (i.e.=> 10 mM./day). In this type
of case, since there is an excess of ketone forma-
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FIG. 1. DLABETES MELLITus, CASE No. 740 (JosuN, 1915)
A. Ketone utilization as a function of "antiketones" oxidized. Correlation = 027 0.17; K: A ratio = 027 4-

0.30; intercept constant = 8.9 0.5 mM./kg./day.
B. Ketone utilization as a function of total fat catabolisnL Correlation = 0.99 + 0.04; k = 0.75 + 0.04; Uo =

28.0 + 2.1 mM./kg./day.

tion, it is possible to determine whether the data
are in accord with the equation:

U=K-E=r X A.

In order to present the data briefly, the obser-
vations have been plotted for each individual case.

The statistical analyses accompany each plot and
for convenience of comparison these statistics are

collected in a summarizing table.
Correlation coefficients, regression coefficients,

etc., together with their standard errors, are cal-
culated according to standard methods (Cf. Dunm,
H. A., Physiol. Rev., 1929, 9, 215).

Case number 740, Diabetes mellitus (23), (Figure 1A).
Moderate ketonuria (= > 5 grams beta hydroxybutric
acid per day). The dashed line is calculated by the equa-
tion U= 2A. The agreement of this line with the ob-
served points is specious since the correlation coefficient
is 027 + 0.17 (not significant) and the value of r

027 0.30 (i.e. without significant relation to the hypo-
thetical value of 2). Moreover, U when A = 0 (i.e.
when no antiketones are oxidized) is 8.9 + 0.5 mM. per
kgm. per day instead of 0. The hypothesis gains no

support from this case.

Bessie B., Diabetes mellitus (24), (Figure 2A). Ke-
tonuria slight to moderate (beta hydroxybutyric acid 1

to 17 grams per day). The dotted line is theoretical for

U= 2A. It bears no significant relation to the observed
points. There is no significant correlation (coefficient =

-0.40 0.30) and the statistical (heavy) line shows a

negative value of -0.43 0.35 instead of a value of 1

or 2. There is an appreciable utilization of ketones
(13.8 + 1.7 mM. per kgm. per day) when the " anti-
ketones " oxidized are zero.

Kramer, Diabetes mellitus (22), (Figure 3A). Severe
ketonuria (28 to 102 grams per day of beta hydroxy-
butyric acid). There is no significant correlation
(-0.10 0.29). The theoretical lines for U= A and
U = 2A have no significant relation to the observed
points. The statistically calculated value of r is 0.10
029 and has no relation to the hypothesis.

Cyril K., Diabetes mellitus (25), (Figure 4A). Mod-
erate to severe ketonuria (beta hydroxybutyric acid = 11
to 88 grams per day). Of all the cases in this group the
dotted line for the theory U= 2A shows the best ap-

parent agreement to the "eye." But this agreement is
found to be specious when the statistical analysis is con-

sidered. For then the true equation for the observations
is found to be

U =5.6 12= (0.72 0.39)A

rather than

U= 0 + 2A.

The statistical value of r = 0.72 0.39 is significantly
different from the supposed value of 2. Moreover, U
should be 0 when A (antiketones oxidized) is 0. But it
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FIG. 2. DiABETEs MELLiTus, BESSIE B. (WiWDER, BOOTHBY, AND BEELER, 1922)
A. Ketone utilization as a function of " antiketones " oxidized. Correlation 0.40 ±'- 0.30; K: A ratio = - 0.43 4-

0.35; intercept constant = 13.8 -+ 1.7 mM./kg./day.
B. Ketone utilization as a function of total fat catabolism. Correlation 0.95 ±+ 0.03 ; k = 0.75 ±- 0.09; Uo =

34.5 ±+ 4.6 mM./kg./day.
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mMkWA'KETONEEQUIVALENTS, unM/KG/DOV'
FIG. 3. DIABEEmsMELIiTUS, KRtAMERt (SHAFFER, 1922)

A. Ketone utilization as a f unction of " antiketones " oxidized. Correlation = - 0.10 ±1 0.29; K: A ratio-
- 010 -+ 0.29; intercept constant = 5.3 -'- 3.1 mM./kg./day.

B. Ketone utilization as a function of total fat catabolism. Correlation = 0.91 -+' 0.05; k = 0.28 4- 0.04; Uo =

34.5 ±4 1.4 mM./kg./day.
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4A 4B
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ANTIKETONES OXIDIZED, mM/KG/DAY 'TOTAL FAT CATABOLISM IN
~KETONEEQUIVALENTS, M/ KG/ DAY

FIG. 4. DiABETEs MELLITUS, CyRiL K. (GEPHART, AuB, Du BoiS, AND LUSK, 1917)
A. Ketone utilization as a function of " antiketones " oxidized. Correlation = 0.67 + 027; K: A ratio = 0.72 +

10.39; intercept constant = 5.6 + 12 mM./kg./day.
B. Ketone utilization as a function of total fat catabolism. Correlation = 0.97 + 0.03; k = 41 + 0.05; UO=

35.4 1.3 mM./kg./day.
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FIG. 5. DIABETES MELLITUS, JERvis B. (RICHARDSON AND LADD, 1923)

A. Ketone utilization as a function of "antiketones" oxidized. Correlation =- 0.99 + 0.01; K: A ratio =

-021 -+- 0.05 intercept constant = 12.3 + 0.1 mM./kg./day.
B. Ketone utilization as a function of total fat catabolism. Correlation = 0.97 + 0.04; k = 0.84 + 0.14; Uo =

232 + 1.9 mM./kg./day.
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6A 6B
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ANTIKETONESr OOXIZED, .M/WDAY TOTAL SM IN

ANTII~ET0NE/KG' AETONE EQUIVALENTS, MM/KG/ DAV
FIG. 6. DIABETES MELLITUS, E. W. (MOSENTHALAND LEWIS, 1917)

A. Ketone utilization as a function of "antiketones" oxidized. Correlation= 0.45 + 0.33; K: A ratio=
-3.6 -+ 2.4; intercept constant = 11.3 + 0.8 mM./kg./day.

B. Ketone utilization as a function of total fat catabolism. Correlation =-0.89 + 0.08; k= 0.38 + 0.08;
UO= 46.6 3.5 mM./kg./day.

is found to be 5.6 12 mM. per kgm. per day. In other
words, it is practically certain (prob. = > 0.999) that
there is utilization of ketones when there is no oxidation
of "antiketones." The observations in this case, there-
fore, do not support the hypothesis.

Jervis B., Diabetes mellitus (26), (Figure 5A). Mild
ketonuria (2 to 12 grams per day). There is no sig-
nificant relation between the observed points and the
dashed lines calculated for r = 1 or 2. There is a nega-
tive correlation (- 0.99 0.01). The statistical line
shows a greater utilization of fat as the carbohydrate
oxidation ("antiketones ") is diminished.

E. W., Diabetes mellitus (27), (Figure 6A). Severe
ketonuria (65 to 11 grams of beta hydroxybutyric acid
per day). There is a negative correlation (- 0.45 +
0.33) giving a negative r = -3.6 + 2.4, a value which
has no meaning with respect to the hypothesis under
discussion. The theoretical lines for r = 1 or 2 bear no
significant relation to the observed points. When ketone
formation is calculated on the old 1: 1 basis, there is
found in this case on two occasions a ketone body ex-
cretion which exceeded the calculated ketone body forma-
tion. A similar observation was found in the case of
Kramer.

Hypothesis of fat metabolism in the diabetic

In summary, it is apparent from this analysis
that there is no significant relation between the
ketone bodies utilized and the " antiketones " oxi-

dized. The hypothesis of obligatory coupling of
ketone body-carbohydrate oxidation in the diabetic
receives no support from the quantitative data in
this series of cases of diabetes mellitus. It re-

mains, therefore, to formulate an hypothesis which
will be in confornity with the observations.

The following appears to fuffill these require-
ments:

Up to a certain level fat metabolism is complet
and there is no ketonuria. Beyond this level fat
metabolism is incomplete and part of the fat cata-
bolized is excreted in the form of ketone bodies.

The relation of carbohydrate to fat metabolism
is an inverse one: the greater the carbohydrate
metabolism, the less is the fat metabolism. There
is no fixed relation in the sense of a definite
molecular ratio of ketogenic: antiketogenic sub-
stances.

The hypothesis is elaborated in the form of a

diagram (Figure 7) and an equation:
Let F= total fat catabolized in grams, mM., or

equivalent mM. of ketone bodies.
U= total fat utilized in grams, mM., or

equivalent mM. of ketone bodies.
UO= maximal aketonuric fat utilization.
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F-TOTAL FAT CATABOLISM. GM/KG/DAY
FIG. 7. SCHEMATICREPRESENTATIONOF FAT METABOLISM IN

DIABETES MELLIrUS
The figure embodies the hypothesis discussed in the text. The equations relat-

ing fat utilization and ketonuria to total fat catabolism are shown in the graph.
F = total fat catabolized; U = total fat utilized; Uo = maximal aketonuric fat
utilization; E = total urinary ketone bodies; k = coefficient of excess fat uti-
lization.

E =total urinary ketone bodies in mM. of
ketone bodies or the equivalent grams of
mM. of " original " fat.

k = " coefficient of excess fat utilization."

In any given calculation all of the above terms
must be expressed in the same units. The con-

version factors necessary are:

1 gram of fat

17000 1.15mM. of fat.

-870 X 12=- 13.8 mM. of ketone bodies.

1 870
1 mM. of ketone bodies 12 10c0

0.0726 grams " original " fat.
=0.0836 mM. of " original " fat.

870 = molecular weight average fat (triglycer-
ide).5

The balance of the total metabolism not repre-
sented by carbohydrate or protein is, of course,
represented by fat metabolism. Part or all of
the total fats catabolized undergo a preliminary
partial oxidation in the liver to acetoacetic or beta
hydroxybutyric acids. The ketone bodies (or fat
itself) are utilized in the peripheral tissue by both
normal and diabetic subjects without chemical
coupling with carbohydrate oxidation. Up to a
certain point, catabolism keeps exact pace with
the body's need for energy from fat and there is
no ketonuria. We may express this by saying
that U = F and represent it on the diagram (Fig-

5 In accordance with the multiple alternate oxidation
hypothesis, these conversion factors are calculated on the
assumption that 1 molecule of fatty acid yields 4 mole-
cules of ketone bodies.
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ure 7) as the first or aketonuric phase of fat
metabolism. When, however, at a given state of
activity the need for fat metabolism exceeds a

certain maximal aketonuric utilization value (U0)
fat is catabolized in excess of utilization. The ex-

cess of fat catabolism over the aketonuric level is
divided into two parts: (1) the kth part is utilized
as extra fat utilization; (2) the (1 - k)th part is
excreted in the form of urinary ketone bodies.
Therefore, in this second or ketonuric phase the
fat metabolism is represented by the equation:

U=F- E Uo+ k(F-Uo) (2)

and the urinary ketone bodies are given by the
equation:

E ( 1-k) (F- Uo). (3)

Application of the equation to the cases

The cases cited in Group I all had moderate to
severe ketonuria. In other words F > UO.
Equation 2 may then be applied to the data. In
the figures (1 to 6) (1) already given, the B seg-

ments show the data plotted in this way. In the
conversion of the fat of the metabolic mixture to
equivalent amounts of ketone bodies the ratio of
four molecule of ketone bodies per molecule of
fatty acid was assumed in accordance with the
multiple alternate oxidation hypothesis. The sta-
tistical calculations are shown in the figures. In
a series of cases (Group II) in which ketonuria
was relatively low (=- < 5 grams per day) or

where there are but a few observations, the value
of UO has been calculated directly (Equation 2).
These values have been included in the summariz-
ing table (Table VI).

Inspection of Figures lB to 6B 6 and of Table
VI shows the following:

1. The cases of Group I show in every case a

high correlation between UOand F, indicating that
6 The labelling of the ordinates in these figures as

"Ketone utilization" and "Total fat metabolism in ke-
tone equivalents" does not imply that 100 per cent of
the fat catabolized goes through the ketone body stage.
The proportion which does is not known (Cf. section on
" Direct and indirect fat metabolism "). The terms " Fat
utilization " and " Total fat catabolism " could just as

well have been used as they are in Figure 9. The present
terms are used here to emphasize the relation between
fat catabolism expressed as ketones and potential ketone
utilization.

TABLE VI

Summary of maximal basal aketonuric fat utilization
in cases of diabetes mellitus

Coeffi-
Maximal aketonuric cient of

Case Reference ~~fat utilization in excess
Case Reference equivalents of ketone fat

bodies utiliza-
I

-
I I tion

Group I

JCyril K...

1Bessie B...

Kramer. ...

4740.......
J E. W.....
JJervis B...

Group II

Ray H....
Chris. Q...
Harold J. .

George H..
Frank B...
K. A......

Gephart, Aub, DuBois
and Lusk (25)

Wilder, Boothby and
Beeler(24)

Shaffer (22)
Joslin (23)
Mosenthal and Lewis (27)
Richardson and Ladd (26)

Richardson and Ladd (26)
Richardson and Ladd(26)
Richardson and Ladd(26)
Richardson and Ladd (26)
Richardson and Ladd (26)

McClelland, Spencer, and
Falk (28)

mM. per kgm. per day

35
34

35
28

(47) *
23

37
26
37
37
37
40

+0.41
+0.75
+0.28
+0.75
-0.38
+0.84

Mean (11 cases) 34 h 1.6 (S. E. of mean)
Equivalent in grams 2.5 1 0.12

of fat

* Excluded from basal meanon account of fever (1020 F.).

utilization of fats by the diabetic is a function of
the total fat catabolism.

2. The values for UO, the maximal basal ake-
tonuric fat utilization, are all concordant (except
E. W., v. infra). The mean value was found to
be 2.5 + 0.12 grams of fat per kgm. per day
equivalent to 34 + 1.6 mM. of ketone bodies per
kgm. per day. This value is in essential agree-
ment with the mean basal ketone utilization (32
± 3.1 mM. of ketone bodies per kgm. per day,
Table IV) found in the experimental animal by
different workers and by different methods.

These findings are considered to constitute
proof that the hypothesis concerning fat metabo-
lism in diabetes mellitus already stated is in con-
formity with the quantitative data available in the
literature.

Significance of the coefficient of excess fat
utilization

It will be observed (Table VI) that the value
of k, which we have called the coefficient of excess
fat utilization, varies considerably among the six
cases with sufficient data for its calculation. The
significance of this is that some subjects (with
high value of k) are able to utilize excess fat
without an undue increase of ketonuria. Those
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with low k values are only able to increase their
total calories from fat at the cost of a relatively
heavy increase of ketonuria. Whether this divi-
sion of diabetics into two classes on the basis of
their k values has any bearing on the problem of
high fat versus low fat in the dietary cannot be
said.

Fat metabolism in febrile severe diabetic (Mosen-
thal and Lewis' E. W.)

This case had three features which are in con-
trast to those of the other cases:

1. Fever, 1020 F. (Infected foot ulcer.)
2. High aketonuric fat utilization level, 46.6 + 3.5

mM. per kgm. per day ketone bodies.
3. Severe ketonuria (approximately 8 to 20 mM.

per kgm. per day of beta hydroxybutyric
acid).

4. Negative value of k, the coefficient of excess
fat utilization.

Since there is only one case in the series show-
ing these peculiarities, discussion is speculative,
but it may be that this case represents an extreme
type of fat metabolism, possibly characteristic of
the febrile severe diabetic. The well known clin-
ical fact that infection superimposed upon severe
diabetes leads to sharp increase of ketonuria could
then be reasonably explained as follows: unlike the
afebrile diabetic who can increase his fat utiliza-
tion above the aketonuric level (k positive), the
febrile diabetic has a decreased " tolerance " for
fat (k negative) as well as carbohydrate. In
consequence, without appreciable change in total
fat catabolism there is a sharp fall of fat utiliza-
tion below the aketonuric utilization level accom-
panied necessarily by an increase of ketone body
excretion.

Fat utilization in exercise
For basal conditions, U0 per unit of body weight

will be constant and within limits should be the
same for different subjects. As discussed in the
introduction, the peripheral tissues are capable of
oxidizing ketone bodies at a rate equivalent to 5
to 7 times the basal metabolic needs. It has also
been well established that in the completely dia-
betic depancreatized animals or in severe diabetes
mellitus, there is essentially no change of ketone
body excretion during exercise.

From equation (3) the ketone excretion is:

E= (1 -k) (F- UO).
Therefore, for two states of activity, basal and

working, if we assume that k does not change,
we get:

AF=AUo.
The meaning of this is clear: during exercise

the increase of utilization keeps pace with in-
creased fat catabolism. This conclusion seems to
be a simple explanation of the non-increase of
ketonuria in the diabetic during exercise; whereas,
as has been previously pointed out, this non-
increase is entirely incompatible with the obliga-
tory coupling hypothesis.

Ketonuria in diabetes mellitus
Wehave preferred to discuss the problem of

fat metabolism in diabetes mellitus in terms of
utilization rather than in terms of urinary ketone
bodies in order to emphasize ketone body oxida-
tion rather than excretion. However, it is equally
possible to show that the data on ketonuria in
diabetes conform to the hypothesis. By the trans-
formation of the equation (3) we obtain:

E- (1-k)(F- UO).

By way of illustration, the data in one case are
plotted in Figure 8 and the points may be com-
pared with the line calculated, using the constants
already found. It is obvious that the relations
hitherto described predict the course of ketonuria
in the diabetic with precision.

It might also be emphasized that the informa-
tion obtained from observations on ketonuria per
se is limited. For ketone body formation may
vary within wide limits up to utilization = UO
without any ketonuria. Above this value the
exact relation between formation and excretion
cannot be determined unless the value of the
" coefficient of excess utilization," which varies
widely from subject to subject, is also known.

Direct and indirect fat metabolism
The proportion of the total fat metabolism rep-

resented by (a) preliminary partial oxidation in
the liver to ketone bodies followed by oxidation
of the ketone bodies in the periphery, and (b)
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TOTAL FAT CAMkBOLISM IN KETONE EQUIIALENTS, mMI/KG/DAY
FIG. 8. DumTEs MEU.Trus, KRAMER(SHAFFER, 1922)

Urinary ketone body excretion as a function of the total fat catabolism. E = (1 - k) (F - UO).
Correlation = 0.99 + 0.01; k = 0.28 + 0.03; Uo = 35.3 ± 1.3 mM./kg./day.

direct oxidation initiated and completed in the
periphery, remains undetermined. There appears
to be no doubt that ketone body utilization in the
periphery may be sufficient to account for 4 to 6
times the basal requirements of the animal. But
whether the liver does in fact partially oxidize such
large amounts of fat is doubtful. For example,
Stadie, Zapp, and Lukens (15a) found, with liver
slices from depancreatized cats, ketone body for-
mation equivalent to 1.3 mM. per kgm. per body
weight per hour. But the total basal metabolism
of the depancreatized cat, which must be largely
that of fat, when expressed as ketone bodies is
equivalent to approximately 4.5 mM. per kgm. per
hour (calculated from data of Ring and Hampel
(29)). Apparently only about 30 per cent of
the total fat metabolism could be accounted for
by the mechanism of preliminary oxidation to
ketone bodies in the liver followed by complete
oxidation in the periphery. In the normal fasted
(2 to 4 days) cats they found still lower values,

viz., about 10 per cent. In a series of fasted

phlorhizinized rats, hepatic ketone body formation
was found to represent not more than 10 to 15
per cent of the estimated total basal metabolism
(10).

The relation of hepatic and muscle respiratory
metabolism

Another difficulty in the problem of fat metab-
olism which has not been sufficiently emphasized
in the literature arises from a consideration of
the oxygen requirements of the liver for the pre-
liminary partial oxidation of fats to muscle sub-
strates such as acetoacetate. From the observa-
tions of Barcroft and Kato (30) on the oxygen
uptake of the gastrocnemius of the dog in the
resting state and during stimulation at the rate
of 60 times per second, the data shown in table
VII have been calculated.7

7Barcroft and Kato's results may be too high. (Com-
pare, for example, Himwich and Rose (33).) However,
cutting their values in half would not influence the main
argument here.
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TABLE VII

Observed muscle and calculated hepatic metabolism
of resting and exercising dog

For case: 100 per cent preliminary hepatic partial
oxidation of fats to acetoacetic acid

Calculated
Calculated hepatic oxygen

Observed equivalent uptake required
oxygen uptake amount of for production

by muscle* acetoacetate of acetoacetatebymucle * oxidized by from fat by
muscle partial oxidation

in liver

per gram per kgm. per gram
of musde body weight of liver

micromoles millimoles micromoles
per hour per hour per hour

Resting... 46 4.6 268
Exercising .. 166 16.6 968

Difference.. 120 12.0 700

Conversion factors:
For total combustion in muscle: 1 mole 02 = 1/4 mole

acetoacetate.
For partial oxidation of fat in liver: 1 mole aceto-

acetate = 1.75 moles O2.
Assume:

400 grams of muscle per kgm. body weight.
30 grams liver per kgm. body weight.

* Original data of Barcroft and Kato (30).

The table illustrates the expectation in the hy-
pothetical case in which the entire muscular me-

tabolism is dependent upon indirect fat utilization,
i.e., one in which there is a preliminary partial
oxidation of fat by the liver to acetoacetate. It
will be noted that the increase, due to exercise, of
the oxygen uptake per unit weight is some six
times greater in the case of the liver than in the
case of the muscle. Furthermore, these calcu-
lated hepatic respirations both in the resting and
working state are greatly in excess of observed
oxygen uptakes. For example, the observations
of Staub (31) on perfused livers of dogs give a

mean value of about 70 micromoles per gram of
liver per hour for the oxygen uptake. In the
intact cat Barcroft and Shore (32) found some-

what lower values. Innumerable observations of
liver slices in sitro give a value of 75 to 100 uM.
per gram per hour. These values are about 1/3

of the basal requirements and about Mo of the
requirements under exercise calculated in the table.
It is, of course, impossible to say that these in-
tense hepatic respirations cannot be attained by
the liver in vivo, but the marked discrepancy be-
tween the observed values (unless these are con-

sidered to be in gross error) and those calculated
on the basis of complete indirect fat metabolism
must be taken into consideration in interpreting
the problem of fat metabolism.

The difficulties discussed in the last two sec-
tions can be overcome by supposing that a con-
siderable part of the fat metabolism of muscle
occurs directly, i.e., without preliminary hepatic
partial oxidation to ketone bodies. The evidence
on this point is not unequivocal. For example,
Gemmill (34), who reviews the recent literature
on this subject, was unable to find any diminution
of fat in the working muscle of the normal or
phlorhizinized rat, and he concluded that when fat
is used to supply energy for work in mammalian
muscle, it is used indirectly. However, in view
of the many observations of respiratory quotients
ranging from 0.7 to 0.8, in the case of muscle
with intact blood supply, or isolated perfused
muscle (33), or muscle equilibrated in vitro, the
possibility of direct utilization of fat cannot be
excluded. The extreme view, held by some
physiologists, that carbohydrate only can be oxid-
ized by muscle appears no longer tenable.

Schematic representation of total metabolism in
the diabetic

The -relation of ketonuria to the fat metabolism
and the total metabolism elicited by the study of
these cases of diabetes mellitus can be incorporated
into a scheme (Figure 9) which is intended to
show the interrelations of these factors only in a
general way. It is not a nomogram for applica-
tion to specific cases. For simplicity, assume a
case to be without glycosuria deriving 20 per cent
of the caloric needs from protein. Then

0.8 Total calories
= Fat calories + Carbohydrate calories.

The figure is based upon this equation and the
necessary conversion factors. Several points of
interest are shown by the diagram:

1. Ketonuria is avoided if the fat catabolized is
equal or less than about 2.5 grams per kgm. per
day. It must be remembered that this value is for
the resting state and may be higher during states
of activity.

2. When the caloric metabolism is low, keton-
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uria may be absent even when the carbohydrate
metabolized is quite low.

3. The greater the caloric needs, the greater

must be the proportion of carbohydrate in the
metabolic mixture in order to avoid ketonuria.

4. The diets which through clinical experience
have been recommended in the literature are, with
respect to their proportions of carbohydrate and
fat, essentially of the type which avoid ketonuria.

SUMMARY

1. The problem of fat metabolism in diabetes
mellitus and its relation to ketonuria is reviewed
and discussed.

2. Evidence favoring the replacement of the
successive beta oxidation hypothesis of fatty acids
by the multiple alternate oxidation hypothesis is
presented.

3. It is shown that the diabetic animal utilizes
ketone bodies in the periphery abundantly and
independently of carbohydrate oxidation.

4. The hypothesis of obligatory coupling of
ketone body-carbohydrate oxidation in diabetes
mellitus is not supported by the quantitative data
in a series of cases.

5. A simple hypothesis of fat metabolism in

diabetes mellitus is presented and shown to con-

form to the observations in these cases.

6. Other significant problems in fat metabolism
are discussed.
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