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The question of the total energy production in
the human diabetic has been studied extensively
by Benedict and Joslin (1, 2) and by Allen and
Du Bois (3). It generally has been agreed that
energy metabolism in mild cases of diabetes is
normal, and that in the more severe cases is found
increased when determined on the basis of kilo-
gram of body weight. The lack of a satisfactory
standard of comparison between diabetic and non-
diabetic subjects hampered much of the earlier
work in this field and led to disagreement regard-
ing interpretation of data. Benedict and Joslin
(1, 2), using the Harris-Benedict prediction stand-
ard, reported increases in metabolic rate of dia-
betic subjects of between 15 and 20 per cent.
Lusk (4) criticized these data and computed that
the increase in metabolism did not exceed 5 per
cent. With the general acceptance of the more
valid Du Bois standard (5) comprehending body
surface area, many of the earlier data ascribing an
increase in metabolic rate to diabetes have been
recalculated and shown to be erroneous. More
recent publications likewise have been of con-
flicting nature reporting increases in metabolic
rate as great as 40 per cent and decreases of 32
per cent in severe clinical diabetes mellitus (6-9).

In the pancreatectomized dog, on the other
hand, respiratory metabolism generally has been
found to be increased (10-12). However, at-
tempts at direct comparison between this type of
acute canine diabetes and the disease as it occurs
in humans is illogical in view of the typical altera-
tion in fatty acid metabolism following pancreatec-
tomy. We are not aware that oxidative metabo-
lism has been measured previously in the alloxan
diabetic animal which provides a metabolic de-
fect more nearly identical with that occurring in
human diabetes mellitus.

That an increase in oxygen consumption in dia-

1 Present address: 733 13th Avenue, N.E., Rochester,
Minnesota.

betes mellitus probably does not result from a uni-
form acceleration of metabolism of all body tis-
sues, has been supported by the work of Kety,
Polis, Nadler, and Schmidt (13) and Schecter,
Wiesel, and Cohn (14) who demonstrated a de-
crease in oxygen utilization by the brain and ex-
tremities in patients with diabetic acidosis. In
this report the basal total body oxygen consump-
tion has been determined for the diabetic dog and
a study made of its modification by insulin ad-
ministration or hypophysectomy. Furthermore,
the influence of experimental diabetes mellitus
upon the hepatic blood flow and splanchnic oxygen
consumption has been determined.

MATERIAL AND METHODS

Adult female dogs were used ranging in weight from
8 to 20 Kg. and housed indoors in a relatively constant
environmental tempgrature of 24 to 26° C. All animals
were fed a fixed daily ration consisting of 10 gm. of
Purina Laboratory Chow pellets and 10 gm. of horsemeat
per kilogram. Five of the pancreatectomized animals
received 100 gm. of fresh beef pancreas daily for 20-day
periods which was substituted in the diet during that
time for an equivalent quantity of horsemeat. Water
was offered ad lLibitum.

The rate of oxygen consumption 2 of the entire animal
was obtained by an open circuit method previously de-
scribed in detail (15) utilizing Liston-Becker and Beck-
man carbon dioxide and oxygen analyzers in the ex-
piratory system to provide a constant index of the com-
position of the expired air. When the animal was in a
basal state after a period of at least 30 minutes of com-
plete rest, two successive samples of the dried expired
air were drawn from the system in duplicate at an in-
terval of 10 minutes and analyzed by the method de-
scribed by Scholander (16). Provided the oxygen analy-
ses of the two samples agreed within 0.05 per cent, the
determination was believed to be reliable and oxygen con-
sumption of the dog was calculated. The data have been
converted to their respective values for standard condi-
tions of temperature and barometric pressure.

2 The oxygen consumption apparatus was designed and
constructed by Captain F. A. Miller.

1205



1206

All determinations of oxygen consumption were car-
ried out on the trained unanesthetized animal excepting
those done in conjunction with the estimation of hepatic
blood flow and splanchnic oxygen consumption. These
latter experimental procedures were performed under
sodium pentobarbital anesthesia. Care was taken with
the training of the unanesthetized dogs in order to en-
sure the maintenance of a basal condition. All animals
were studied 24 hours after the last ingestion of food
and at complete rest, being devoid of all voluntary or
extraneous involuntary movement. Individual animals
were studied repeatedly under control and experimental
conditions until a plateau level for oxygen consumption
was reached which could be reproduced from day to day.
Under these circumstances the lowest rates of oxygen
utilization were incorporated into the data. Basal oxy-
gen consumption determinations in the pancreatectomized
dogs were not believed to be totally reliable until after the
incision was well healed, a period of approximately two
weeks. Rectal temperature for each dog was measured
immediately following an oxygen consumption determi-
nation. Only animals whose temperature fell within
the range 38 =0.5° C were acceptable for this series.
The basal per kg. oxygen consumptions of 51 well trained
normal dogs determined by this procedure have been
found to be in good general agreement with similarly ac-
quired values obtained by other laboratories (17).

The bromsulphthalein (BSP) extraction method for
the estimation of hepatic blood flow as described by
Bradley, Ingelfinger, Bradley, and Curry (18) was ap-
plied to dogs in order to provide a means whereby the
splanchnic oxygen consumption might be determined in
diabetes mellitus. This technique has been compared
in the dog with simultaneous direct measurement of
hepatic blood flow by Selkurt (19) who reports values
for the BSP method exceeding direct measurement by
approximately 7 per cent. This difference is thought to
be due to a small extrahepatic loss of the dye. Under
sodium pentobarbital anesthesia (25 mg. per Kg.) and
using fluoroscopic control a number 6 or 8 Cournand
type cardiac catheter was inserted via the external jugu-
lar vein into a large hepatic vein in either the right or
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left lobe of the liver. Indwelling polyethylene cannulae
were inserted high into the external saphenous vein and
into the right atrium through the external jugular vein.
After a priming dose of 50 to 100 mg. of BSP, an infu-
sion of approximately 2.0 mg. BSP in isotonic saline per
minute was delivered through the intra-atrial cannula
by a calibrated constant infusion apparatus. A slow in-
fusion of isotonic sodium chloride was passed through
the hepatic and saphenous cannulae to maintain their
patency when not in use. Following a 30-minute period
to allow for stabilization of the peripheral BSP level,
three pairs of blood samples were drawn at 10-minute
intervals simultaneously from the hepatic and saphenous
veins for BSP analysis. Hepatic venous and femoral
arterial bloods for determination of oxygen content were
obtained just prior to the second BSP sampling. Plasma
BSP levels were measured colorimetrically as described
by Myers (20) and blood oxygen content was measured
by the manometric method of Peters and Van Slyke (21).
Hepatic blood flow was calculated as outlined by Bradley,
Ingelfinger, Bradley, and Curry (18) and the splanchnic
oxygen consumption was derived from the product of the
hepatic blood flow and the arterial-hepatic venous oxygen
difference. The maximum observed rate of change in
concentration of the peripheral BSP was .0005 mg. per
ml. per minute. The total blood volume was assumed to
be 100 ml. per Kg. of body weight, this value was de-
rived from the data of Krieger, Storaasli, Friedell, and
Holden (22). All experiments were carried out at 38 %=
0.5° C body temperature.

The subtemporal intracranial approach was utilized
for hypophysectomy as has been described previously by
Keller, Lawrence, and Blair (23). Pancreatectomy was
performed through a longitudinal mid-line incision, tak-
ing care to remove all pancreatic tissue. Alloxan dia-
betes was induced by the rapid intravenous administra-
tion of 75 to 100 mg. per Kg. of alloxan. Phlorhizin dia-
betes was produced in the fasted dog by the subcutaneous
administration of 2 gm. of phlorhizin suspended in olive
oil on two successive days with the chemical and meta-
bolic determinations in these animals being made 24
hours following the last dose of the drug. Recovery from

TABLE I

INFLUENCE OF ACIDOSIS, KETOSIS AND DIABETES MELLITUS UPON OXYGEN CONSUMPTION IN DOGS
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TABLE I1

INFLUENCE OF INSULIN UPON THE OXYGEN CONSUMPTION OF ALLOXAN AND PANCREATECTOMIZED DIABETIC DOGS
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OXYGEN 8LO0D urine | ewooo | xeTome msuco.l PROTAMINE
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the effects of phlorhizin was considered complete with
return of the fasting blood sugar to the range of 70 to 90
mg. per 100 ml. and the disappearance of glucosuria.
Further use of phlorhizin poisoned animals was delayed
until these criteria were satisfied. In view of the in-
creased susceptibility of the diabetic dog to infection,
sufficient penicillin was administered during the course
of the experiment to prevent the development of any
septic condition. At termination the brain in the hypo-
physectomized dogs was removed with the fossal scar -
remaining undisturbed and still attached to the ventral
part of the hypothalamus. After fixation in Bouin’s solu-
tion, the blocks of the hypophysis-hypothalamus were
sectioned sagittally and serially. Appropriate sections
were mounted and stained by Maximow, Pal-Weigert,
Mallory, and Heidenhain procedures. The anatomical
degree of hypophysectomy was estimated from the histo-
logical sections and classified as defined by Keller,
Lawrence, and Blair (23).

Fasting blood sugar, 24-hour urine sugar output, ar-
terial acetone and total ketone bodies (24), arterial pH
and arterial plasma carbon dioxide content determinations
were performed immediately following oxygen consump-
tion procedures. The analysis of total liver lipids was
carried out on both biopsy and autopsy liver specimens as
described by Kaplan and Chaikoff (25). Biopsy wedges
of liver tissue weighing approximately 3 gm. were ob-
tained under general anesthesia the day following oxygen
consumption determinations. Insulin tolerance to a given
dose of crystalline insulin was ascertained for each hy-
pophysectomized dog prior to pancreatectomy to serve
as a physiological index of the completeness of hypo-
physectomy as reflected by the extent of the available
carbohydrate reserve (23).

RESULTS

The data comprising Table I show that acidosis
resulting from the ingestion of ammonium chloride
(0.4 gm. per Kg. three times daily for two days)
did not alter materially the oxygen consumption of
6 dogs from that of the control period. The mean
arterial pH of 7.10 and carbon dioxide content in
the plasma of 9.9 mEq. per liter indicate an acido-
sis of comparable degree to that of diabetic acido-
sis. It is shown also that a fasting period of 10
days with a resultant average weight loss of 11
per cent produced no change in oxygen consump-
tion. In contrast to the lack of effect of these two
factors, the injection of phlorhizin into each of the
6 dogs, while maintained under fasting conditions,
caused an increased oxygen utilization exceeding
20 per cent in 5 of the 6 animals. This observa-
tion has been reported by Lusk (26) and con-
firmed by Boothby, Wilhelmj, and Wilson (27),
although its mechanism has not been determined.
In 3 dogs the basal oxygen consumption following
establishment of the diabetes by pancreatectomy
exceeded the control for these animals by approxi-
mately 45 per cent. Of the 3 alloxan diabetic dogs,
all exhibited increases in metabolic rate following
the production of the diabetes. One of the 3 dogs’
metabolic rate was elevated to the same general
degree as that of the pancreatectomized dogs; in
the remaining 2 the increases were 18 and 29 per
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cent. At no time during the diabetic period did

the oxygen consumption approach control levels I 3 . ° o
in any animal provided insulin was withheld and fglee]eele S|° g|° &
the diabetes went uncontrolled. s
Since increased rates of oxygen consumption é; b h . pe
generally were measured in association with ele- I BN sl' ef' s
vated ketone body concentrations of the peripheral 3 b £
blood, the blood ketone concentration was arti- .$ s = s n
ficially elevated in two normal dogs. Acetone and %g} N IR K Y
beta-hydroxybutyric acid were injected intrave- P - .- s| s
nously using 90 gm. of acetone and 150 mg. of o 8
beta-hydroxybutyric acid per kilogram of body §,§‘§ s=|23|2 8[g 3|2 %
weight to produce in one hour after administration §§§ i ool Desl IO o B
elevations in circulating ketone bodies of the mag- §g§ TEHEHERIFEEIER
nitude found in diabetic acidosis. At that time the s B
rate of oxygen consumption was found to be nor- 3 S .|eealot|u alu ofa «
mal ; this tended to eliminate the presence of keto- w ;Ei wnluolo wla olo o
nemia per se as cause for the previously observed - 8% E; Z; g ; ; a g s
elevated rates of oxygen consumption in diabetes é ) ol el e o|_ s
mellitus. ER IR Bt e I B B
The influence of protamine zinc insulin upon the g © [28]3«(3 8[3 2|3 3| .
. . anlen]N NN N]R 0~ "
oxygen consumption and carbohydrate metabolism @ s, H
in alloxan and pancreatectomized diabetic dogs is u §§§§ % .2'::' R - Bl B
demonstrated by the data in Table II. The insulin 3 5'35:-' Selania el [ 5
requirement for suppression of glucosuria, main- B 2 ¥i ..‘:. -.2: . wlo wl| &
tenance of the fasting blood sugar at about 100 mg. g & gzl uals Sla Sa o] ®
per 100 ml, and prevention of the acidosis and " e RN LR g
ketonemia was similar for both groups. The data .’?, il o] « 2
of Table II express the arithmetic mean and the P _§,§3 Ubell s I DO Dol I
range of values obtained for the 3 dogs comprising o IR TR - T L -
~each group prior to and following insulin adminis- § = § wh|udle ale %] o| o
tration. The oxygen utilization, during treatment G §§§ lanlanle 5|y ols 3| &
with insulin, uniformly decreased in all of the dogs, - i B RN R R e -
although.the magnitude of re.ductior} was only 10 g §.5¢ shlekls 2l ¥z s f
per cent in the pancreatectomized animals whereas 2 252} an]oela e Sl ul @
it reverted to control levels in dogs made diabetic §3§§ §f §§ ¢ 2 s s|® = §
with alloxan. Th.e data indicate that the increased Jilat|at|a 8|« oo of ¥
oxygen consumption observed in the pancreatec- Fos[oG[oR]5 212 &0 5| =
tomized dog is brought about by multiple factors, !§§ nslegls 2|35 8¢ §] €
only one of which is the absence of insulin. That . 3
incident to alloxan diabetes apparently results fag|oofoofo oo oo o] £
solely from insulin deficiency. = 2 ol Z a
In Table III the data illustrate how the amelio- gl & §§ §5 £
ration of diabetes mellitus by hypophysectomy in- ol % g g §§ 4
fluences the rate of oxygen consumption. As will 3 ; H ;2 ;§ £ §
be noted from the Table the anatomical degree of 5 8 §§ §§ §§ ?_ ]
hypophysectomy varied from animal to animal as §§ §§ §§ £ g%g §§3 Sy
did their carbohydrate reserve as measured by the 8|58 §§§ §§§ = §'§ 3 §
insulin tolerance. The magnitude of the ensuing IR R EUN R -

Houssay effect likewise was found to be variable.
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Nevertheless, all 6 pancreatized hypophysecto-
mized animals exhibited an attenuated diabetes
mellitus (Houssay effect) as evidenced by a
relatively mild hyperglycemia, glucosuria, ketosis,
acidosis and intermittent spontaneous episodes
of hypoglycemia. The rate of oxygen consumption
of the Houssay dog varied considerably from day
to day. The lower rates coincided with periods
of remission of the diabetes and did not exceed
those of the normal dog, whereas maximal rates
of oxygen consumption were associated with pe-
riods of exacerbation of the diabetes and ap-
proached or exceeded 8.0 ml, per kilogram per
minute in 3 of the experimental animals. The
mean hepatic lipid of the 6 Houssay dogs as ana-
lyzed chemically at termination was 11.9 per cent.
This figure represents a mild fatty infiltration of
the liver in contrast to the 30 to 50 per cent lipid
level reported following pancreatectomy (25).
The determination of the splanchnic bed oxy-
gen uptakes for groups of 5 pancreatectomized
dogs and their rates of total body oxygen con-
sumption appear in Table IV. These data are
compared with control measurements prior to
diabetes. Phlorhizin diabetes or simple pan-
createctomy diabetes results in significantly in-
creased rates of total body oxygen consumption,
hepatic blood flow and splanchnic oxygen con-
sumption. Whereas under control conditions the
mean splanchnic oxygen uptake represented ap-
proximately 30 per cent of the total body oxygen
consumption, this ratio exceeded 50 per cent fol-
lowing injection of phlorhizin or pancreatectomy.
This disproportionate increase in rate of liver
metabolism in diabetes mellitus was of sufficient
magnitude to account for the absolute elevation
measured in total oxygen utilization. The ad-
ministration of insulin to pancreatectomized dogs
for periods of 3 weeks, either alone or in combina-
tion with lipotropically active substances by mouth
(fresh beef pancreas 100 gm. per day or choline
chloride 2 gm. per day) was found to prevent a
measurable increase in oxygen utilization in ap-
proximately 40 per cent of the animals. The com-
bination of insulin with choline was found to be
most efficacious in this respect since the mean rate
of hepatic blood flow was unchanged and increases
in oxygen consumption were small and insignifi-
cant in choline fed dogs following pancreatectomy.
The lipid content of liver biopsies could not be
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correlated with the rate of splanchnic oxygen con-
sumption. Massive infiltration of the liver with
fat, however, was associated with consistently ele-
vated rates of splanchnic bed metabolism, but simi-
lar increases frequently were observed with only
minor increments in the level of total liver lipids.

DISCUSSION

In view of the importance of fatty acids as an
energy source in uncontrolled diabetes mellitus,
their incomplete oxidation and excretion in the
urine as ketone bodies might be expected to re-
sult in a poor economy of combustion leading to
an increased oxygen utilization under “basal”
conditions. Since the partial preliminary oxida-
tion of fats is primarily a function of the liver, at-
tention has been focused upon this organ as a
possible site of increased metabolic activity in
diabetes mellitus which might be in large part re-
sponsible for the measured increase in total body
oxygen consumption. Therefore the splanchnic
oxygen uptake in the diabetic dog has been deter-
mined and used as a measure of rate of liver
metabolism.

The foregoing experimental procedures have
indicated that the metabolic condition giving rise
to a state of ketosis whether resulting from dia-
betes mellitus of phlorhizin, alloxan, or pancreatec-
tomy etiology nearly always is accompanied by
increased rates of oxygen consumption. The
usual reduction in respiratory quotient accompany-
ing diabetes mellitus necessarily would reduce the
caloric equivalent for utilized oxygen to a slight
degree (3 per cent) in certain of the diabetic
preparations. However, the observed changes
when present were of such magnitude as to elimi-
nate this as a factor of importance. The adminis-
tration of insulin to or hypophysectomy of the
diabetic dog have been found to reduce elevated
ketone body concentrations to approximately
normal levels while tending to produce a lability
in the elevated total body oxygen utilization from
day to day that cannot be correlated always with
minor fluctuations in the chemical analyses of
blood or urine.

The possibility that one of the manifestations
of the fatty liver secondary to deficiency of pan-
creatic lipotropic substance might be an elevated
rate of oxygen consumption was suggested by the
recent publication of Kessler, Liebler, Bronfin,



OXYGEN CONSUMPTION AND DIABETES MELLITUS IN DOGS

and Sass (28) who demonstrated elevated splanch-
nic and total oxygen consumptions resulting from
fatty infiltration of the liver in alcoholic patients.
The two lipotropic agents used in this investigation
were administered to dogs in the dosage found ef-
fective in preventing fatty infiltration of the liver
by Prohaska, Dragstedt, and Harms (29). Un-
fortunately no distinct relationship was found to
exist between oxygen consumption and the fat
content of the liver since values of the former fre-
quently were elevated without appreciable liver
fat being present. However, massive infiltration
of the liver with fat invariably was associated with
considerable elevation in rate of oxygen consump-
tion. These findings are in general agreement
with those of Bogoch, Casselman, Kaplan, and
Bockus (30) who after meticulous clinical study
of hepatic function in diabetes mellitus conclude
that “no correlation could be established between
the degree of fatty metamorphosis of the liver and
any other histochemical or laboratory observation.”

CONCLUSIONS

Total body oxygen consumption persistently
increased from 20 to 50 per cent in the presence
of the diabetes mellitus induced in dogs by phlor-
hizin, alloxan or pancreatectomy; the magnitude
of the increase was associated with the severity of
the diabetes. Insulin control of alloxan diabetes
returned oxygen consumption to the normal range.
Insulin control of the diabetes following pancrea-
tectomy regularly decreased total oxygen con-
sumption but did not, except on occasion, lower
it to the prediabetic level regardless of whether
choline or beef pancreas was supplied.

Hypophysectomized pancreatectomized dogs
manifest a mild but labile diabetes mellitus with
little tendency for development of ketosis or fat
accumulation in the liver. Minimal rates of oxy-
gen utilization in a series of Houssay animals
were obtained while the diabetes had undergone
a spontaneous remission and did not exceed rates
for normal dogs under basal conditions. Periods
of diabetic exacerbation were characterized by ele-
vated rates of oxygen consumption.

The mean absolute increase in splanchnic oxy-
gen uptake in a series of pancreatectomized dogs
was found to equal or exceed simultaneously
measured increases in the total oxygen consump-
tion and thus roughly account for the elevated rate
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in total metabolism. Insulin in combination with
choline was found slightly more effective than
insulin with beef pancreas or insulin alone in its
ability to restore elevated rates of oxygen con-
sumption to normal in pancreatectomized dogs.
No direct correlation was drawn between the total
lipid content of the liver and the splanchnic oxy-
gen consumption except that massive fatty in-
filtration of the liver was accompanied by maxi-
mal elevations in splanchnic and total oxygen
utilization.
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