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In the first paper of this series (12) it was pointed out that during
diphtheritic intoxication in rabbits there was evidence of liver disturbance,
manifested by a marked rise in the amino-acid nitrogen which in the more
severe intoxications was accompanied by a hypoglycemia. When smaller
doses of toxin were injected the amino-acid nitrogen changed but little,
while the blood sugar remained relatively normal or rose to hyperglycemic
levels. Accompanying these changes the nonprotein nitrogen rose inde-
pendently of the amino-acid nitrogen, a finding which seemed to be asso-
ciated with the nephritis which could be demonstrated histologically.

In order to associate, if possible, these findings of hypoglycemia, hyper-
glycemia and normal sugar values with liver injury, the assumption was
made that the two chief functions of the liver concerned with carbohydrate
metabolism may be injured separately or in varying degrees. It was felt
that the failure of deaminization as indicated by the elevated amino-acid
nitrogen concentrations could be interpreted as a type of injury that might
be associated with the failure of hepatic glyconeogenesis leading to hypo-
glycemia. However, if the formation of glucose from non-carbohydrate
material is only slightly impaired, a failure of hepatic glycogenesis would
result in hyperglycemia.

The following experiments were designed to study the ability of rabbits
suffering from diphtheritic intoxication to store glycogen in the various
tissues. The effect of intravenous injections of glucose, with and without
insulin, on the liver and heart glycogen concentrations, is reported.

PROCEDUREANDMETHODS

Rabbits weighing about 1500 grams were injected intravenously with 3/4
to 1 minimal lethal dose of diphtheritic toxin. This dose caused death in from
3 to 7 davs. The rabbits were on a stock diet consisting of oats and greens
until 24 hours before the injection of the toxin, when the food was removed

1 This work was aided by a grant from The Corn Products Refining Com-
pany.
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from the cages. Starvation was maintained throughout the balance of the
experiment; water was offered freely. The level of the blood nonprotein nitro-
gen was used as a fairly reliable index of the severity of the intoxication; this
was determined daily and when it reached 100 to 150 mgm. per cent or higher
the operative phase of the experiment was started. (Previous experience indi-
cated that diphtheritic rabbits with a blood nonprotein nitrogen level of this
magnitude die within 24 to 48 hours.) As an anesthetic, one-half cubic centi-
meter of a 10 per cent freshly prepared amytal solution per kilogram of body
weight was injected intraperitoneally. Following the development of adequate
anesthesia the liver was exposed by a mid-line upper abdominal incision. A
section of liver weighing approximately 3 to 5 grams was removed, bleeding
being effectively controlled by a ligature, and was immediately cut into small
pieces and dropped into a weighed tube containing 60 per cent potassium hy-
droxide for glycogen determination. In one series of animals 5 cc. of a 50 per
cent glucose solution was then injected intravenously immediately, and again
after an interval of 20 minutes. In another series the same technique was em-
ployed except that 2 1/2 units of insulin were injected along with the glucose
solution. One hour following the last administration of glucose another section
of liver was obtained for glycogen determination. (Preliminary experiments
had shown that the increase of liver glycogen was approximately the same after
one as it was after two hours.) The hearts were removed at the same time as
the second liver section. The controls were subjected to precisely the same pro-
cedure, including the starvation regime, for a similar period of time.

Data referable to the glycogen content of liver, heart and skeletal muscle
were obtained from another series of animals on a similar fasting regime. The
tissues were removed within 30 seconds after the animal was stunned by a blow
at the base of the skull. At the time of these determinations the blood non-
protein nitrogen of the diphtheritic animals was about 150 to 200 mgm. per
cent. The same dose of toxin was used in this series as in the one previously
described.

The glycogen method employed was fashioned after Pfluiger's original pro-
cedure but was sufficiently modified to warrant description. About 5 grams of
tissue were cut into small sections as soon as possible after removal from the
animal and collected in a weighed centrifuge tube of 100 cc. capacity containing
10 cc. of 60 per cent potassium hydroxide solution, which was then reweighed.
Digestion was allowed to take place in a steam bath for a period of three hours,
or until a relatively clear liquid resulted. Approximately 75 to 80 cc. of 95
per cent alcohol were then added and the tube allowed to remain in a refrigera-
tor overnight to insure complete glycogen precipitation. The tube was then
centrifuged at moderate speed for 10 minutes, the supernatant fluid siphoned
off and the glycogen precipitate washed with 25 cc. of 95 per cent alcohol.
Following another centrifugation for 10 minutes the supernatant fluid was
again removed. One drop of phenolphthalein and 25 cc. of water were added
and the resulting solution neutralized by the careful addition of 25 per cent
hydrochloric acid. (This usually required 4 to 5 drops.) Two and one-half
cc. of the acid were then added, producing a final acidity approximately equiva-
lent to a 2 1/2 per cent hydrochloric acid solution. The glycogen was then
hydrolyzed by heating in a steam bath for three hours. The resulting solution
was neutralized and made up to a suitable volume and the glucose content de-
termined in aliquots by Somogyi's modification of the Shaffer-Hartmann sugar
method. The glycogen content is expressed as milligrams of glucose per gram
of tissue. The method has an error in duplicates of about 8 per cent.
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RESULTS

In Chart 1 are graphically tabulated the results of the determinations
of the glycogen content of liver, muscle and heart, in both diphtheritic and
normal animals. There are two striking observations to be made: first,
that there is essentially no difference in the glycogen content of the heart
and skeletal muscles of the diphtheritic as compared to the normal animals;
second, that there is a definite diminution in the glycogen content of diph-
theritic livers as compared to normals.
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CHART 1. THE GLYCOGENCONCENTRATIONOF LIVER, HEARTAND MUSCLEIN
NORMALAND DIPHTHERITIC RABBITS

The glycogen content of normal and diphtheritic livers before and after
the injection of glucose and glucose plus insulin is graphically represented
in Chart 2. The glycogen concentration of the liver before and after the
glucose and glucose plus insulin injections is represented by a circle and
arrow-end respectively. The length of the intervening line represents the
actual increase in glycogen concentration in milligrams per gram of tissue.
In the normal animals the injection of glucose brought about an increase
in the glycogen content of the liver which varied from 6 to 29 mgm. per
gram of tissue, in other words an increase of from approximately 0.5 to
2 per cent in glycogen concentration. The addition of insulin, it will be
seen, had no appreciable effect in normal animals, a finding which is simi-
lar to that described by other investigators.

In the diphtheritic animals, on the other hand, following the injection
of glucose, the increase in liver glvcogen varied from less than 1 mgm. to
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CHART2. THE CHANGEIN GLYCOGENCONCENTRATIONOF THE LIVER OF

NORMALAND DIPHTHERITIC RABBITS FOLLOWINGTHE INJECTION OF GLUCOSE
ANDGLUCOSEPLUS INSULIN.

The lower ends of the arrows indicate initial concentrations and the arrow
heads final concentrations.

6 mgm. per gram of tissue, an increase of from 0.1 to 0.6 per cent. In
other words, it was possible to demonstrate a marked decrease in the glyco-
genetic ability of the livers in diphtheritic animals. It should also be noted
that the addition of adequate doses of insulin (1 unit per gram of glucose
injected) had no effect in augmenting hepatic glycogenesis in the diph-
theritic animals.
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CHART3. THE GLYCOGENCONCENTRATIONIN NORMALANDDIPHTHERITIC
HEARTS OF RABBITS UNTREATEDAND FOLLOWINGTHE INJECTION OF GLUCOSE
ANDGLUCOSEPLUS INSULIN.
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In Chart 3 the results of the glycogen determinations on the hearts of
the normal and diphtheritic animals, following the intravenous injection of
glucose, with and without insulin, are represented. These have been com-
pared to the values found in the untreated animals. There is no significant
difference in the cardiac glycogen of normal and diphtheritic animals fol-
lowing injections of glucose. However, the cardiac glycogen of diph-
theritic animals following the injection of glucose plus insulin may be
significantly greater than in the other groups.

DISCUSSION

Early in this investigation it was appreciated that diphtheritic rabbits
refuse all food relatively soon after receiving an injection of toxin and
should, therefore, be regarded as fasting animals. Since one of the strik-
ing effects of starvation is a depletion of the glycogen stores, it was ap-
parent that in a comparative study of glycogen content of various tissues
in normal and intoxicated animals, one would have to consider not only the
effect of the diphtheria toxin but also of starvation. It was felt that the
most practical procedure for minimizing this difficulty was to maintain both
groups of animals on a similar fasting regime. Wethus felt that any dif-
ferences encountered in the glycogen concentrations of the examined tis-
sues could, with greater reliability, be attributed to the effect of the diph-
theria toxin alone.

Although diphtheria, both clinically and experimentally, is a generalized
disease process and not limited to any one particular organ, it is neverthe-
less true that the myocardial involvement is an outstanding and relatively
frequent manifestation of a severe intoxication. Warthin (1) in his re-
view of the anatomical changes in the heart in diphtheria suggested the
possibility that some of the encountered lesions may well be related to a
nutritional disturbance. Schwentker and Noel (2), who, on the basis of
their experimental and clinical investigations and a review of the literature,
stressed the theory of insulin dysfunction as the cause of the carbohydrate
disturbance, believed that failure of glycogenesis played an important role
in the myocardial insufficiency. It was, therefore, with interest that we
noted no essential difference in the glycogen concentration of the hearts
of diphtheritic and normal animals. As far as we can determine from a
review of the available literature there have been no determinations of
heart glycogen in diphtheritic animals.

The few determinations of heart glycogen before and after injection of
glucose cannot be interpreted with certainty. There is no evidence that
the amount of glucose injected increased the heart glycogen in either the
diphtheritic or normal animals. The group of diphtheritic animals sub-
jected to intravenous injection of glucose plus insulin have slightly higher
heart glycogens than the controls. The difference in the averages is just
three times the probable error of the differences. However, in a small
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number of determinations such a difference cannot be regarded as more
than suggestive.

An occasional reference to muscle glycogen determinations in experi-
mental diphtheritic intoxication is found in the literature. Schwentker and
Noel found the muscles of three animals completely devoid of glycogen and
in a fourth, 0.16 per cent. Rosenthal (3) in three rabbits found the
muscle glycogen to be 0.165, 0.245 and 0.305 per cent respectively. We
have found in six animals the glycogen concentration to vary from 0.23 to
0.43 per cent, but we have also found that in six normal animals under a
similar starvation regime the muscle glycogen was approximately of simi-
lar magnitude, varying from 0.26 to 0.42 per cent. In other words, as in
the case of cardiac glycogen, no essential difference could be demonstrated
between the muscle glycogen of normal and diphtheritic animals.

An entirely different picture is presented when one examines the values
for the glycogen concentration of the livers in the diphtheritic animals.
In this case there is a definite decrease in the intoxicated rabbits, the glyco-
gen content varying from 0.12 to 0.63 per cent, and averaging about 0.35
per cent, while in the normal but fasted rabbits the concentration in the liver
varies from 0.4 to 2.0, averaging about 1.0 per cent. Whether the liver
shares to a greater extent in the general systemic intoxication than does
either the heart or muscle, as these data would seem to imply, is not abso-
lutely clear. Histologically the liver exhibits more injury than the cardiac
or skeletal muscle. However, it is probable that a large part of the liver
glycogen serves primarily as storage material, and that it is the diminution
in this fraction which accounts for the marked difference in the glycogen
concentration encountered. On the other hand in the heart and to a lesser
extent in muscle, most of the glycogen content is intimately related to the
immediate metabolic needs of the tissues in question, and is, therefore, less
likely to be involved in an injury of relatively similar degree than is the
glycogen of the liver.

The data obtained in the study of hepatic glycogenesis show a marked
disturbance in the ability of the diphtheritic liver either to store or to form
glycogen or both. Furthermore, the injection of insulin does not correct
this deficiency. Numerous investigators have demonstrated a marked de-
crease in carbohydrate tolerance as evidenced by diabetic-like sugar tol-
erance curves. Moreover, Lawrence and Buckley (4), Netzley (5) and
Sweeney (6) in animals, and Elkeles and Heimann (7) and Schwentker
and Noel (2) in human cases of diphtheria, have found a decided impair-
ment in the normal depressing action of insulin on the sugar tolerance
curves. As was previously pointed out, this has been interpreted by some
to signify insulin dysfunction or actual insufficiency. It is apparent that
an inability of the liver to remove glucose for storage as glycogen would
adequately explain a delayed or elevated sugar tolerance curve and apparent
refractoriness to insulin. Obviously, such a failure of hepatic glycogenesis
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does not necessarily signify any inability to burn carbohydrate. In the
third paper of this series we demonstrate by means of respiratory quotients
determined during the course of the intoxication that diphtheritic rabbits
can burn carbohydrate.

The occurrence of severe liver injury during diphtheritic intoxication
is by no means unrecognized. Pathologically this was noted many years
ago by Babes (8), Welch and Flexner (9), Fahr (10), and others. His-
tologically, the lesion consists essentially of varying degrees of necrosis in
the region of the central vein. From our own experience in examining
numerous sections of liver obtained from diphtheritic animals, this has
been the most constant and striking pathological finding. In many cases
the destruction was so extensive that very little normal hepatic tissue could
be seen.

It may be pertinent, in this connection, to point out the striking simi-
larity which exists, as far as evidence of disturbance in carbohydrate me-
tabolism is concerned, between diphtheritic intoxication and other condi-
tions in which liver injury is the principal pathological finding, namely,
phosphorus, chloroform and hydrazine poisoning and yellow fever. In
these conditions there have been demonstrated hypoglycemia, diabetic-like
sugar tolerance curves, marked reduction in liver glycogen, and increases
in blood amino-acid nitrogen ( 11 ).

SUMMARY

1. The liver glycogen of fasted rabbits injected intravenously with
diphtheria toxin is definitely diminished in comparison with that of controls
subjected to similar periods of fasting. Under these conditions, no sig-
nificant difference was noted in the concentration of glycogen in heart and
muscle of diphtheritic and control rabbits.

2. A marked diminution in hepatic glycogenesis following the intra-
venous injection of glucose was noted in diphtheritic rabbits. The injec-
tion of insulin along with the glucose did not alter hepatic glycogenesis.

3. The concentrations of heart glycogen of normal and diphtheritic
rabbits following the injection of glucose, with and without insulin, showed
no significant differences.

4. It is pointed out that the destruction of liver parenchyma, demon-
strated anatomically in diphtheritic intoxication, is accompanied by a fail-
ure of hepatic glycogenesis which is responsible for some of the disturb-
ances in carbohydrate metabolism described in this condition.
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