THE PHYSIOLOGICAL SIGNIFICANCE OF THE SECRETION OF
ENDOGENOUS INSULIN INTO THE PORTAL CIRCU-

LATION.

IV. HEPATIC UPTAKE OF GLUCOSE

DURING GLUCOSE INFUSION IN NON-
DIABETIC DOGS *

By BURTON COMBES,t REUBEN H. ADAMS, WILLIAM STRICKLAND a~p
LEONARD L. MADISON

(From the Departments of Internal Medicine, Obstetrics and Gynecology, and Swurgery, The
University of Texas Southwestern Medical School, Dallas, Texas)

(Submitted for publication February 15, 1961; accepted May 18, 1961)

Recent studies from this laboratory (1) have
shown that insulin has an immediate and pro-
found effect upon net hepatic glucose balance.
When insulin was administered at a rate (2) es-
timated to minimize the counter-regulatory re-
sponses to hypoglycemia, the decline in blood glu-
cose which ensued was largely the consequence of
a diminished hepatic release of glucose (1).

Since, under physiologic circumstances, en-
dogenous insulin secretion is stimulated by the
rising blood glucose concentration (3, 4) which
follows a carbohydrate meal, the effect of insulin
in regulating hepatic glucose metabolism is best
assessed in the presence of a glucose load.
Whether or not hyperglycemia, with its attendant
release of endogenous insulin, results in a de-
crease or cessation of hepatic glucose output has
been a controversial subject (5-13). However,
in all but one of the previous studies (5), the
conclusions were based upon inferential data,
since net hepatic glucose balance was not meas-
ured.

The present studies were undertaken to deter-
mine the effect of hyperglycemia and the con-
comitant release of endogenous insulin upon he-
patic glucose metabolism. Hyperglycemia was
produced by the intravenous infusion of glucose.
The rate of glucose administration was varied in
order to define better some of the factors that con-

* This work was supported by research grants from
the United States Public Health Service (A-4236,
H-3439), the Upjohn Company and the American Heart
Association. An abstract has been published in J. Lab.
clin. Med. 1959, 54, 799. Presented in part before the
American Diabetes Association, Miami Beach, Fla., June
11, 1960.

T Established Investigator of the American Heart
Association.

trol hepatic glucose output. Dogs with complete
end-to-side portacaval shunts were used, since
this preparation separates the circulation of the
liver from that of the remainder of the splanchnic
bed and thereby permits measurement of hepatic
rather than splanchnic glucose balance (1).

METHODS AND PROCEDURE

Twenty-two studies were performed in dogs in which
end-to-side portacaval shunts had been performed at
least 2 weeks earlier. The dogs were anesthetized with
Nembutal (25 mg per kg i.v.) 15 hours after food had
been removed from their cages. Previously they had
been maintained on a ration in which approximately 50
per cent of the total calories was derived from carbo-
hydrate, 20 to 30 per cent from protein, and the remainder
from fat. Hepatic venous blood samples were collected
through a cardiac catheter inserted deep into a hepatic
vein under fluoroscopic control. Position of the catheter
was checked at intervals during each experiment. Ar-
terial blood samples were obtained through a Cournand
needle placed in a femoral artery.

Hepatic blood flow and the concentration of glucose
in arterial and hepatic venous blood were determined at
10-minute intervals throughout the study. Hepatic blood
flow was estimated by the clearance-and-extraction
method of Bradley, Ingelfinger, Bradley and Curry (14),
with I*'-labeled rose bengal as the extractable material
(15). Blood glucose was determined in triplicate on
each blood sample by the Somogyi copper iodometric
method (16,17). The methods used in this laboratory
have been described in detail in a previous publication
(1). Hepatic glucose balance in milligrams per minute
at each 10-minute interval was calculated as the product
of the estimated hepatic blood flow and the hepatic ve-
nous-femoral arterial glucose concentration difference.

Two to four measurements of hepatic glucose output
were obtained during a control period. In 11 studies,
changes in hepatic glucose balance were then followed
during the administration of a constant infusion of glu-
cose into a hind leg vein. In some studies, after the
glucose was stopped, additional measurements were ob-
tained during the “recovery” period.
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In 11 other studies the effects of insulin, administered
prior to and during the glucose infusion, on hepatic glu-
cose balance were determined. Glucagon-free insulin?
was administered slowly by constant intravenous infusion
for 30 to 60 minutes after control measurements had
been made. Glucose was then infused, together with the
insulin, for another 60 to 80 minutes.

RESULTS
1. Effect on hepatic glucose balance

A. Glucose infusion. In each of the 11 dogs
glucose infusion produced a fall in hepatic glucose
output (Tables I and II). Within 10 minutes
mean hepatic glucose output fell from 50.7 to
27.6 mg per minute. This 46 per cent decrease
in hepatic output of glucose was associated with a
rise in mean arterial glucose concentration of
only 94 mg per 100 ml—from 82.1 to 91.5 mg
per 100 ml. By 50 minutes, mean hepatic glucose
output fell to only 1.4 mg per minute, a 97 per
cent change from the mean control value. From
60 to 90 minutes, hepatic glucose output ceased;
instead, the liver was extracting an average of
20.2 mg per minute during this time (Table I).
This represents a net conservation of glucose by
the liver of 70.9 mg per minute.

A net uptake or positive balance of glucose
across the liver was observed in 7 of the 11 dogs
(Figure 1). In the other 4 animals, although net
uptake of glucose by the liver did not occur, he-
patic glucose output fell markedly during the in-
fusion, averaging 5.3 mg per minute 90 minutes
after glucose was started, a 91.2 per cent decrease
from the mean control output of 60.5 mg per
minute,

Inspection of the data (Table I) obtained from
11 dogs suggests that a positive glucose balance
across the liver is related to the rate at which
arterial glucose concentration increased. In the
7 dogs in which net hepatic uptake of glucose was
observed, mean arterial glucose concentration in-
creased 33 mg per 100 ml by 30 minutes and 65.5
by 90 minutes after starting glucose. By con-
trast, in the 4 dogs that did not attain positive
hepatic glucose balance, arterial glucose concen-
tration increased only 10 mg per 100 ml at 30
minutes and 32.2 at 90 minutes. In general, the
more rapid rise in arterial glucose concentration in

1'We are indebted to Dr. W. R. Kirtley of the Eli
Lilly Co. for the generous supply of glucagon-free insulin.
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Fic. 1. CoOMPARISON OF MEAN CHANGES IN HEPATIC
AND ARTERIAL GLUCOSE CONCENTRATIONS, AND HEPATIC
GLUCOSE BALANCE IN DOGS DEMONSTRATING A NET HEPATIC
UPTAKE OF GLUCOSE DURING GLUCOSE INFUSION ALONE
AND DURING INSULIN AND GLUCOSE INFUSIONS. Solid
symbols used for data in dogs receiving only glucose;
open symbols for dogs receiving insulin and glucose in-
fusions. For blood glucose data, triangles refer to glu-
cose concentration in hepatic venous blood, circles to glu-
cose concentration in arterial blood.

the “uptake” dogs was attributable to the infusion
of larger glucose loads (Table I) and, more spe-
cifically, to the greater extent to which the infused
loads exceeded the control hepatic glucose output.
In considering the entire group of 11 animals, the
quantity of glucose infused per minute was 3.5 to
5.8 times greater than the control hepatic glucose
output during the 90 minutes of infusion in the
“uptake” dogs, whereas it was only 0.9 to 2.4
times greater than control hepatic glucose output
in the “non-uptake” dogs.

The mean arterial glucose concentration at
which net uptake of glucose by the liver was first
observed was 115.6 mg per 100 ml (Table III),
a value 36.3 mg higher than the mean control. A
rising arterial glucose concentration was not pre-
requisite for a positive hepatic glucose balance,
since net uptake not only continued when ar-
terial glucose concentration had reached a plateau,

but also when arterial glucose concentration was
falling (Table I, Dogs 522, 525, 610).
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TABLE 11

Changes in hepatic glucose balance from control during a glucose infusion

Decrease in hepatic glucose output from control, mg/min*

Minutes after start of glucose infusion

Dog

Mean

no. control 10 20 30 40 50 60 70 80 90 100
35 54.3 22.3 20.7 19.7 28.9 34.6 33.2 38.9 48.4 51.3
36 68.1 22.8 29.3 119 34.3 41.7 55.1 53.3 68.7 68.1
319 49.2 14.6 14.8 12.3 17.3 27.6 29.3 35.6 36.4 33.6
513 70.4 33.7 55.2 61.9 64.8 65.4 78.9 69.3 67.4 629 65.3
126 10.5 2.2 8.6 17.4 18.3 26.6 28.4 37.3 47.8 44,5 476
312 50.9 2.7 21.7 11.9 35.3 45.3 72.3 74.5 85.6
326 58.7 42.3 57.7 58.7 71.6 84.9 138.9 191.0 104.6 118.6
327 57.0 14.1 41.0 59.6 67.6 71.4 81.8 99.7 95.9 108.2
522 51.1 38.3 67.1 71.7 64.0 60.2 65.8 76.1 92.9 98.6
525 44.0 34.1 59.8 62.7 58.4 60.9 59.1 62.2 56.2 61.5
610 429 26.8 47.0 52.3 70.7 62.4 64.5 59.0 54.0 61.6
Mean 23.1 38.5 40.1 47.3 49.3 62.0 72.3 68.0 72.3
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Value for hepatic glucose balance added to control hepatic glucose output where a net uptake of glucose by the liver

was observed.

When the glucose infusion was stopped, hepatic
glucose output was usually resumed as the arterial
glucose concentration approached or reached con-
trol levels (Table I), but in none of the 6 dogs
in which hepatic glucose balance was measured
during a 30-minute recovery period did hepatic
glucose output return to control values. This was
particularly striking in 4 animals (Dogs 326, 327,
525, 610) in which hepatic glucose output aver-
aged only 7.8 mg per minute at a time when mean
arterial glucose levels had fallen to 57.3 mg per
100 ml, a value 24.6 mg below their control levels.
Indeed, in Dogs 326 and 327, net hepatic glucose
uptake was still apparent when the arterial glu-
cose level was lower than control.

B. Insulin and glucose infusions. Hepatic glu-
cose output decreased below control values in all
11 dogs during the period of glucose and insulin
infusion. Net hepatic uptake of glucose was ob-
served in 6 of the dogs. Failure of glucose infu- -
sions to raise the arterial sugar concentration to
preinsulin control values probably accounted for
the failure of the other 5 dogs to attain a hepatic
uptake of glucose. In these dogs insulin infusion
lowered mean arterial glucose concentration from
a control value of 83.4 to 59.6 mg per 100 ml.
When glucose was added to the insulin infusion,
the arterial glucose level increased to an average
peak value of only 76.5 mg per 100 ml. The de-
tailed data from the 6 animals in which hepatic

TABLE III

Comparison of the arterial glucose concentration, at which net hepatic uptake of glucose was
first observed, with control arterial glucose concentration

Glucose infusion

Insulin and glucoge infusion

Arterial glucose concentration, mg %

Net hepatic Last value Net hepatic
Dog Mean uptake first Dog Mean with insulin uptake first
no. control observed no. control alone observed
126 85.0 96.5 1,219 84.9 80.0 126.3
312 60.8 104.7 5 42.5 26.0 92.0
326 88.2 133.3 119 82.5 67.1 69.7
327 83.3 93.3 624 74.8 54.0 95.8
522 81.5 142.5 717 88.5 65.3 91.4
525 73.7 118.8 722 83.4 58.0 82.3
610 82.4 119.8
Mean 79.3 115.6 76.1 92.9
SD +8.3 +16.8 +15.6 +17.3
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HEPATIC UPTAKE OF GLUCOSE DURING GLUCOSE INFUSION

glucose uptake occurred are contained in Table
IV and Figure 1. After insulin (0.038 U per
minute) had been infused for 40 to 60 minutes,
mean control arterial glucose concentration fell
from 76.1 to 58.4 mg per 100 ml. As in previous
studies reported from this laboratory (1), this
decline in arterial glucose concentration was as-
sociated with a 52 per cent decrease in mean he-
patic glucose output—irom 45.1 to 21.6 mg per
minute. With the addition of the glucose infu-
sion, a further prompt fall in hepatic glucose out-
put, followed by a net hepatic uptake of glucose,
was observed. The magnitude of the hepatic up-
take of glucose was similar in the dogs that re-
ceived only glucose and in those to which hoth
insulin and glucose were administered (Figure 1).
The major difference between these two groups
in which a positive glucose balance across the
liver was observed was the mean concentration of
arterial glucose at which net hepatic glucose up-
take first occurred. When glucose alone was in-
fused, net hepatic uptake was noted at a mean
arterial glucose concentration of 115.6 mg per 100
ml (Table IIT) ; pretreatment with insulin lowered
this value to 92.9. Indeed. in Dog 119, net he-
patic uptake of glucose occurred at an arterial
glucose level of 69.7 mg per 100 ml, a value 12.8
mg lower than control.

The changes in hepatic glucose metabolism ob-
served in the present experiments were attributed
solely to alterations in the arterial-hepatic venous
glucose concentration differences, since hepatic
blood flow did not change significantly during the
course of these studies. The development of a
positive arterial-hepatic venous glucose concen-
tration difference, at a time when the arterial
glucose concentration was rising, cannot be at-
tributed to sampling errors, since positive glucose
balance across the liver also occurred at a time
when the arterial glucose concentration had reached
a plateau or was falling. If any error in sampling
existed, it was in the direction of underestimating
the fall in hepatic glucose output. Since in these
studies glucose was infused into a vein in the hind
limb, the concentration of glucose in inferior vena
caval blood would be higher than in blood enter-
ing or leaving the liver. Should hepatic venous
blood be contaminated by regurgitation from the
inferior vena cava, a falsely high value for hepatic
venous glucose concentration would result,
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2. Disposition of the infused glucose load

The extent to which the liver and the periph-
eral tissues contribute to the disposition of the
glucose load can be approximated from the data.
The amount of infused glucose remaining in the
glucose pool was estimated by multiplying the
change in arterial glucose concentration after glu-
cose infusion by the glucose space. For these
calculations it was assumed that the glucose space
was 30 per cent of the body weight in the dog
(1, 18, 19). That portion of the glucose load
which disappeared from the glucose pool, as a
result of a change in hepatic glucose metabolism
during the glucose infusion, was determined as the
amount by which hepatic glucose output decreased
from control values. The infused glucose not ac-
counted for either by a decrease in hepatic glu-
cose output or hy an increase in the glucose pool
was assumed to represent the increase in glucose
utilization by the peripheral tissues. Since the fil-
tered load of glucose expected at the blood sugar
concentrations obtained in these studies was less
than the glucose Tm usually observed in dogs
(20, 21), significant renal excretion of glucose
seems unlikely. Therefore, no correction was
made for possible urinary loss of glucose.

These calculated data are contained in Table V.
A mean of 13,810 mg of glucose was added to the
glucose pool during a 90-minute period of glucose
infusion. Approximately one quarter (3,290 mg)
remained in the glucose pool at the end of 90
minutes. Of the 10,520 mg which disappeared
from the glucose pool, 48 per cent could be at-
tributed to an altered hepatic glucose output and
52 per cent to an increase in peripheral glucose
utilization. The proportion of glucose accounted
for by the liver and peripheral tissues varied con-
siderably in different studies. In Dog 35, 80 per
cent of the utilized glucose was disposed of by the
liver and 20 per cent by peripheral tissues, whereas
in Dogs 319 and 610, the liver accounted for only
25 per cent and peripheral tissues for 75 per cent
of the glucose utilized. The extent to which the
liver and the peripheral tissues utilized glucose
was related to the load of glucose infused and,
more specifically, to the ratio of glucose infused
per minute to control hepatic glucose output.
When the ratio of glucose load to initial hepatic
glucose output was low, a change in hepatic glu-
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TABLE V
Disposition of infused glucose

Disposition of glucose utilized

Gl infused . i h Dec'reaie in Perivheral® Fraction of
in90 minutes ~ glucose pool = Clucose utilized  HePELE ENCOse e comted o by
Dog  Weight
Peri-
pheral
Total Total Total Total Total Liver tissues
no. kg mg/10 kg mg mg/10 kg  mg mg/10 kg mg mg/10 kg  mg  mg/10 kg mg
35 16.8 2,680 4,500 785 1,315 1,895 3,185 1,520 2,555 375 630 0.80 0.20
36 25.9 3,470 9,000 1,460 3,790 2,010 5,210 1,355 3,510 660 1,700 0.67 0.33
126 19.1 4,190 8,000 1,405 2,685 2,785 5,315 1,090 2,095 1,685 3,220 0.39 0.61
319 17.2 5,230 9,000 430 745 4,800 8,255 1,190 2,045 3,610 6,210 0.25 0.75
513 19.0 6,840 13,000 1,200 2,275 5,640 10,725 2,780 5,275 2,870 5,450 0.49 0.51
327 25.9 6,950 18,000 1,720 4,460 5,230 13,540 2,260 5,850 2,965 7,690 0.43 0.57
312 12.4 7,250 9,000 3,240 4,010 4,010 4,990 2,800 3,470 1,225 1,520 0.70 0.30
610 25.0 8,560 21,150 1,090 2,730 7,470 18,420 - 1,870 4,670 5,500 13,750 0.25 0.75
326 17.3 10,400 18,000 2,570 4,625 7,830 13,375 4,670 8,095 3,050 5,280 0.60 0.40
525 20.0 10,575 21,150 1,170 2,335 9,405 18,815 2,475 4,945 6,935 13,870 0.26 0.74
522 18.2 11,600 21,150 3,800 6,940 7,800 14,210 3,210 5,860 4,590 8,350 0.41 0.59
Mean 206 6,710 13,810 1,595 3,290 5115 10,520 2,120 4,360 2,990 6,160 048  0.52

* Represents increase in peripheral utilization of glucose above control values.

cose output was of major importance in the dis-
position of a glucose load. With increasing glu-
cose loads, the peripheral tissues played a propor-
tionately greater role.

DISCUSSION

It is apparent that the liver responds promptly
and significantly to a glucose load. Within 10
minutes after beginning an intravenous infusion
of glucose in 11 dogs, mean hepatic glucose output
fell 46 per cent. The mechanisms responsible for
this change are apparently sensitive to very small
increments of blood sugar, since this 46 per cent
decrease in hepatic glucose output was associated
with a rise in mean arterial glucose concentration
of only 9.4 mg per 100 ml. As glucose infusion
continued, a progressive decrease in hepatic glu-
cose output ensued in all the dogs studied, and in
7 dogs a positive glucose balance across the liver,
or net hepatic uptake, was observed.

Theoretically, changes in hepatic glucose bal-
ance during the administration of a glucose load
may be the consequence of one of the following :
first, hyperglycemia per se, in the absence of in-
sulin; second, hyperglycemia in the presence of a
fixed amount of insulin; finally, increased secre-
tion of endogenous insulin secondary to arterial
hyperglycemia.

The first of these possibilities is best assessed
in the insulin-deficient diabetic. In both the dia-
betic human (22-24) and diabetic dog (25, 26),

hepatic glucose output was normal or increased
despite the presence of arterial hyperglycemia. A
decreased hepatic glucose output or net hepatic
uptake of glucose was not observed. By contrast,
with comparable arterial glucose concentrations,
a marked decrease in hepatic glucose output and
significant hepatic uptake of glucose are regularly
observed in normal dogs. Furthermore, the re-
sponse of the liver to a glucose load was impaired
in dogs made diabetic by partial pancreatectomy
and administration of alloxan (26). Thus, the
arterial glucose concentration at which the liver
stopped putting out glucose and started taking it
up was elevated ; the more severe the diabetes, the
higher the blood glucose level required for hepatic
glucose uptake ; finally, elevation of blood glucose
to as high as 500 mg per 100 ml did not result in
hepatic uptake of glucose in some dogs. These
observations indicate that hyperglycemia per se,
in the absence of insulin, cannot explain the al-
terations in hepatic glucose balance observed in
the present study.

The possibility that hyperglycemia in the pres-
ence of a fixed amount of insulin is responsible
for the changes in hepatic glucose balance was
not assessed in the present studies, since en-
dogenous insulin secretion probably increased dur-
ing glucose loading (3, 4). Nevertheless, this
possibility was suggested by the studies of Soskin,
Allweiss and Cohn (27), based on glucose toler-
ance tests in dogs. In the studies of Soskin and
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colleagues, a constant blood sugar was maintained
in depancreatized dogs by the constant infusion
of both insulin and glucose for at least 1 to 2
hours. When these infusions were continued, the
subsequent injection of an additional glucose load
resulted in ‘‘normal” glucose tolerance tests in
most of these animals. Since further secretion of
endogenous insulin was impossible, an increase in
insulin secretion was not considered necessary
for the normal disposition of a glucose load.
When the pancreas was left intact but the liver
removed, glucose loading did not result in nor-
mal glucose tolerance, findings which supported
their conclusions. Although Soskin's experiments
reveal that normal glucose utilization is dependent
upon insulin, they do not prove that it is depend-
ent upon the presence of a fixed amount of in-
sulin. Despite the administration of insulin by
constant infusion, it is possible that the rate
of infusion exceeded the rate of degradation.
Therefore, insulin may have been accumulating.
Since plasma insulin concentrations were not
measured, progressively increasing insulin levels
were not excluded. Furthermore, failure to at-
tain normal glucose tolerance in hepatectomized
animals with an intact pancreas does not exclude
increased insulin secretion as an important factor
in obtaining normal glucose tolerance. Soskin’s
own observations, and those of the present study,
indicate that the liver accounts for a significant
portion of a glucose load. It seems reasonable
that removal of this quantitatively important in-
sulin-responsive organ, even in the presence of
increased amounts of insulin, accounted for the
impaired glucose tolerance observed by Soskin
and co-workers in their hepatectomized dogs. As
Park and associates have shown (28), the rate of
glucose transport from extracellular fluid into
muscle cells is dependent upon extracellular glu-
cose concentration. In the presence of insulin, the
rate of glucose transport is increased for any given
glucose concentration. It is likely that a signifi-
cant number of glucose transport sites had been
affected by insulin during the prolonged insulin
infusion in Soskin and co-workers’ studies (27).
Under this circumstance, normal glucose disap-
pearance after glucose loading would be expected.

There appears to be considerable evidence to
support the view that increased secretion of en-
dogenous insulin, secondary to arterial hypergly-
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cemia, accounts for a decrease in hepatic glucose
output and subsequent net hepatic uptake of glu-
cose. It has been demonstrated that insulin is re-
leased promptly into pancreatic venous blood af-
ter administration of glucose (3, 4). The slow
intravenous infusion of insulin produces a prompt
fall in hepatic glucose output, even within 10
minutes (1). In the present studies insulin ad-
ministration prior to glucose loading resulted in
a lowering of the arterial glucose concentration at
which net hepatic uptake of glucose was observed.
The impaired response of the liver to glucose in-
fusion in diabetic dogs is rapidly improved toward
normal by insulin administration (26). In the
presence of increased insulin secretion, the level
of blood sugar probably also determines the ex-
tent to which the liver and peripheral tissues dis-
pose of a glucose load. Nevertheless, significant
insulin effects on the liver, independent of blood
glucose levels, were observed in the present stud-
ies. Thus, in Dogs 522, 525 and 610, net hepatic
uptake of glucose was as great or greater at a time
when the blood glucose concentration was falling,
and the arterial glucose level was lower than it
was earlier in the study when arterial blood sugar
was rising. Indeed, in Dog 119, pretreated with
insulin, a positive glucose balance across the liver
was observed at arterial glucose concentrations
even lower than control. Finally, the persistence
of a decreased hepatic glucose output, despite a
fall in arterial glucose concentration to values
lower than control during the recovery period
in four of the dogs in these studies (326, 327, 525,
610), suggests a continuing hepatic action of en-
dogenous- insulin, previously secreted during the
period of hyperglycemia.

A number of previous investigations has been
concerned with the effects of glucose loading on
hepatic glucose metabolism. The changes in he-
patic glucose balance observed during glucose in-
fusion in our studies in the dog closely resemble
the findings of Soskin, Essex, Herrick and Mann
(5). Their observations, like our own, are based
upon direct measurements of hepatic blood flow
and the concentration differences of glucose in
blood entering and leaving the liver. Most of
their data were obtained in acutely operated dogs
given a single rapid intravenous injection of glu-
cose. In only two of their studies was glucose ad-
ministered by constant intravenous infusion.
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Studies in which glucose concentration in ar-
terial, portal and hepatic venous blood was de-
termined, without concomitant measurements of
hepatic blood flow, also provide evidence for, but
no quantitation of, a decrease in hepatic glucose
output and net hepatic glucose uptake during glu-
cose feeding (6) and infusion (7). Bondy,
James and Farrar (29), and Myers (23), utilizing
hepatic vein catheterization in man, found evi-
dence of glucose retention in the splanchnic vis-
cera after the intravenous administration of glu-
cose. In such studies, however, as Bondy has
pointed out, it is impossible to differentiate changes
in hepatic glucose metabolism from over-all
splanchnic metabolism.

Whereas the above results are in keeping with
the findings of the present experiments, studies
based on two different isotope dilution techniques
are either inconclusive or fail to detect a hepatic
response. In the single injection method used by
both Searle and Chaikoff (8) and Reichard,
Friedmann, Maass and Weinhouse (9), changes
in the specific activity of plasma glucose were fol-
lowed after administration of a tracer dose of glu-
cose-C'*,  The exponential decline in specific ac-
tivity during the control period was superseded
by a “plateau” after the administration of an un-
labeled glucose load. This change in plasma glu-
cose specific activity was attributed to a cessation
of hepatic glucose output (8, 9). Berson, Weisen-
feld and Pascullo conducted similar experiments
in rabbits (10) and have challenged the validity
of this interpretation. On theoretical grounds,
these authors concluded that “a short period in
which the specific activity in the blood remains
constant following unlabeled glucose injection is
an obligatory consequence of the kinetics of glu-
cose mixing and distribution even if there is no
inhibition of glucose production.” The studies
of Steele, Bishop and Levine (11) also show that
the kinetics of mixing of injected glucose may re-
sult in a plateauing of glucose specific activity
under circumstances in which a decrease in hepatic
glucose output could not have occurred. In their
studies in eviscerated animals, hepatic glucose
output was replaced by a constant infusion of un-
labeled glucose. Plateauing of the specific activity
of plasma glucose was observed in these animals
after administration of a glucose load, even though
the constant infusion of glucose was maintained.

COMBES, ADAMS, STRICKLAND AND MADISON

To overcome these objections to the single in-
jection technique, the priming dose-constant in-
fusion method of administering glucose-C'* has
been utilized by Steele and Marks in two ex-
periments (12) and by de Bodo and associates in
two experiments (13). No evidence of a de-
crease in hepatic glucose output after glucose
loading was noted in their studies. As was
pointed out in a previous publication (1), a ma-
jor drawback to the isotope dilution studies is
that they can measure only new glucose production
by the liver. Such techniques cannot measure
hepatic glucose utilization or differentiate it from
peripheral glucose utilization. The failure of the
priming dose-constant infusion studies to detect
an alteration in hepatic glucose output after glu-
cose loads, therefore, cannot be considered as
unequivocal evidence that such an effect does not
occur.

The data accumulated in this and previous stud-
ies (1) indicate the presence of a sensitive, in-
tegrated system geared to the metabolism of in-
gested carbohydrate by the liver. The organi-
zation of this system appears to be well suited
structurally by virtue of the anatomical relation-
ships of the gastrointestinal tract, pancreas, and
liver to the portal vein. Thus, glucose absorbed
from the intestine passes into portal venous blood
where it mixes with insulin released from the
pancreas. Glucose and insulin, in concentrations
higher than those possible for any other organ, are
then carried directly to the liver, a situation which
appears to be ideal for the hepatic metabolism of
glucose. In the present studies, conducted in
dogs with end-to-side portacaval shunts, not only
did the insulin secreted in response to the glu-
cose load bypass the liver initially, but the same
was true of the glucose that was infused into a
peripheral vein. Under these circumstances, the
liver was exposed to relatively lower concentra-
tions of both insulin and glucose than would have
occurred after the oral ingestion of a carbohydrate
load in intact animals. Nevertheless, the total
quantity of glucose accounted for by an alteration
in hepatic glucose metabolism was appreciable.
Indeed, of the glucose which disappeared from
the glucose pool, almost as much was accounted
for by a change in hepatic glucose metabolism as
by an increase in peripheral glucose utilization.
Normally, when the liver alone is exposed to the
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high concentrations of glucose and insulin present
in portal blood after feeding, it would seem reas-
onable to expect the liver to account for an even
greater proportion of a glucose load.

These remarks should not be construed to mini-
mize the importance of the peripheral tissues in
the disposition of a carbohydrate load. Previous
studies from this laboratory have indicated that
the proportion of the secreted insulin which is
bound to the liver during the initial transhepatic
circulation continually decreases when the intact
subject receives carbohydrates (30, 31). The
peripheral tissues are thereby supplied with a pro-
gressively increasing proportion of the secreted
insulin. Indeed, in the present studies with pro-
longation of the glucose infusion and with larger
carbohydrate loads, the peripheral tissues played
a proportionately greater role in the disposition of
this infused carbohydrate. It should be empha-
sized that both the liver and the peripheral tissues
play important roles in carbohydrate utilization.
Furthermore, these roles are directly affected by
endogenous insulin, which under physiologic con-
ditions is secreted in response to hyperglycemia.

SUMMARY AND CONCLUSIONS

The effect of glucose infusions upon hepatic glu-
cose balance was appraised in dogs with porta-
caval shunts. This preparation was chosen since
it permits determination of changes in hepatic
rather than in splanchnic glucose metabolism.

The data indicate that the liver responds to a
glucose load first by a decrease in net glucose out-
put, and then by an actual uptake or storage of
glucose. These changes occur quickly and are ap-
parently mediated by endogenous insulin which
is secreted in response to a rising blood sugar.
Quantitatively, these hepatic effects are significant,
the liver accounting for almost as much of the
infused glucose load as peripheral tissues.
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