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Abstract

In conscious dogs, phentolamine infusion significantly increased
fasting portal vein insulin, glucagon, and decreased net hepatic
glucose output and plasma glucose. Propranolol significantly de-
creased portal vein insulin, portal flow, and increased hepatic
glucose production and plasma glucose. Phentolamine, propran-
olol, and combined blockade reduced glucose absorption after
oral glucose. a, ft, and combined blockade abolished the aug-
mented fractional hepatic insulin extraction after oral glucose.
Despite different absolute amounts of glucose absorbed and dif-
ferent amounts of insulin reaching the liver, the percent of the
absorbed glucose retained by the liver was similar for control
and with a- or ,B blockade, but markedly decreased with combined
blockade. Our conclusions are: (a) phentolamine and propranolol
effects on basal hepatic glucose production may predominantly
reflect their action on insulin and glucagon secretion; (b) after
oral glucose, a- and fi-blockers separately or combined decrease
glucose release into the portal system; (c) net hepatic glucose
uptake is predominantly determined by hyperglycemia but can
be modulated by insulin and glucagon; (d) direct correlation does
not exist between hepatic delivery and uptake of insulin and net
hepatic glucose uptake; (e) alterations in oral glucose tolerance
due to adrenergic blockers, beyond their effects on glucose ab-
sorption, can be, to a large extent, mediated by their effects on
insulin and glucagon secretion reflecting both hepatic and pe-
ripheral glucose metabolism.

Introduction

Numerous studies have shown that glucagon and insulin are the
most important factors regulating basal glucose production (1,
2). Adrenergic mechanisms, although potentially very effective,
may not normally play an important role in modulating basal
glucose production (3, 4) or during hyperglycemia after oral glu-
cose (5). However, under some conditions, when catecholamine
concentrations are elevated (6-8) or other mechanisms are de-
ficient (3, 9, 10), they may assume an important role that may
be independent of insulin and glucagon. On the other hand,
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many studies have shown that phentolamine (blocker of a-ad-
renergic receptors) or propranolol (blocker of f3-adrenergic re-
ceptors) affect insulin and glucagon secretion (1 1-13). Effects of
such adrenergic blockade in the basal state and during hyper-
glycemia after intravenous glucose infusion have not always been
consistent. Nevertheless, it is generally accepted that phentol-
amine stimulates insulin (12, 13) and glucagon (13) secretion,
whereas propranolol inhibits insulin secretion (12, 14). During
hyperglycemia produced by intravenous glucose, propranolol
reduced while phentolamine had no effect on the increment of
insulin secretion (15). In the basal state phentolamine and pro-
pranolol do not alter levels of epinephrine (3, 14). The increases
in plasma norepinephrine after phentolamine, but not propran-
olol (3) and after water, mannitol, or xylose ingestion (5) were
not associated with any change in hepatic glucose production
or glucose levels unless insulin and/or glucagon levels were also
altered (3, 13). The effects of propranolol and phentolamine,
separately or combined, on hepatic glucose balance after oral
glucose have not been examined previously. This was one aim
of the present study; we also evaluated their effects on hepatic
extractions of insulin and glucagon, glucose absorption, portal
plasma flow, and total disposal of the glucose load. By changing
the endogenous insulin and glucagon secretions, we were able
to investigate their role in the regulation of net hepatic glucose
uptake after oral glucose. The data indicate that insulin levels
do not play an important role in modulating net hepatic glucose
uptake, beyond their important effect on net hepatic glucose
production, yet they do affect the total disposal of glucose.

Methods

Animals and surgery
Healthy adult male and female mongrel dogs weighing 16-34 kg were
anesthetized with intravenous sodium phenobarbitol (25 mg/kg body
wt) after an overnight fast (18 h). After a midline incision, pulsed range-
gated ultrasonic Doppler flow probes were placed around the portal vein
and the hepatic artery as described previously (16). Sampling microbore
siliconized plastic catheters (Norton, Plastic and Synthetic Division, Ak-
ron, OH) were positioned in the portal vein, femoral artery, and left
commonhepatic vein as reported previously (17). The portal vein sam-
pling catheter lay immediately below the portal vein bifurcation. Left
common hepatic vein catheterization was done through the superficial
jugular vein using subdiaphragmatic control by hand. The tip of the one
side-hole (3 mmfrom the tip) catheter was advanced 1.5-2.0 cm into
the hepatic vein from the edge of the liver. Another microbore siliconized
plastic catheter was inserted into the external jugular vein for the infusion
of the adrenergic blockers. The free ends of the catheters and the wires
of the Doppler flow probes were threaded through a long needle, which
was routed subcutaneously to the back of the dog's neck and pushed out
through the skin around the midline 5-10 cm below the base of the
skull. Each catheter was flushed with heparin sodium (50 U/ml) and the
ends were then closed with short stainless wire plugs. The catheters were
flushed daily with 2 ml heparinized saline (50 U/ml) to prevent throm-
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bosis. After at least 2 wk of recovery from surgery, experiments were
done after an overnight fast in conscious, unrestrained dogs. The order
of each experiment was random with an interval of at least 7 d between
them. Experiments were done only on animals whose hematocrits were
>30% and who appeared in healthy condition with a good appetite and
normal stools.

Phasic and mean control aortic blood pressure were measured with
a Statham P23 db pressure transducer (Statham Instruments, Inc., Oxnard,
CA) connected to the arterial catheter. The blood pressure did not change
significantly throughout each experiment, except for an initial transient
increase with phentolamine and decrease with propranolol and an initial
transient increase with the ingestion of glucose. Blood samples for glucose,
insulin, and glucagon were obtained simultaneously from the femoral
artery, portal vein, and hepatic vein, with continuous measurement of
portal and hepatic vein blood flows.

Experimental procedures
Protocol I: control oral glucose group. In nine dogs, after a 30-min control
period, 1.0±0.1 g/kg body wtglucose (10% solution) was consumed within
1-2 min. Blood samples were obtained at -30, -20, -10, 0, 10, 20, 30,
45, 60, 75, 90, 105, 120, 150, and 180 min.

Protocol II: phentolamine and oral glucose group. In 10 dogs after a
30-min control period (-60 to -30 min), phentolamine (Regitine; CIBA
Pharmaceutical Company, Summit, NJ) was infused into the external
jugular vein at a rate of 5 usg/kg per min from -30 to 120 min after a
priming dose of 2 mgat -30 min. Oral glucose (1.0±0.1 g/kg) was con-
sumed within 1-2 min at 0 time. Samples of blood were obtained at
-60, -50, -40, -30, -20, -10, 0, 10, 20, 30, 45, 60, 75, 90, 105, 120,
150, and 180 min.

Protocol III: propranolol and oral glucose. In 10 dogs after a 30-min
control period (-60 to -30 min), propranolol (Inderal-Ayerst Labora-
tories, Inc., NewYork, NY) was infused into the external jugular vein
at a rate of 7 Ag/kg per min from -30 to 120 min after a priming dose
of 4 mg at -30 min. Glucose (1.0±0.1 g/kg) was ingested within 1-2
min at 0 time. Blood samples were obtained as in the phentolamine
group.

Protocol IV: combined a- and ,8-blockade and oral glucose. In eight
dogs after a 30-min control period (-60 to -30 min), phentolamine and
propranolol were infused together at the same rates as in protocols II
and III, respectively, from -30 to 120 min after priming doses as above.
Glucose (1.0±0.1 lg/kg) was ingested within 1-2 min at 0 time. Blood
samples were obtained as in protocol II.

Analysis
Blood flow was measured with an ultrasonic range-gated pulsed Doppler
flow meter designed by Hartley et al. (18, 19) and as described elsewhere
(16). The blood flow measurements were corrected to plasma flow based
on hematocrits obtained every 30 min since glucose, insulin, and glucagon
were measured in plasma. Blood samples were collected in chilled tubes
containing 500 U Trasylol (FBA Pharmaceutical, Inc., NewYork) and
1.2 mgEDTA/ml of blood. Plasma immunoreactive insulin was assayed
using dextran-coated charcoal (20). Plasma immunoreactive glucagon
was assayed with Unger's 30K antibody (21). Plasma glucose was mea-
sured by a glucose autoanalyzer (Beckman Instruments, Inc., Fullerton,
CA), using a glucose oxidase method.

Calculations
The flux of glucose and hormones in each vessel was determined by
multiplying plasma flow by plasma concentration. Hepatic vein plasma
flow was the sum of the plasma flows in the portal vein and hepatic
artery. The amount of glucose and hormones presented to the liver was
the sum of the contribution from the portal vein and hepatic artery
(concentration X flow). The amount leaving the liver was the product
of hepatic vein concentration times hepatic vein plasma flow. The frac-
tional hepatic extraction of hormones was calculated according to the
formula: [hormone presented to the liver - hormone leaving the liver]
X 100/hormone presented to the liver.

The calculation of the mean value of the hepatic extraction of hor-
mones was based on the percentage of hormones extracted in each in-
dividual dog and not the meanamounts of hormones reaching and leaving
the liver that are presented in the figures.

The absorption of glucose into the portal system was calculated ac-
cording to the formula: [(portal vein glucose - arterial glucose) X portal
flow]/body wt.

A positive result indicates net absorption into the portal system, while
a negative one indicates extra hepatic splanchnic glucose uptake. Total
absorption was the area above the zero line over 180 min. The net hepatic
glucose balance was determined as follows: [(glucose leaving the liver)
- (glucose presented to the liver)]/body wt.

A positive balance indicates hepatic glucose output, whereas a negative
one connotes hepatic glucose uptake. Total net hepatic glucose uptake
was the integrated area below the zero line from the time net hepatic
uptake occurred until the time it ceased. Net splanchnic glucose balance
was calculated by the following formula: [(hepatic vein glucose - arterial
glucose) X hepatic flow]/body wt.

Net residual or renewed endogenous glucose output was calculated
as follows: [(net hepatic glucose uptake + net splanchnic glucose output)
- (net absorption)]/body wt.

Positive values of net hepatic glucose uptake were used for this cal-
culation. The data are presented as means±SEM. The basal value was
the mean±SEMofthe four values obtained from -30 to 0 min in protocol
I, whereas in protocols II, III, and IV the basal values were obtained
from -60 to -30 min. The subsequent three values from -20 to 0 min
served in those groups as a control period for effects of the a and (3
blockers alone. Analysis of variance for repeated measurement was used
for statistical analysis of the fluctuations within a group from the basal
value or the period of infusion of the blockers alone. Differences in mean
values between groups were detected by the unpaired t test. P values
< 0.05 were considered to be significant.

Results

Plasma flows. Basal portal vein plasma flow was 16.2±0.6 ml/
kg per min in all four groups (Fig. 1). The hepatic artery plasma
flows were 4.4±0.3 ml/kg per min and the hepatic vein plasma
flows were 20.5±0.7 ml/kg per min. The differences in the values
of all four groups in all the blood vessels were not statistically
significant. Phentolamine infusion and combined blockade had
no significant effect on flows in any of the three vessels, while
propranolol suppressed portal vein plasma flows from 15.6±1.8
to 14.1±1.7 ml/kg per min. The significant increase in portal
vein plasma flow associated with oral glucose was markedly di-
minished by phentolamine, propranolol, and the combined
blockade. In the propranolol group, portal vein plasma flow did
not exceed the basal value, while with combined blockade portal
and hepatic vein plasma flows decrease significantly below basal
at 75 min. The hepatic artery plasma flows did not change sig-
nificantly from the basal state after oral glucose with or without
the a or (3 blockers, separately or combined.

Plasma glucose concentrations. Hepatic vein glucose con-
centrations significantly exceeded both the arterial and portal
vein glucose levels during the basal period (Fig. 2). The average
values of all four groups were 91±1, 82±2, and 81+2 mg/100
ml in the hepatic vein, artery, and portal vein, respectively. The
infusion of phentolamine alone decreased plasma glucose levels.
In contrast, the glucose levels were significantly increased during
the infusion of propranolol alone (12 mg/100 ml in the hepatic
vein, 7 mg/100 ml in the artery, and 5 mg/100 ml in the portal
vein). A similar effect to that of propranolol was observed with
the infusion of both blockers. After the administration of oral
glucose, the glucose concentration increased significantly above
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Figure 1. The changes in plasma flow of the portal vein, o; hepatic
vein, 0; and hepatic artery, &; during the basal state ± phentolamine
or propranolol, separately or combined, and after oral glucose admin-
istration ± phentolamine or propranolol separately or combined. Con-
trol oral glucose (A), + phentolamine (B) + propranolol (C) + com-

basal in all three vessels in all four groups. In the control group
(group I) the portal glucose concentration increased to a peak
value of 183±14 mg/l00 ml at 30 min, similar to 197±14 mg/
100 ml at 30 min in group II, 196±9 mg/100 ml in group III at
45 min, and 217±22 mg/l00 mg in group IV at 45 min. In the
control group plasma glucose levels returned to basal at 137±12
min, at 135±13 min in the propranolol group, and significantly
earlier at 93±6 min with phentolamine. Combined blockade
with oral glucose resulted in the most delayed return to basal at
154±12 min. These values were calculated based on the time
that glucose returned to basal in each individual dog and not by
the average concentrations shown in Fig. 2.

Net glucose release into the portal system. During the basal
state there was net uptake of glucose by the extrahepatic
splanchnic tissues of 0.4±0.1 mg/kg per min in all four groups
(Fig. 3). This uptake accounts for 21%of the net hepatic glucose
production in the basal state (Fig. 4). Immediately after oral
glucose administration, net glucose absorption into the portal
system occurred, which throughout the experiment, was greater
in the control group than in groups II, III, and IV. Of the total
glucose ingested in the control group, 77±4% was released into
the portal system during the ensuing 180 min. At this time an

average of 0.8±6 mg/kg per min glucose was still being absorbed.
Only 54±3% of the glucose load was absorbed into the portal
system in the presence of phentolamine and at 180 min 0.4±0.3
mg/kg per min glucose was still being absorbed. With propranolol
59±6% of the load appeared in the portal vein and the absorption

(+pvapmn)* ow (7#gkg *,)
U Oral MOOte

0-C Portal Vein

0-C HpUpri Vein
&h-. Arfary

N=6
* a p<0.05

-3 U 30 90 90 lU 150 151

Thm Ainnt")

bined blockade (D). Circled symbols represent significant difference
from the basal state in each experiment, P < 0.05. Closed symbols in-
dicate significant difference from the basal period of infusion of the a-

and #-blockers, separately or combined, and before the administration
of oral glucose, P < 0.05.

ceased at 150±9 min (Fig. 3). With combined blockade 62±5%
of the glucose load was absorbed and at 180 min 0.5±0.5 mg/
kg per min was still released into the portal system.

Net hepatic and splanchnic glucose balance. The basal net
hepatic glucose production of all four groups averaged 1.9±0.2
mg/kg per min (Fig. 4). The net splanchnic glucose balance was

0.4±0.1 mg/kg per min less. The infusion of phentolamine de-
creased glucose output from 1.7±0.2 to 1.3±0.3 mg/kg per min.
Although statistically this is not significantly different, during
the same period the plasma glucose levels in all three vessels
decreased below basal concentrations (Fig. 2). In contrast, pro-
pranolol infusion significantly increased net hepatic glucose
production from 1.7±0.2 to 2.5±0.4 mg/kg per min, commen-

surate with the increase in plasma glucose (Fig. 2). Combined
blockade increased net basal glucose output from 2.4±0.2 to
2.9±0.4 mg/kg per min, consistent with the significantly in-
creased plasma glucose levels (Fig. 2). The splanchnic glucose
balance changed parallel to the hepatic glucose production during
the infusion of the adrenergic blockers alone (Fig. 4). After the
administration of oral glucose the liver rapidly changed from
net output to net uptake in all four groups (shaded area in Fig.
4). The magnitude of net hepatic glucose uptake was greater in
the control oral glucose group with a maximal value of -4.4±0.6
mg/kg per min at 45 min, compared with -2.4±0.7 and
-2.7±0.5 mg/kg per min in groups II and III, respectively. The
lowest net uptake was observed with the combined blockade,
-1.1±0.6 mg/kg per min. Overall, 40±6% of the glucose that

Effects of Alpha and Beta Adrenergic Blockade on Hepatic Glucose Balance 1359

A 32

.E 24-

E

aI

.Lw;alNzq



A 1Orkwe

1 200-

I 150-

1 120
a

I .

&I .
-30 0 30 e0 90 120 150

Time (minutes)

C I nid 7 pgimn
U OndGluos

240

g 200

I160

1 120

aS

B Sp
* 0SGkuco

0-0 PoWVin
a--a Heptk Vein

Arlery
I Men± SEM

N=9
SEA p<0.05

8 200

1 160
iso

I
120

a.e

0-0 Porte Vein
D--C Hetic Win
6-- Artery

* Mean ± SEM
N=10

©@®p<O.OS
SEA p<0.05

D

a,

v

4
Pt-I-I
L
-e0 -30 0 30 e0 90 120 150 tet

Time (miut"e)

2401

200[

1601

0-o Portal Vein
0--C Hptlc Vein
6-6 Artery

I MeniSB
N=10

em' p<0.0

-60 -30 0 30 60 90 120 150 10
Time (minutes)

PtI an (Seyg//mn) + Propranld (7Tughnln)l
0-0 Portal Vein
°0--- Hapetic Vein
fr-c Artery

i Mo ± SEM

N=S
@§@p<0.05
S a * p<0.05

120-

-0 -0 0 Ti 60 90 120l(01t0

Time (minutes)

Figure 2. The changes in plasma glucose levels in the portal vein; o; hepatic vein, o; and artery, A; during the basal state ±
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combined blockade (D). Circled and closed symbols as in Fig. 1.
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was absorbed into the portal system was taken up by the liver

in the control group, not significantly different from the 34±6%

that was retained by that organ in group II or 43±6% during the

infusion of propranolol. However, combined adrenergic block-

ade significantly reduced the portion of the absorbed glucose

removed by the liver to 13±4%. Net hepatic glucose uptake

ceased at 139± 16 min in the control group, at 145+ 1 0 min with

propranolol, at 105± 10 min in the presence of phentolamine,

and at 90±12 with combined blockade. The average times in

groups II and IV are significantly earlier compared with group

III. When the comparison is based on the average uptake of all

the dogs in a group as shown in Fig. 4, hepatic glucose uptake

ceased significantly earlier in group II and IV than in both I and

III. Net splanchnic glucose balance increased significantly above

baseline after the administration of the oral glucose in all groups

(Fig. 4). The splanchnic glucose balance was the difference be-

tween the amount of glucose absorbed and the amount taken

up by the liver as long as net hepatic glucose uptake took place

(Table I). There was no residual glucose output from an endog-

enous, glucose source and the basal glucose production was sup-

pressed toO0 in groups I, II, and III. Endogenous residual glucose

output ceased later only in the presence of both blockers and

resumed earlier as with a-blocker alone, consistent with the lower

total and lower magnitude of the net hepatic glucose uptake in

this group (IV). Resumption of endogenous glucose output oc-

curred despite continuing glucose absorption in the control, a-

blocker, and combined blockade groups but not in the (3-blocker

group. Thus, the glucose released from the splanchnic bed, after

net hepatic glucose uptake ceased, contained both endogenous

and exogenous glucose in these three groups. Since the output

of glucose in the (3-blocker group resumed after glucose absorp-

tion ceased, the source in terms of net balance in this group was

endogenous only.

Plasma insulin levels and balance across the liver. Basal portal

vein plasma insulin levels were similar in all four groups, 31±5

AiU/ml, 37±6, 36±6, and 35±6 ,iU/ml in the control, a- and (3-

adrenergic and combined a- and (3-blockade groups, respectively

(Fig. 5). The infusion of phentolamine for 30 min significantly

increased portal insulin to an average of 78±13 MU/ml, whereas

propranolol significantly decreased it to 12±2 AU/ml. Portal

vein plasma insulin did not change after combined a- and (3-

blockade. Parallel and significant changes occurred in the hepatic

vein and arterial insulin levels during the infusion of the adren-

ergic blockers (Fig. 5). After oral glucose the portal vein insulin

levels significantly increased above basal to a peak value of

173±52 AU/ml at 30 min in the control group and then returned

to basal at 180 min. During the infusion of phentolamine, oral

glucose administration caused a greater increase than in the

control group throughout the experiment. The portal vein peak

value at 30 min was 363±87 AU/ml, whereas the arterial peak

was 106±25 AU/ml compared with 48±13 AU/ml in the control

group. Oral glucose administration combined with the infusion

of propranolol caused significantly smaller increments in insulin

levels in all three blood vessels which occurred later as compared

with both the control and a-blocker groups. The portal vein

insulin peaked at 86±19 AU/ml at 75 min, which is lower and
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Table I. Net Endogenous Glucose Output

Oral glucose Oral glucose Oral glucose
Time Oral glucose + phentolamine + propranolol + combined blockade

min mg/kg per min

-60 to -30 1.7±0.2 1.7±0.2 2.4±0.2
-30 to 0 1.9±0.2 1.3±0.3 2.5±0.4* 2.9±0.4

10 -0.1 0 0 0.8
20 0 0 0.1 0
30 0.3 0.3 0.2 1.0
45 -0. 1 -0. 1 -0.2 0.6
60 0.3 0 0 0
75 -0. 1 -0.2 0 -0.2
90 0 0.5t 0 -0.1

105 -0.1 0.2 -0.1 0.5t
120 0.1 0.6 0 1.0
150 -0.1 0.9 0.1 1.6
180 0.7$ 1.0 1.0t 0.0

Phentolamine (5 gg/kg per min) or propranolol (7 sg/kg per min) was infused intravenously from -30 to 120 min. Oral glucose (1 g/kg) was
administered at 0 min. The endogenous glucose output in terms of net balance was calculated by the equation: (Net hepatic glucose uptake + net
splanchnic glucose output) - net glucose absorption. * Indicates significant difference from basal, P < 0.05. t Indicates the time net endoge-
nous glucose output resumed.

later than in groups I and II (Fig. 5). Combined a- and /-ad-
renergic blockade after oral glucose diminished the insulin in-
crement as compared with control; however, this difference was
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with group II. The amounts of insulin reaching the liver during
the basal state were similar in all four groups, 0.5-0.7 mU/kg
per min (Table II). The infusion of phentolamine significantly
increased it to 1.2±0.2 mU/kg per min whereas propranolol
significantly decreased it to 0.17±0.02 mU/kg per min. No sig-
nificant change occurred with the combined infusion of a- and
(3-blockers. The amounts of insulin leaving the liver during the
basal period were -0.3-0.4 mU/kg per min in all four groups.
The infusions of phentolamine and propranolol caused changes
that were parallel to the changes in the amounts of insulin reach-
ing that organ. Oral glucose significantly increased the amount
of insulin reaching and leaving the liver in all four groups. How-
ever, marked differences in the magnitude were observed. In the
control group the amount of insulin presented to the liver peaked
at 3.5±0.9 mU/kg per min and the amount leaving the liver
peaked at 1.8±0.4 mU/kg per min. The total increment above
basal over 180 min was 250±46 mU/kg to the liver and 1 15±21
mU/kg from the liver. Oral glucose combined with a-blocker
resulted in a greater stimulation of insulin to a peak of 6.4±1.7
mU/kg per min reaching the liver and 3.0±0.5 mU/kg per min
leaving that organ. The total increment above basal was 443±60
mU/kg per 3 h to the liver and 210±26 mU/kg per 3 h from
the liver. These amounts are significantly greater than the
amounts in the control group. With propranolol the peak insulin
value to the liver was 1.5±0.3 mU/kg per min and 0.8±0.2 mU/
kg per min from the liver. The total increments above basal over
180 min were 58±25 mU/kg to the liver and 34±12 mU/kg
leaving it, markedly below the increments in groups I and II.
Combined blockade resulted in intermediate values between the
control and (3-blocker groups, with 126±43 mU/kg per 3 h
reaching the liver and 70±20 mU/kg per 3 h leaving that organ.
These values were statistically not significantly different from
groups I and II but significantly below those with phentolamine
(Table II).

Plasma glucagon levels and balance across the liver. The
infusion of a-blocker alone significantly increased basal glucagon
levels from 297±46 pg/ml to 407±80 pg/ml in the portal vein
(Fig. 6). Propranolol alone had no significant effect on glucagon
concentrations. Combined blockade significantly increased basal
portal vein glucagon levels from 451±59 pg/ml to 601±71 pg/
ml. Oral glucose suppressed glucagon levels similarly in all the
vessels in groups I, II, and III while combined blockade caused
less suppression, consistent with the delayed and smaller net
hepatic glucose uptake and higher splanchnic glucose output.
However, glucagon levels tended to return toward basal signif-
icantly earlier, at 75 min in the presence of phentolamine as
compared with groups I, III, and IV.

Hepatic extraction of insulin and glucagon. The basal frac-
tional hepatic extraction of insulin was similar at 43±4%, 50±6%,
53±5%, and 40±7% in groups I, II, III, and IV, respectively (Fig.
7). The infusion of phentolamine, propranolol, or combined
blockade did not change it significantly. After oral glucose the
fractional hepatic extraction of insulin significantly increased in
the control group to 59±4% and 55±5% at 45 and 60 min, re-
spectively. No significant change was observed when oral glucose
was administered with a, (3, or combined blockade. The basal
fractional hepatic extraction of glucagon was similar in all four
groups: 16±3% in the control group; 20±5% in the a-blocker
group, 18±3 in the (3-blocker one, and 24±7 with combined
adrenergic blockade (Fig. 7). It was not changed by adrenergic
blockade. Oral glucose alone or together with propranolol or
combined a- and (-blockade did not modify glucagon extraction.

Compared with phentolamine alone, oral glucose and the a-
blocker increased fractional hepatic extraction of glucagon but
the values were not significantly different from basal.

Insulin/glucagon molar ratio. The basal insulin/glucagon
molar ratio in the portal vein of the control group was 2.1±0.1
and not significantly different from the basal ratios in groups II,
III, and IV; 2.7+0.3, 2.5+0.3, and 1.9±0.4 respectively. During
the infusion of phentolamine the ratio significantly increased to
3.9±0.2 compared with the marked decrease during the infusion
of propranolol, 0.7+0.1. During combined blockade the ratio
decreased to 1.5±0.4. After oral glucose the insulin/glucagon
molar ratio significantly increased in all four groups; however,
the increase was significantly greater in the a-blocker group with
peak value of 48.1±7.8 compared with that in the control group,
19.4±4.2, the (3-blocker group, 11.6±2.6, and the combined
blockade, 6.6±1.5.

Discussion

The stimulatory effect of phentolamine on basal insulin and
glucagon and the inhibitory action of propranolol on insulin
levels, which were evident in the portal vein, hepatic vein, and
artery, confirm previous results of others (1 1-13). However other
investigators have failed to observe such effects of phentolamine
and/or propranolol in sheep (22), dogs (23), or humans (13, 24).
Such differences might reflect the amount of phentolamine and
propranolol administered, the site of sampling or different species
although controversial results have been reported within the same
species. Measurements in the portal vein in our study maximize
the effects since it permits more direct assessment of pancreatic
islet secretion. Changes in hepatic extraction of insulin as well
as effects of dilution may minimize differences when only pe-
ripheral hormone levels are obtained.

The changes in basal insulin and glucagon observed with
adrenergic blockade can account for the alterations in the plasma
glucose and hepatic glucose production. These reflect the well
established action of insulin to suppress (1, 2, 25) and glucagon
to stimulate (1, 2) hepatic glucose production. This relationship
is supported by those studies in which phentolamine and pro-
pranolol did not modify insulin and glucagon concentrations
since no changes in glucose levels were observed (13, 22-24). In
our study phentolamine increased insulin more than glucagon,
causing a significant increase in the insulin/glucagon molar ratio
and a net effect to suppress hepatic glucose production. Pro-
pranolol markedly changed this ratio in the opposite direction
since insulin secretion was suppressed with no change in glu-
cagon. The ratio decreased with the combined blockade as well,
however, in this case insulin levels did not change, while glucagon
was increased. The correlation between the insulin/glucagon
molar ratio and hepatic glucose production has been repeatedly
documented (13, 26, 27). Since phentolamine and propranolol
do not change basal growth hormone and cortisol levels (3), it
is unlikely, but not excluded, that these hormones are responsible
for the changes in hepatic glucose production. Even if growth
hormone and cortisol were increased, their contribution to the
effects we observed would be minimal since they require several
hours for their action (28). In the basal state phentolamine and
propranolol do not alter epinephrine levels (3, 14) and propran-
olol does not change norepinephrine (3, 14). Although phen-
tolamine augmented norepinephrine, this was not associated with
any change in plasma glucose levels, glucose production, or glu-
cose utilization (3). Furthermore, our conclusion concerning the

Effects of Alpha and Beta Adrenergic Blockade on Hepatic Glucose Balance 1363
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role of insulin and glucagon on basal glucose levels and glucose
production observed with the adrenergic blockers is supported
by the studies of Gerich et al. (13) and Best et al. (29).

The role of a- and fl-adrenergic blockade of basal adrenergic
function on hepatic glucose metabolism after oral glucose has
not been previously examined. After oral glucose in the control
dogs, 77% of the load appeared in the portal vein during the
subsequent 3 h. Although net absorption was still occurring at
this time, extrapolation of the data to the fourth hour indicated
only a very small amount of additional glucose would be ab-
sorbed into the portal system. Our results are almost identical
to those reported by Abumrad et al. (30) in conscious dogs using
the portal-arterial difference technique as well as a radioisotopic
one. The residual glucose which did not appear in' the portal
system was probably consumed by the extrahepatic splanchnic
tissues (30). Both alpha and beta adrenergic blockade, separately
and combined, significantly decreased the amount of the glucose
load that appeared in the portal vein (control, 77%; phentol-
amine, 54%; propranolol, 59%; and phentolamine + propranolol,
62%) and also abolished the augmented portal' plasma flow ob-
served in the control dogs after oral glucose. The causal rela-
tionship between these two is not known. Our previous studies
demonstrated that increased portal plasma flow after oral glucose
is associated with glucose absorption and not portal hypergly-
cemia since similar portal hyperglycemia produced by intraportal
glucose infusion did not increase portal vein flow (17). Parasym-
pathetic innervation also seems to be important in glucose ab-
sorption and the increased portal vein flow since vagotomy (31)
and infusion of atropine (32) diminished absorption of oral glu-
cose. Atropine also abolished the increased portal vein plasma
flow after oral glucose, even when the oral glucose load was
doubled so that the portal vein glucose concentration was similar
to 'that obtained with 1 g/kg glucose in control studies. Many
gut factors released during oral glucose ingestion affect portal
flow (33). Since it is not known how phentolamine or propranolol
affect their secretion, alterations in them could cause the reduc-
tion in net absorption and inhibition of the increase in portal
plasma flow.

In the present study, the hyperinsulinemia induced by oral
glucose was enhanced by a-adrenergic and reduced by fl-adren-
ergic blockade. The combined blockade was intermediate be-
tween that obtained with (3-blockade and control but not sig-
nificantly different from the latter. These differences cannot be
accounted for by differences in the arterial glucose concentration
since it was similar in all three experiments (control, 142±10;
phentolamine, 155±10; propranolol, 149±7 mg/100 ml, re-
spectively, and even greater with the combined blockade, 179±19
mg/ 100 ml). The effect of propranolol confirms the results of
Cerasi et al. (15), who reported diminution of the insulin response
to intravenous glucose in normal men. However, they found no
effect of phentolamine. The reason for this discrepancy is not
clear but is not due to the sampling site since in our experiments
the difference was also manifest in the arterial plasma insulin
concentrations. Suppression of glucagon was similar in the con-
trol, phentolamine, and propranolol groups, but less with the
combined blockade, -consistent with less net hepatic glucose up-
take and greater arterial levels of glucose.

The percent of the glucose absorbed into the portal vein
which was retained by the liver was similar in control (40±6%),
phentolamine (34±61%), and propranolol (43±6%) groups, but

significantly less (13±4%), with the combined blockade. Since
more glucose was absorbed in the absence of adrenergic blockade,
the reduced amount of glucose removed by the liver, especially
after combined blockade cannot be attributed to saturation of
hepatic glucose uptake. The smaller net hepatic uptake of glucose
with combined adrenergic blockade might reflect the higher glu-
cagon concentrations since it and the lower insulin/glucagon
molar ratio would result in less suppression of hepatic glucose
production. In the control group the liver retained 31±5% of
the total glucose administered, not significantly different from
the values recently reported by Bergman et al. (34) and Abumrad
et al. (30). These results and those measuring splanchnic glucose
uptake in humans (35-37) indicate that the liver plays a smaller
role than the peripheral tissues in the disposal of an oral glucose
load. Our present results differ from our previous report that
68% of a similar oral glucose load was retained in the liver (17).
However, this value was based on calculations in which the basal
glucose output, integrated over 180 min, was included in the
total net hepatic glucose uptake. Although' oral glucose sup-
pressed basal hepatic glucose production, this amount does not
really contribute to the net uptake of the exogenous glucose
load. Using the same calculations that we used previously, the
hepatic glucose uptake after oral glucose would be 61% in the
present experiments.

In addition to the effect of hyperglycemia on net hepatic
glucose uptake, the role of insulin must be considered. Cher-
rington et al. (38) reported that physiologic increments in plasma
insulin (33 ,gU/ml) had a marked effect on hepatic glucose uptake
in dogs infused with somatostatin and a basal amount of glu-
cagon. Abumrad et al. (30) concluded that the peak insulin level
after oral glucose was an important factor regulating net hepatic
glucose uptake.' Bergman and Buculo (39) observed that prior
perfusion of the liver with insulin increased hepatic uptake of
glucose by 45% and they concluded that although glucose was
more important, insulin had a potentiating effect (39). Bergman
(40) suggested that glucose exerted a rapid moment-to-moment
influence on the rate of hepatic glucose uptake, while insulin
was very effective in optimizing the amount of glycogen stored
in the liver during carbohydrate ingestion. Since our results in-
dicate that hyperglycemia, hyperinsulinemia, and hypogluca-
gonemia, as will be discussed subsequently, are all important
factors contributing to the suppression of hepatic glucose pro-
duction, it is not surprising that Cherrington et al. (38) did not
observe net hepatic' uptake in their experiments without insulin
(38). Although their animals had hyperglycemia, they had hy-
poinsulinemia and basal levels of glucagon that would favor
hepatic glucose production. In contrast, our results do not sup-
port a direct effect of insulin in regulating net hepatic glucose
uptake beyond its suppressive effect on glucose production as
will be discussed subsequently. Thus, the' fractional hepatic up-
take of glucose was the same in the, control, propranolol, and
phentolamine groups despite markedly different amounts of in-
sulin presented to the liver. The amount of insulin presented to
the liver was similar in the control and combined a- and (3-
adrenergic blocked'animals, but the fractional hepatic uptake
of glucose was significantly less in the latter group. Itfis possible
that even though the amounts of insulin presented to the liver
are quite different, they all exceeded the threshold amount that
is necessary to facilitate the effect of glucose on net hepatic glu-
cose uptake. It was reported that peripheral insulin concentra-
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tions as low as 60 ,U/ml after peripheral administration of the
hormone were saturating for suppression of hepatic glucose pro-
duction under euglycemic clamp conditions (41). However, if
this is the case, our data indicate that the physiologic hyperin-
sulinemia after oral glucose is well above that required to exert
a maximal effect on hepatic glucose uptake and that the corre-
lation from moment to moment between insulin levels and net
hepatic glucose uptake is in fact secondary to two direct corre-
lations: (a) the correlation between hyperglycemia and hyper-
insulinemia; (b) the correlation between amounts of glucose
presented to the liver and net hepatic glucose uptake.

The present results provide further evidence that the hepatic
uptake of glucose is not directly related to the hepatic extraction
of insulin (17). Thus, the fractional hepatic uptake of glucose
was similar after oral glucose despite the presence or absence of
a and ( adrenergic blockade, but the fractional hepatic uptake
of insulin was significantly greater after oral glucose without
such blockade. In addition, fractional hepatic extraction of in-
sulin was similar after separate and combined a- and (3-blockade,
but the fractional hepatic uptake of glucose was significantly less
after the latter. Furthermore, hepatic glucose uptake was similar
after oral and intraportal glucose administration, but only the
former was associated with augmented fractional hepatic ex-
traction of insulin (17). In contrast, Jaspan and Polonsky (42)
suggested that the increased fractional hepatic extraction of in-
sulin was an important factor in regulating hepatic glucose up-
take. However, this suggestion was based simply on the fact that
such augmented hepatic extraction occurred after oral glucose.
The present results suggest that the increased portal vein flow
after oral glucose might be an important factor in the greater
fractional hepatic extraction of insulin since both were abolished
by separate and combined a and # adrenergic blockade. In ad-
dition, atropine infusion blocked both the increased portal
plasma flow and fractional hepatic extraction of insulin after
oral glucose (32). Furthermore, ingestion of meat was also as-
sociated with both increased portal plasma flow and fractional
hepatic extraction of insulin (43). However, this relationship
does not always exist since infusion of arginine and cholecys-
tokinin-pancreozymin augmented portal plasma flow but frac-
tional hepatic extraction of insulin decreased (44).

The effect of insulin to suppress (1, 2, 25-27) and glucagon
to stimulate (1, 2, 25-27) net hepatic glucose production was
confirmed in the present experiments. These effects of insulin
and glucagon may have an influence on the measurement of net
hepatic glucose uptake. In our experiments net endogenous glu-
cose production was usually suppressed to zero by 10 min after
the oral administration of glucose except in the combined
blockade group, in which glucagon decreased less. In a small
number of dogs, such suppression occurred later, which con-
tributed to a small residual glucose output from endogenous
sources. However, in the vast majority of the dogs, the residual
output of glucose during the 1 80-min period reflected resumption
of hepatic glucose production after the return of the hypergly-
cemia to normal. Thus, studies using splanchnic balance (hepatic
vein catheterization only) for the estimation of net splanchnic
glucose balance may include a considerable amount of endog-
enous glucose in addition to the exogenous glucose that escaped
hepatic retention. This would be especially important when the
results are calculated over a 4-h period (35, 36, 45). In the present
experiments hepatic glucose production resumed despite the fact

that glucose absorption had not ceased at 180 min. This is con-
sistent with previous results in humans using a radioisotopic
technique (46). The resumption of hepatic glucose production
occurred earlier with a adrenergic blockade. This could reflect
the significantly greater hyperinsulinemia which would accelerate
peripheral glucose utilization and reestablish normal plasma
glucose levels earlier. Our results support such augmented pe-
ripheral glucose clearance after phentolamine rather than a
change in hepatic uptake of glucose as the explanation for the
more rapid reestablishment of normoglycemia. Such increased
peripheral utilization of glucose could activate counterregulatory
mechanisms, which would prevent hypoglycemia late after oral
glucose (5, 10). The important role of glucagon in such coun-
terregulation is suggested since its concentration began to rise
earlier after the initial suppression by glucose in the experiments
in which phentolamine was infused. The predominant role for
glucagon in counterregulation has been recently demonstrated
(10). The fact that the hyperinsulinemia after oral glucose with
or without a or :3 adrenergic blockade did not correlate with net
hepatic glucose uptake but did with the total disposal of glucose,
indicates a significant difference between the role of insulin in
the regulation of hepatic and peripheral glucose uptakes.

The involvement of other glucoregulatory hormones during
hyperglycemia after oral glucose is possible but less likely. Re-
cently, Tse et al. (5) reported that among the potentially im-
portant glucose regulatory factors, only a transient increment
in insulin, a transient decrement in glucagon, and a late incre-
ment in epinephrine (well after the return of hyperglycemia to
basal) were specific for glucose ingestion. Growth hormone, cor-
tisol, and norepinephrine were not. Although norepinephrine
does increase after oral glucose (5), it also increases after xylose,
mannitol, and water ingestions without any change in glucose
levels. In addition, it has been shown that hyperglycemia, per
se, can offset stimulated adrenergic effects on glucose production
(7, 47, 48). Finally, in the present study the net effect of phen-
tolamine was to suppress and that of propranolol to increase
basal hepatic glucose production. It is unlikely that during hy-
perglycemia those effects were reversed. As for the involvement
of central innervation, selective denervation of the liver had no
effect on glucose metabolism (49).

The present studies demonstrate that the action of a- and
,B-adrenergic blockade on basal hepatic glucose output reflects
their direct effect on insulin and glucagon secretion. Both a-
and f3-adrenergic blockade decrease net glucose absorption and
the associated increase in portal vein plasma flow. While com-
bined blockade canceled the opposite effects of phentolamine
and propranolol on basal insulin as well as the response after
oral glucose, this was not the case regarding glucagon responses,
net glucose absorption into the portal system, or the effects on
portal plasma flow. In addition the opposite effects of a- and ,3-
adrenergic blockade on net hepatic glucose output were not
neutralized by combined adrenergic blockade. The lack of such
neutralization of the opposite effects of a- and f3-adrenergic
blockade by combined phentolamine and propranolol might in-
dicate an unequal magnitude of such effects of the a- or the (3-
adrenergic action. Furthermore, the net hepatic glucose uptake
may be more related to the amounts of glucose but not the
amounts of insulin reaching the liver or its absolute or fractional
hepatic extraction. Finally, the alterations in oral glucose tol-
erance after a- and ,3-blockade represent changes in peripheral
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glucose utilization due to changes in peripheral insulin concen-
trations rather than hepatic glucose uptake. The effect of glucagon
on net hepatic glucose production may also play a role.
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