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(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital

of Harvard University, Boston)

(Received for publication January 16, 1933)

In the course of an extended study of the influence of the internal se-
cretions upon tissue metabolism, the thyroid influence seemed particularly
significant. Here, therefore, is presented a detailed report of its effect not
only upon a parasitic tumor tissue, but also upon the liver tissue of the host.

The effect of the hormones upon tumor growth has been investigated
extensively by others but the effect upon the metabolism of the tumor has
received little or no attention. Several reports of the effect of thyroxin
upon the metabolism of various normal isolated tissues have been made
since 1924, but the results have been somewhat contradictory. Ahlgren (1)
reported that thyroxin increased the metabolic rate of tissues of frogs in
vitro as measured by acceleration of the reduction of methylene blue. In
1925 he reported that thyroxin increased the oxygen consumption of thy-
roid-deprived muscle, and pituitrin in proper concentration acted similarly.
Reinwein and Singer (2) found an increase in the oxygen consumption of
surviving liver cells after addition in vitro of thyroid extract but Paasch
and Reinwein (3) found no effect upon the surviving diaphragm of the rat.
Wohlgemuth and Klopstock (4) noted very striking increases in the oxygen
consumption of skin with inhibition of anaerobic glycolysis after adminis-
tration in vitro of thyroid. Hopping (5) reported increase in the metabo-
lism of alligator blood of 150 to 190 per cent after injection of thyroxin
but no effect from the direct addition of this substance to the blood.
Fleischmann (6) found slight increase in the glycolysis of leukocytes in
exudate of animals but unchanged respiration after administration in vitro
of thyroxin. Anselmino, Eichler and Schlossmann (7) noted maximum
effects of injected thyroxin upon isolated kidney tissues at the end of 72
hours. This effect was chiefly an increase in the anaerobic glycolysis.
They discerned no significant increase in the oxygen consumption of liver
or spleen and only slight increase in the oxygen consumption of kidney.
The anaerobic glycolysis in the liver and spleen was not increased. Dresel
(8), however, a year before, reported somewhat different results in isolated
rat tissues after injection of thyroxin. He noted an increase in the oxygen
consumption of liver as great as 200 per cent on the third day after the in-
jection with slight decrease in the anaerobic glycolysis. The oxygen con-
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sumption of the kidney was increased 20 to 25 per cent with no appreciable
rise in the anaerobic glycolysis. Foster (9) reported appreciable decrease
in the oxygen consumption of isolated rat diaphragm after thyroidectomy.
Measurements were made by the Warburg method in modified Ringer's
solution. McEachern and Andrus (10) have recently shown that the
oxygen consumption of isolated beating auricles was increased in thyro-
toxic guinea pigs to a maximum of about 20 per cent. The measurements
were made in a modified Warburg respirometer. Previously they (11)
had reported, confirming the observation of J. K. Lewis, that these isolated
hearts of thyrotoxic animals beat more rapidly than normal.

Thus, it is quite obvious that to date there is some discrepancy of opin-
ion regarding the effect of thyroxin upon isolated normal tissues though
the majority of results would lead one to believe that it does increase the
oxygen consumption when administered in vivo. Whether it produces
metabolic effect in vitro is highly doubtful. As for the effect upon ma-
lignant tissue metabolism there are, to our knowledge, no data and it is the
primary purpose of this communication to show the effect upon trans-
planted malignant tumor tissue. At the same time, the effect of thyroxin
injections upon the normal liver tissue will be shown.

METHODOF STUDY

Throughout this investigation pure strain, inbred, tumor susceptible black
mice, kept under identical conditions, have been used. The age of the mice at
the time of the experiments varied between 3 and 15 months, by far the greater
number being 4 to 8 months old, and the average about 7 months. It has been
found (12), however, that within rather wide limits the age of the mouse has
little effect upon the metabolism of the isolated tissues. This confirms Hawkins
(13), who found that the metabolism of isolated liver tissue of rats was similar
at different ages, except in the very young (3 to 21 days old). Furthermore,
we have found the metabolism of tumor tissue two weeks old to be no different
from that five weeks old.

For nearly all of the experiments Sarcoma No. 180 has been the tumor used,
though some determinations have been made upon Carcinoma No. 63. This
sarcoma has little stroma, is made up chiefly of round tumor cells, possesses a
fair blood supply, and virtually no nerves. It is a very satisfactory tumor for
it is easily transplanted and grows rapidly in more than 90 per cent of the
transplants, attaining a suitable size for experimental purposes in two to three
weeks. In these experiments, tumors of this age have been used in almost all
instances, at which time there is plenty of good viable tissue so that suitable sec-
tions can be cut with a razor blade and metabolic measurements made.

Crystalline thyroxin (Squibb) in alkaline solution was administered subcu-
taneously to the experimental mice in varying doses-02 to 0.01 mgm. daily for
periods ranging from 3 to 51 days. Most of the mice received what seemed to
be the most satisfactory doses, either 0.02 or 0.04 mgm. for periods of 8 to 15
days. Thus the tumors were usually a week or more old before thyroxin was
given. All injections were made in the abdomen, away from the site of the
tumor implant. Tumors of a similar age were used in the control experiments.

During the time of thyroxin administration the mice almost always became
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thin and more active than normal though they were very well fed, receiving
grain with cod liver oil, milk, and rat biscuit. One or more of these foods was
present in the cages at all times.

The measurements of the metabolism were made with the Warburg modifica-
tion of the Haldane-Barcroft blood gas apparatus. With this apparatus it was
possible to measure the oxygen consumption and carbon dioxide production of
respiration, and the anaerobic glycolysis with sufficient accuracy for our pur-
pose. The details of the methods are well described by Warburg (14) and also
by Richardson (15) and we have closely followed their procedures.

In our hands, there was an average difference of not over 5 per cent for the
oxygen consumption measurements in consecutive duplicate experiments, whereas
the average variation was about 10 per cent for carbon dioxide figures, aerobi-
cally and anaerobically. Consequently, the respiratory quotient is distinctly less
reliable than the oxygen consumption, and therefore of less significance except
where a consistent change of considerable magnitude exists. Because of this
factor of error, stress is laid upon the results for oxygen consumption rather
than for the respiratory quotient. However, the similarity of the average figures
in different groups of controls is surprisingly constant despite variation in some
of the individual experiments.

When the mouse was ready for an experiment, it was killed by a blow to the
head and the throat immediately cut to permit free flow of blood. The tumor
and liver of the animal were removed as rapidly as possible, put in Ringer's
solution, and then sectioned with a razor blade. Sections were cut thin enough
so as not to exceed 0.5 mm. in thickness. They were then transferred to the
manometer vessels, containing Ringer-phosphate solution with 0.20 per cent
glucose for the aerobic determinations. The vessels for anaerobic glycolysis
contained Ringer's solution with 0.15 1 per cent glucose and 0.20 per cent sodium
bicarbonate. After connection of the vessels containing the tissues with the
manometers and instillation of the appropriate gas through the manometer
(oxygen into the manometers used to measure respiration, and nitrogen with
5 per cent carbon dioxide into those used for measuring glycolysis anaerobi-
cally) the whole was transferred to a water bath regulated to 37.50 C. It must
be understood, of course, that two sets of manometers were used, one containing
liver tissue and the other tumor tissue. These were set up simultaneously, and
the measurements of the liver and tumor from the same mouse were made
simultaneously in all cases. With two people working, the entire procedure of
setting up the experiment from the time the mouse was killed until the twelve
manometers were in the water bath, required approximately twenty minutes.

After a twenty minute period of shaking the manometers in the water bath
to permit stabilization, the first reading was made and thereafter the changes in
the column of Brodie's solution were noted every ten minutes for a period of
one hour.

After an experiment was completed, the tissues were removed, put in indi-
vidual glass containers, and dried in an electric oven at 1050 C. for two hours.
They were subsequently weighed and the calculations (15) made to obtain the
figures for oxygen consumption and carbon dioxide production in cubic milli-
meters per milligram of tissue, dry weight, per hour.

The experiments were done on fasting and non-fasting mice and, likewise,

1 Several duplicate anaerobic experiments with 0.20 per cent glucose showed
the carbon dioxide production to be about 10 per cent higher than in a solution
with 0.15 per cent glucose.
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CHART 1
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CHART2
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In Charts 1, 2 and 3 each triangle in black represents a single experiment
upon liver tissue; the circle just below, in each instance, represents the tumor
tissue from the same mouse, and the measurement of the oxygen consumption of
both was done simultaneously. The upper solid line across each chart represents
the average oxygen consumption of the liver tissues of the uninjected controls,
the lower solid line in each case represents the average of the tumor tissues of
the same controls. The upper broken lines, out from the sides, represent the
average oxygen consumption of the liver tissues of injected mice; the lower, the
average for the tumors of the same animals.

there were two similar groups of controls. The fasting periods ranged from
6 to 24.5 hours, the average period being 17 to 18 hours for both the controls
and thyrotoxic mice. Twenty-seven fasting mice received thyroxin and these
were controlled by twenty-four fasting mice. Fourteen experiments were done
on non-fasting mice and these were controlled by eighteen fed animals.

Thirteen mice of a group were given 0.04 mgm. of sodium hydroxide in
dilute solution, subcutaneously, for periods of 10 to 20 days. These mice served
as further controls, for the amount of alkali injected was equivalent to the
amount in the thyroxin solution of 0.04 mgm. concentration. These mice were

fasted an average period of 17 hours and the results must, therefore, be com-
pared with those of the fasting mice that received thyroxin.
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RESULTS

The results were quite striking, with differences of sufficient degree to
be significant, and consistent enough to be reliable. There was distinct in-
crease in the oxygen consumption of liver after thyroxin administration,
which averaged about 20 per cent above normal. This increase was not
invariable but occurred in 76 per cent of the observations. The greatest
oxygen consumption occurred in the fasting group but the percentage in-
crease over the controls was approximately the same as in the non-fasting
animals. The respiratory quotients were not affected in any appreciable
degree. The anaerobic glycolysis for the liver was distinctly increased in
thyrotoxic mice.

More surprising than these results, however, was the effect upon the
tumor metabolism. In 19 of 27 fasting animal experiments, there was
distinct decrease in the oxygen consumption after thyroxin. The average
of all experiments showed this to be approximately 16 per cent below nor-
mal. All the rest fell within the normal range with five distinctly higher
than the average of all controls. In no instance was there an oxygen con-
sumption greater than that found in the normal control group. In the non-
fasting group 11 of 14 had an oxygen consumption below the average of
the controls with none higher than that commonly noted in the tumors of
the normal animals.

The results for the oxygen consumption of tumor and liver of control
mice, controls injected with alkali, and of mice injected with thyroxin, are
graphically shown in Charts 1 and 2. Chart 1 shows the results when the
mice were fasted, Chart 2 those when they were not fasted. That the dif-
ference between the means is significant is shown by calculating the proba-
bility according to Fisher's (16) method adapted for small samples. The
value of P in each case is less than 0.01, indicating that the difference be-
tween the means is significant.

The respiratory quotient was increased because of the decrease in oxy-
gen consumption; the carbon dioxide actually produced was within the
range of normal. Table I shows this.

The anaerobic glycolysis for the tumors was increased to a very slight
and insignificant degree. This result, however, furnished a check, though
not an absolute one, for ruling out the possibility of there being a funda-
mental difference in the metabolic activity of the tumor tissue after thyroxin
injection. The figures for the complete metabolism, including the glycoly-
sis for all experiments, are here shown in Table I.

Some of the tumors of the thyrotoxic mice have been examined by Dr.
Shields Warren and he has noted no significant difference in these and tu-
mors of control mice. The number of mitotic figures is not appreciably
decreased and the tumors appear to be fully as malignant. Still, the tu-

mors seem to grow somewhat more slowly when thyroxin is administered.
This is only an impression, however, as actual statistical measurements
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THYROXIN AND TISSUE METABOLISM

have not been made, but this is in accord with the finding of Gilroy (17)
who noted inhibition of tumor growth as a result of thyroxin administra-
tion. In no instance, however, did we find evidence of regression of the
tumors.

The possibility of the aerobic glycolysis of the tumor being increased to
compensate for the decrease in oxygen consumption was considered and
ruled out by ten controlled determinations on mice injected with thyroxin,
using the method described by Negelein (18).

The possibility of the aerobic glycolysis being increased was, further-
more, ruled out by a series of experiments where the metabolism of isolated
liver and tumor was determined for control and thyroxin injected mice, in
Ringer's solution containing no glucose. Determinations of anaerobic
glycolysis were made in only a few instances as it is well known that it is
very much less than normal for the tumor, and slightly less for liver, when
glucose is not present in the medium. This we had confirmed several times
in previous experiments. The results for respiration, however, are given
in Table I and' it is obvious that in very striking degree they confirm the
other experiments listed in the same table. That is, the oxygen consump-
tion of the liver is still increased and that of the tumor is decreased.
Hence, because these similar results occur in Ringer's solution without
glucose, where tumor glycolysis is virtually absent, one may conclude that
the aerobic glycolysis does not compensate for the low oxygen consumption.

The metabolism of the entire mouse before and after thyroxin adminis-
tration was determined in eight instances by Dr. William T. Salter by the
open circuit method, using Carpenter's modification of the Haldane appa-
ratus for gas analysis, and the increase in metabolism after thyroxin corre-
sponded to the increase in the isolated liver tissue of the same mice. Where
no increase in the total metabolism resulted (two cases) the tissue metabo-
lism was normal.

Carcinoma
In order to study whether this sarcoma (No. 180) might be a tumor

peculiar in its response or lack of usual response to thyroxin, seven black
mice bearing Carcinoma C. 63 were each given 0.02 mgm. of thyroxin sub-
cutaneously each day for 7 to 14 days and the tissue metabolism measured.
The average fasting time was 17 hours. The results for oxygen consump-
tion of each experiment are graphically shown in Chart 3, and the sum-

marized figures in Table I.
The oxygen consumption for the liver was very distinctly increased in

six of the seven experiments, and decreased below the average of the con-

trols in six of the seven tumors. The anaerobic glycolysis and respiratory
quotient for the liver, however, were increased. The respiratory quotient
for the tumor was again increased, but again this was due to the decreased
oxygen consumption. The anaerobic glycolysis, in this tumor, as for the
sarcoma, was not significantly affected by thyroxin.
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The depression of oxygen consumption for sarcoma (fasting and non-
fasting), and carcinoma, occurred in more than three-fourths of the ex-
periments. The degree of depression varied but it averaged twenty-five
per cent below the average figure for oxygen consumption of the respective

CHART3
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sets of controls. If the one-fourth of the experiments that showed no de-
pression is included, the average oxygen consumption for all tumors is 15
per cent below the average of their respective controls. These figures do
not include the results from the experiments done in sugar free Ringer's
solution, though the depression in this group is fully as great.

The recorded results for liver were very constant and this was really
anticipated. The effect of thyroxin upon the tumor, or possibly its lack of
effect, that is, a failure to increase the metabolism, is unexpected, however,
and we have no satisfactory explanation for it at this time.

Naturally enough, the question arose as to whether or not the virtual
absence, or inadequacy, of the nerve supply was a factor. If the tumor
results had been absolutely negative and there had been no depression of
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the oxygen consumption, this would seem more likely. Ring, Dworkin
and Bacq (19) found that the basal metabolism was as much increased in
cats, after removal of the thyreo-sympathetic chains, as in normal cats after
thyroxin administration. Riml and Wolff (20) also found that cutting of
various nerves did not alter the effect of thyroxin upon metabolism. Aub,
Bright, and Uridil (21) in 1922 concluded that thyroxin stimulated resting
cells directly. Nevertheless, despite the unlikelihood of the lack of nerves
being the factor which resulted in failure of increase in tumor metabolism,
it was decided to denervate a dog's kidney, and after a suitable period of
thyroxin administration to measure the metabolism of the isolated tissue.

Three dogs, weighing between 36 and 41 pounds (16 to 20 kilos) were
given thyroxin after denervation of the left kidney and the metabolism of
the cortical tissue of the denervated and normal kidney was compared. At
the time of the denervating operation, which was done under sodium amytal
and ether anesthesia, a small section from the cortex of the left kidney was
removed and the metabolism of this tissue immediately measured by the
Warburg method. After a minimum postoperative period of two weeks,
thyroxin was given intramuscularly until the dog had received a total of
28 to 44 mgm. over a period of 9 to 13 days. During the thyroxin ad-
ministration, the dogs became nervous and very thirsty. Two of the three
lost weight despite adequate amounts of food and water and all three de-
veloped persistent diarrhea. Each dog was killed by injection of air into
the jugular vein and the kidneys were removed as rapidly as possible. Sec-
tions of the kidneys and of the ureter, vein, and artery were examined
microscopically to be certain that they were not diseased and that denerva-
tion had been complete. One small nerve was found in the third operated
dog, but as this was very small it was thought that for practical purposes
the kidney might be considered as denervated. The results resembled the
other two and they are included in the table.

The metabolism of the cortical tissue from the denervated kidney and
the right kidney, which was used as a control, were measured simultane-
ously. The average results are given in Table II and it will be noted that
denervation has not influenced the metabolism.

The average oxygen consumption for the cortex of the three kidneys
before operation was - 11.6 cu. mm. per mgm. of tissue per hour. Thus,

TABLE II

Metabolism of isolated dog's kidney cortex after thyroxin
(Average of three experiments)

Left kidney cortex (denervated) Right kidney cortex (control)

QO | QcO2 R.Q. | Q02 |CO|RIX |Co

- 13.4 + 11.4 0.85 + 3.9 - 13.1 + 11.1 0.86 + 3.4
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the increase after thyroxin was not very striking, but the significant thing
is that the results are similar for the denervated and normal tissues. These
experiments apparently furnish further evidence that the failure to produce
an increase in the metabolism of tumors is not due to the lack of innervation.

The possibility of the anesthesia acting as a depressant upon the oxygen
consumption in these observations on the dog has been ruled out by further
control experiments where the metabolism was measured after some nor-
mal animals were killed by air injection and others by anesthesia.

COMMENT

The results given above largely speak for themselves. The explana-
tion for these results, however, is not as yet apparent. That thyroxin
should stimulate the metabolism of isolated liver tissue is rather to be
expected, but the failure to act similarly, in any instance, upon tumor
metabolism is at present unexplainable. Still more interesting is the fact
that not only is there no such effect in any case, but thyroxin actually de-
presses the metabolism in the majority of the experiments. The lack of
innervation does not explain this result and apparently the reason lies within
the tumor itself. One may offer the hypothesis that within malignant tissue
there is some unknown factor which causes that tissue to fail to respond,
or to respond in an unusual manner, to thyroxin. What this unknown
factor may be cannot as yet be demonstrated. Further study, possibly
along chemical lines, may be necessary. It must be appreciated, of course,
that in these experiments we have been dealing with a transplanted parasitic
tissue. Whether spontaneous tumors respond similarly is yet to be deter-
mined.

It is interesting, in view of this effect of thyroxin, to consider that
Scharles and Salter (22), working in this laboratory, have recently isolated
a glycogen splitting enzyme from this Sarcoma No. 180 and have found
that after administration of thyroxin, in the same manner and dosage as
has been used in this investigation, the concentration of this enzyme was
increased 150 per cent. What relation there is between these two ob-
servations is not yet clear.

CONCLUSIONS

1. Thyroxin administration to mice in vivo produces an average increase
of more than 20 per cent in the oxygen consumption of isolated liver tissue
and a distinct increase in the anaerobic glycolysis. The respiratory quotient
is not strikingly affected.

2. Thyroxin failed in all instances to stimulate the metabolism of trans-
planted mouse tumors, Sarcoma No. 180, and in more than three-fourths
of them it produced depression of the oxygen consumption which averaged
25 per cent below the normal. Carbon dioxide production by respiration
and by glycolysis was not significantly affected.
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3. The aerobic glycolysis of this sarcoma is not increased after thyroxin
administration.

4. The effect of thyroxin upon the metabolism of mouse Carcinoma
No. 63 is similar to its effect upon sarcoma. Here the oxygen consumption
was decreased in 6 or 7 experiments.

5. The respiratory metabolism of the tumor is depressed and that of
liver accelerated in Ringer's solution without added glucose, as in Ringer's
solution containing glucose.

6. The metabolism of the cortex of denervated and of normal kidneys
of the dog is similar after thyroxin administration.

7. Apparently this unusual metabolic effect of thyroxin upon tumors
is not due to the lack of innervation but to some unknown factor within
the tumor tissue itself.

8. It is an impression that thyroxin inhibits the growth of Sarcoma No.
180, to a moderate degree, but in no instance did it cause complete regression
of tumors.
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