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Abstract

It is generally believed that glucose production (GP) cannot be
adequately suppressed in insulin-treated diabetes because the
portal-peripheral insulin gradient is absent. To determine
whether suppression of GPin diabetes depends on portal insu-
lin levels, we performed 3-h glucose and specific activity
clamps in moderately hyperglycemic (10 mM)depancreatized
dogs, using three protocols: (a) 54 pmols kg-' bolus + 5.4
pmol* kg-' -min' portal insulin infusion (a = 7; peripheral
insulin = 170±51 pM); (b) an equimolar peripheral infusion (a
= 7; peripheral insulin = 294±28 pM, P < 0.001); and (c) a
half-dose peripheral infusion (a = 7), which gave comparable
(157±13 pM) insulinemia to that seen in protocol 1. Glucose
production, use (GU) and cycling (GC) were measured using
HPLC-purified 6-13Hj- and 2-13Hjglucose. Consistent with
the higher peripheral insulinemia, peripheral infusion was
more effective than equimolar portal infusion in increasing GU.
Unexpectedly, it was also more potent in suppressing GP
(73±7 vs. 55±7% suppression between 120 and 180 min, P
< 0.001). At matched peripheral insulinemia (protocols 2 and
3), not only stimulation of GU, but also suppression of GPwas
the same (55±7 vs. 63±4%). In the diabetic dogs at 10 mM
glucose, GCwas threefold higher than normal but failed to
decrease with insulin infusion by either route. Glycerol, ala-
nine, FFA, and glucagon levels decreased proportionally to pe-
ripheral insulinemia. However, the decrease in glucagon was
not significantly greater in protocol 2 than in 1 or 3. Whenwe
combined all protocols, we found a correlation between the dec-
rements in glycerol and FFAs and the decrease in GP(r = 0.6,
P < 0.01). In conclusion, when suprabasal insulin levels in the
physiological postprandial range are provided to moderately
hyperglycemic depancreatized dogs, suppression of GP ap-
pears to be more dependent on peripheral than portal insulin
concentrations and may be mainly mediated by limitation of the
flow of precursors and energy substrates for gluconeogenesis
and by the suppressive effect of insulin on glucagon secretion.
These results suggest that a portal-peripheral insulin gradient
might not be necessary to effectively suppress postprandial GP
in insulin-treated diabetics. (J. Clin. Invest. 1992. 90:1769-
1777.) Key words: portal-peripheral insulin gradient * glucose
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Introduction

With conventional insulin therapy in diabetes, the portal-peri-
pheral insulin gradient is absent. It is widely believed that in the
absence of such a gradient, normoglycemia cannot be achieved
without peripheral hyperinsulinemia to enhance peripheral
glucose uptake and increase hepatic insulinization, thereby in-
hibiting glucose production (GP). However, insulin could in-
hibit GP not only through a direct hepatic action, but also
indirectly by reducing the availability of substrates and energy
for gluconeogenesis. This mechanism might be of particular
importance in diabetes where gluconeogenesis is substantially
increased ( 1, 2). Also, peripheral insulin levels may control
glucose production by their inhibitory effect on glucagon secre-
tion. The relative importance of the direct and indirect hepatic
effects of insulin has not yet been established. In addition, GP
might be affected differently by hepatic arterial and portal ve-
nous insulin concentrations. The results of most (3-6), but not
all (7, 8) of the studies where acute administration of insulin by
either the portal or peripheral route was performed are consis-
tent with some inhibitory effect of portal insulin levels on GP,
especially at low insulin doses (5, 6). The results of the studies
involving chronic peripheral insulin delivery, as with pancre-
atic transplants (9, 10), could be consistent with suppression of
GPby either portal or peripheral insulin levels or both. The
recent application of modifications to tracer methods, in which
constant specific activity of glucose is provided during a glu-
cose clamp (Matched Step Tracer Infusion method [MSTI]
( 1 1, 12), and HPLC-purified tritiated glucose is used ( 13), has
markedly increased the precision of the measurement of GP,
particularly when GPis suppressed. The importance of periph-
eral insulin levels in the suppression of GPhas recently been
emphasized in obese humans, where low-dose insulin clamps
were applied (14). Ader and Bergman (15) have used the
method ofconstant glucose specific activity during normoglyce-
mic glucose clamps for the first time to compare the acute
effects of portal and peripheral insulin infusions. These experi-
ments were carried out in normal dogs during infusion of so-
matostatin with concomitant insulin and glucagon replace-
ment. Suppression of GPwas the same at matched peripheral
insulin levels, despite much higher hepatic insulinization with
portal than peripheral infusions.

The aim of the present study was to determine whether, in
diabetes, the inhibition of GP is primarily dependent upon
portal or peripheral insulin levels and whether such inhibition

1. Abbreviations used in this paper: GC, glucose cycling; GP, glucose
production; GU, glucose use; MCR, metabolic clearance rate; MSTI,
Matched Step Tracer Infusion; Rd, rate of disappearance.
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could be related to insulin's peripheral effects on hormones and
metabolites. Our experiments were done in depancreatized
dogs, thus avoiding the need for somatostatin. Although it has
been claimed that somatostatin does not have major metabolic
effects ( 16), it is conceivable that under certain metabolic con-
ditions it might enhance the peripheral effects of insulin ( 17).
The depancreatized dog is a model of selective insulin defi-
ciency, because glucagon (IRG 3500) is secreted by the gastric
mucosa ( 18, 19) in dogs. Therefore, this model also allowed us
to evaluate the effects of the route of insulin administration on
extrapancreatic glucagon levels. For the first time we studied
the effects of the portal-peripheral insulin gradient during a
glucose clamp in diabetes and we measured GPby combining
the MSTI method with the use of HPLC-purified tracers. We
also measured hepatic glucose cycling (glucose ±i glucose-6-P;
GC), which is a more sensitive probe than GPfor alterations in
hepatic glucose metabolism in diabetes (20), and which, there-
fore, could be preferentially affected by the absence of a portal-
peripheral insulin gradient. The results of the present study
refer to the effects of suprabasal insulin infusions, resulting in
peripheral insulin levels, as seen physiologically in the post-
prandial state.

Methods

Experimental animals. Male mongrel dogs weighing 17-28 kg under-
went total pancreatectomy and vessel cannulation performed under
general anesthesia, induced with thiamylal sodium and maintained
with nitrous oxide and halothane and assisted ventilation. Silastic can-
nulae (silastic medical grade tubings; DowComing Corp., Midland,
MI) were inserted into the carotid arch via the carotid artery (0.04-inch
i.d.), into the superior vena cava via the jugular vein (three 0.03-inch
i.d. cannulae) and into the portal vein through a branch of the splenic
vein (0.04-inch i.d.). The carotid cannula served for sampling, and the
jugular and portal cannulae served for infusions. All cannulae were
tunneled subcutaneously and exteriorized at the back of the neck. They
were filled with heparin (1,000 U/ml, Hepalean; Organon Canada,
Toronto, Ontario, Canada) and were maintained patent by flushing
frequently with saline. Catheter position was verified at autopsy. Dogs
were fed once daily with a combined diet of 15 g/kg per d chow (25%
protein, 9% fat, 38%; Ralston Purina Canada, Mississauga, Ontario,
Canada) and 500 g beef (50% protein, 24% fat, 21%carbohydrate; Dr.
Ballards, Toronto, Ontario, Canada). Pancreatic enzymes were supple-
mented (Cotazyme; Organon Canada). Diabetes was treated with a
once daily subcutaneous injection of regular (4-15 U) and NPH(8-30
U) porcine insulin (Eli Lilly and Company, Indianapolis, IN) to main-
tain glycosuria below 1%. Porcine insulin does not induce the forma-
tion of insulin antibodies for 2 2 mo(21 ), thus allowing accurate mea-
surements of plasma insulin.

Experimental design. Three protocols were carried out as follows:
protocol 1, insulin (54 pmol * kg-' bolus + 5.4 pmol * kg-' * min-' ) was
given intraportally (n = 7). Protocol 2, the same dose of insulin was
infused into a peripheral vein (n = 7), resulting in much higher periph-
eral insulin levels than with the equimolar portal infusions. In this
protocol, portal levels of insulin were estimated to be slightly lower
with the peripheral infusion due to dilution. Protocol 3, peripheral (n
= 7) infusions of insulin were given, which resulted in the same periph-
eral insulinemia as with portal infusions. Assuming a 50%hepatic deg-
radation of insulin we infused peripherally one half the dose given
portally (27 pmol * kg-' bolus + 2.7 pmol * kg-' * min-'). Thus,
matched peripheral insulin levels were obtained, but portal insulin lev-
els were estimated to be even lower than in protocol 2. The experiments
were carried out in 14 conscious dogs 2 2 wk after pancreatectomy. In
protocols 1 and 2, in which the experiments were paired, > 6 d elapsed
before repeating the study in the same dog. The order of the paired

experiments was random. Insulin was withdrawn for 24 h and food was
withdrawn for 18 h before each experiment.

On the day of the study, an intraportal infusion of insulin (20
pmol * kg-' - min-') was started and gradually reduced until moder-
ately hyperglycemic levels were reached (- 10 mM). These were
maintained by infusing insulin intraportally at a constant basal rate
(1.2±0.3 pmol - kg-' * min-') for 2 60 min before and throughout the
clamp. Whenplasma glucose decreased below 14 mM,a primed ( 155.4
X 106 dpm) continuous infusion ( 1.1 1 X 106 dpm * min -') of a tracer
mixture (New England Nuclear, Boston, MA) containing 50% 2-
[3H]glucose and 6-[3HIglucose was started and maintained through-
out the study. Both tracers had been submitted to the HPLCpurifica-
tion procedure ( 13). After 2 120 min of tracer equilibration and . 30
min of steady state hyperglycemia, four arterial samples were taken
(from time -30 to 0 min) for basal determinations. At time 0 a supra-
basal infusion of porcine monocomponent insulin (Iletin II; Eli Lilly
and Company) was started and maintained for 180 min through either
the portal or the peripheral venous route. During the suprabasal insulin
infusions, the plasma glucose concentration was clamped at the mean
basal level by adjusting the rate of a variable infusion of glucose accord-
ing to frequent (every 5 min) glycemic determinations. An aliquot of
the 2.22 x 1O' dpm * ml-' mixture of 2-(3H1- and 6-[3H]glucose was
added to the 50%glucose infusate (Dextrose 50%; Abbott Laboratories,
Montreal, Quebec, Canada) to minimize the decline in glucose specific
activity during the clamp (MSTI method).

The specific activity of the infusate was calculated based on estima-
tion of the parameters of the formula of Finegood et al. ( 12) modified
to allow for incomplete suppression of GP: SAwf = I- [(GINF./GPb)
- F]/(GINF. . BW); where SA,,f = specific activity of the glucose
infusate (dpm . gmolP1); I = constant tracer infusion rate (dpm.
min-'); GINF. = steady state glucose infusion rate (Mmol kg-.
min'); GPb = basal glucose production (,gmol kg' .min'); BW
= body weight (kg); F (fractional suppression) = (GPb - GP.)/GPb.
The following estimates were used in all sets of experiments: GPb
= 19.6 4molIkg-1 min-'; GP. = 0.15 GPb; and GINF. = 22.4
Mmol * kg-' * min '. GPbwas the mean basal glucose production under
identical basal conditions (22), GP. was assumed from the literature
(23, 24), and GINF, was the mean glucose infusion rate during pilot
experiments. Although two tracers were used, we based our estimates
primarily on glucose production (rate of appearance of glucose deter-
mined with 6-[3H]glucose), since insufficient information was avail-
able on glucose output (rate of appearance of glucose determined with
2- 3H]glucose). Wealso used the same estimates for the three groups,
since we could not predict the effect of the route of administration on
GINF and F.

During the clamp, arterial samples were taken every 10 min in the
first and third hour and every 15 min in the second hour. The total
amount of blood sampled in each experiment was 150-160 ml. The
procedures for collection of samples have been described before (25).

Laboratory methods. Glucose concentrations were measured by
the glucose oxidase method on a glucose analyzer (Glucose Analyzer
II; Beckman Instruments, Fullerton, CA). Insulin and glucagon were
analyzed by radioimmunoassay (coefficient of variation 12 and 15%,
respectively) (26, 27), FFAs by a radiochemical technique (28); lac-
tate, alanine, and glycerol by enzymatic fluorometric methods (29).

For the determination of 2-[3H]glucose- and 6-[3H]glucose-spe-
cific activity, plasma was deproteinized with Ba(OH)2 and ZnSO4and
run through columns containing ion-exchange resins (Ag 2-X8 and Ag
50W-X8; Bio-Rad Laboratories, Richmond, CA) to remove labeled
metabolites. An aliquot of the eluate was then evaporated to dryness to
eliminate tritiated water. After addition of water and liquid scintilla-
tion solution, the total radioactivity from 6-[3H]glucose and 2-
[3H]glucose was measured in a #9-scintillation counter. An external
standard was used for quench corrections. The radioactivity of 6-
[3H]glucose was determined with the dimedone precipitation tech-
nique (30). In brief, carrier glucose was added to an aliquot of eluate
from ion-exchange chromatography. Glucose was then oxidized with
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periodate to five molecules of formic acid (derived from carbons 1-5)
and one molecule of formaldehyde (derived from carbon 6). After the
addition of dimedone, formaldehyde precipitates as formaldimedone.
The radioactivity of the precipitate was determined after filtering, dry-
ing, and weighing. The radioactivity of 2-[3H]glucose was calculated as
the difference between total radioactivity and that of 6-[3H]glucose,
corrected for recovery. Recovery was obtained by running aliquots of
6-[3H]glucose in each assay. Aliquots of the infused mixture of 2-
[3H]glucose and 6-[3Hlglucose and of the labeled glucose infusate were
assayed together with the plasma samples. Aliquots of 2-[3H]glucose
passed through the procedure did not display any radioactivity above
background.

Calculations. GPand output were calculated as the endogenous
rate of appearance measured with 6-[3H]glucose and with 2-
[3H]glucose, respectively; glucose use (GU) as the rate of disappear-
ance measured with 6-[3HJglucose (Rd). A modified one-compart-
mental model ( 11 ) was used to account for the exogenously infused
mixture of labeled and unlabeled glucose. Data were smoothed with the
optimal segments routine (31 ). With the MSTI method, the mono-
compartmental assumption becomes minor because the nonsteady
state part of the Steele's equation is close to zero. Glucose cycling (GC)
was calculated from the difference between glucose output and GP. Rd
corresponded to GUand plasma clearance rate of glucose (Rd/glyce-
mia) to glucose metabolic clearance rate (MCR) because plasma glu-
cose levels were below the renal threshold for glucose in dogs (25).

Statistics. The data were expressed as mean±standard error. One-
or two-way analysis of variance was carried out, as appropriate, for
differences between experimental groups. Data were also analyzed
within each group for differences between the experimental periods. In
case of unequal variances, data were logarithmically transformed.
Pearson's correlation coefficient was calculated with linear regression
analysis. Calculations were performed with SASsoftware (SAS Statisti-
cal Analysis System, Cary, NC).
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Results

Specific activity of 6-[3H]glucose (Fig. 1) declined slightly (P
< 0.05) but was at any time within 20%of the basal levels. The

120160 200 decline was not significantly different among the three groups.
Specific activity of 2-[3H]glucose remained constant.

Basal insulin levels (Fig. 2) in the preclamp period were in
ose (top) and 2-[3HJ- the low normal range and were similar in the three groups
ire and during portal (portal: 49.2±11.4; peripheral: 60.6±26.4; half peripheral:
kg-. min- 39.6±4.2 pM). With the suprabasal infusions of insulin,
mol * kg-' + 5.4 plasma insulin levels rose and rapidly plateaued at 170±51 pM
rnsulin infusion of 27 with the portal infusion and at 294±28 pMwith the equimolar

with basal iYtraportal peripheral infusion (P < 0.001). With peripheral infusion of
clamp was main- insulin given at half the rate, peripheral insulin levels ( 157+13

beled glucose, as de- pM) were comparable to those obtained with portal infusion.
an±SE from seven Plasma glucose remained constant at moderately hyperglyce-

mic levels (- 10 mM), which were equivalent in the three
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groups. The rate of exogenous glucose required to clamp
plasma glucose at the initial levels increased gradually, up to a
steady state rate that was 50%greater with the peripheral than
with the portal or half peripheral infusions.

Basal glucagon levels were slightly higher than in normal
dogs (32) but were lower in the group of dogs who underwent
the half peripheral infusion than in the other groups, despite
the same treatment in the basal state (portal: 192±27; periph-

___------Basal lntraortal Insulin Infusion

eral: 196±26; half peripheral: 128±21 ng * L-'). The decline
from basal (Fig. 3) was slightly, but not significantly greater
with peripheral than with portal or half peripheral infusions
(difference from basal in the 90-180-min period: portal:
42±19; peripheral: 60±22; half peripheral: 42±14 ng liter-').

Basal glucose turnover (Fig. 4) was in the high normal
range (32, 33) and was equivalent in the three groups (portal:
20.4±1.0; peripheral: 20.0±1.1; half peripheral: 19.3±1.5
gmol * kg-' - min-'). During the clamp, when peripheral insu-
lin levels were greater with peripheral than equimolar portal
insulin infusion, GU(Fig. 4, left) increased more, as expected,
to 40.4±3.8 versus 30.4±2.9 Mmol * kg-' - min' (P < 0.001),
respectively, in the 3rd h of the clamp. GPdeclined rapidly, but
was not suppressed completely with either portal or equimolar
peripheral insulin infusion. Unexpectedly, the peripheral infu-
sion resulting in greater peripheral insulin levels induced a
greater suppression of GP from 20.0± 1.1 to 5.4±1.3
jsmol kg-' min' during the 3rd h of the clamp compared
with a decline from 20.4±1.0 to 9.0±1.3 Mimol kg-' min-
with the portal insulin infusion (73±7 vs. 55+7%, P < 0.001).
The portal and half peripheral insulin infusions that resulted in
the same peripheral insulinemia resulted, as expected, in equiv-
alent stimulation of GU(Fig. 4, right) to 28.6±2.7 with the
portal and 30.5±3.9 umol * kg-l * minm with the half periph-
eral infusion. In spite of greater hepatic insulinization with por-
tal than half peripheral infusion, at matched peripheral insulin
levels GPwas suppressed to the same extent from 20.4± 1.0 to
9.0±1.3 ,umol - kg- *mind and from 19.3_±1.5 to 7.1±0.8
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,umol * kg-' * min-' with the portal and the half peripheral insu-
lin infusions, respectively, during the 3rd h of the clamp (55±7
vs. 63±4% suppression).

Basal MCR(not shown) was moderately lower than in nor-
mal dogs (32, 33) and equivalent in the three groups (portal:
2.00±0.13; peripheral: 1.99±0.11; half peripheral: 1.97±0.16
ml* kg-' min-'). During the clamp, MCR increased to
2.84±0.31 with portal, 3.67±0.37 with equimolar peripheral,
and 3.13±0.45 ml *kg-' - min' with half peripheral insulin
infusion, levels that are also lower than those observed in nor-
mal dogs with similar infusion rates (15).

Under conditions of moderate hyperglycemia and low to
normal hepatic insulinization (basal period), GC(not shown)
was as much as 5 1±6% of GP, compared with 15% in normal
dogs, as previously reported by us (34) and others (33). GCdid
not decrease with peripheral or portal infusion of insulin in any

of the three groups (basal: portal = 11.7+2. 1, peripheral
= 11.8±3.0, half peripheral = 7.3± 1.4 Mmol * kg-' * min -1; 3rd
h ofthe clamp: portal = 12.4±2.13, peripheral = 13.5±2.8, half
peripheral = 6.8± 1.3 Amol * kg- . min-').

Basal alanine, glycerol, and FFA levels were higher than in
normal dogs (32), but basal alanine and FFAs were lower in
the group of dogs who underwent the half peripheral infusion
than in the other groups, despite the same treatment in the
basal state. Alanine decreased gradually (Fig. 5) from basal
levels of 686±131, 661±76, and 495±55 AMto average 90-180
min values of 568±105,465±70, and 408±501AM in the portal,
peripheral, and half peripheral infusion groups, respectively.
The decline was greater with peripheral than equimolar portal
(P < 0.01) or half peripheral infusion. Glycerol decreased rap-
idly from 0.12±0.01 to 90-180-min levels of 0.08±0.01 mM
with portal infusion, from 0.12±0.02 to 0.06±0.01 with periph-

Basal Intraportal Insulin Infusion
----___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Portal or Peripheral Insulin Infusion

* * Portal
O-- 0 Peripheral
A........ A Peripheral (half dose)

Figure 5. Changes in plasma levels of alanine (top),
glycerol (middle), and FFAs (bottom) from basal in
the three experimental groups. Experimental design is
as outlined in Fig. 1. Values are presented as
mean±SE of individual deviations (A) from basal.
Average basal values are reported in the text.
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Table I. Plasma Lactate Levels (mM)

Time Portal Peripheral Half peripheral

-20 1.10±0.21 1.27±0.35 0.69±0.09
0 1.20±0.29 1.31±0.37 0.71±0.11

10 1.22±0.30 1.19±0.30 0.85±0.17
30 1.54±0.37 1.54±0.39 0.84±0.16
60 1.50±0.33 1.47±0.28 0.86±0.14
90 1.12±0.17 1.23±0.17 0.84±0.12

120 1.21±0.17 1.35±0.28 0.88±0.13
160 0.99±0.11 0.98±0.17 0.88±0.14
180 0.96±0.15 1.05±0.18 0.80±0.12

Portal: 54 pmol * kg` + 5.4 pmol kg-' * min' portal insulin infusion.
Peripheral: 54 pmol * kg-' + 5.4 pmol * kg-' * min- peripheral insulin
infusion. Half peripheral: 27 pmol * kg-' + 2.7 pmol * kg-' - min' pe-
ripheral insulin infusion. Values are mean±SE from seven experi-
ments in each group.

eral infusion (P < 0.001 vs. portal), and from 0.11±0.01 to
0.07±0.01 with half peripheral infusion (NS vs. portal). Also
FFAs decreased rapidly from 1.36±0.13 to 90-180-min levels
of 0.54±0.08 mMwith portal infusion, from 1.42±0.22 to
0.37±0.08 with peripheral infusion (P < 0.001 vs. portal), and
from 1.19±0.10 to 0.46±0.08 with half peripheral infusion (NS
vs. portal).

Basal lactate levels (Table I) were in the high normal range
(32) but lower in the group of dogs who received the half pe-
ripheral insulin infusion, despite the same treatment in the
preclamp period. During the clamp, lactate increased tran-
siently by 30% in the portal and peripheral infusion protocols.
In the half peripheral infusion protocol, the increase in lactate
was lower but more sustained. Whenthe whole duration of the
clamp was considered, the increase was not different from the
other two groups.

Whenthe results of all the three protocols were combined,
we found a positive correlation between the percentage sup-
pression of GPand the percentage increase in peripheral insu-
lin levels (r = 0.471, P < 0.05) and GU(r = 0.664, P< 0.01).
There was also a positive correlation between the percentage
suppression of GPand the percentage suppression of glycerol
(r = 0.580, P< 0.01) and FFAs (r = 0.628, P< 0.01). Suppres-
sion of GPwas not correlated with suppression of alanine or
glucagon.

Discussion

In the present study, at suprabasal insulin levels in the physio-
logical postprandial range, insulin-induced suppression of GP
in moderately hyperglycemic, depancreatized dogs appeared to
be more dependent on peripheral than portal insulin concen-
trations. GPwas evaluated with a glucose clamp + the MSTI
method, which consists of using tracer-enriched glucose infu-
sates to keep specific activity constant. In fact, we observed a
slow and modest decline in 6-[3H]glucose specific activity. This
could not have influenced our steady state calculations of GP,
since a constant specific activity was reached in all groups dur-
ing the 3rd hour of the clamp. With regard to the nonsteady
state calculations of GP, we have recently found that a slow
decline in specific activity of up to 35%does not cause underes-

timation of GP (unpublished observations from our labora-
tory).

Steady state hyperglycemia was maintained with near nor-
mal insulinemia in the basal state, indicating insulin resistance.
As expected, with suprabasal insulin infusions the increase in
peripheral insulin levels was twofold greater with peripheral
than with portal or half peripheral. The overall potency of insu-
lin on glucose turnover, as judged by the glucose infusion rate
required to maintain the clamp, was proportional to peripheral
insulin levels.

In depancreatized dogs, basal to elevated glucagon levels
are maintained by gastric secretion of extrapancreatic glucagon
into the portal circulation ( 19). This glucagon is indistinguish-
able from pancreatic glucagon ( 18) and normally is suppress-
ible by insulin (2). With intraportal insulin infusion down-
stream from the site of glucagon production, insulin reaches
the glucagon-producing cells at peripheral concentrations. In
this study, glucagon was suppressed to a greater extent with
equimolar peripheral than with portal or half peripheral insulin
infusions. The difference did not reach statistical significance
but might reflect a significant difference in portal glucagon
levels.

GUand MCRincreased to a greater extent with peripheral
than equimolar portal or half peripheral infusion, as expected
from the difference in peripheral insulin levels. It is estimated
that the increase in portal insulin levels is slightly lower with
equimolar peripheral than portal infusion because of dilution
of insulin in the general circulation before it reaches the portal
circulation (15). With peripheral insulin infusion at half the
dose, the increase in portal insulin levels is less than half that
obtained with a full-dose portal infusion. Approximately 70-
80% of hepatic insulinization is determined by portal insulin
levels (35). Unexpectedly, suppression of GPwas greater with
equimolar peripheral than portal infusion and was the same
when peripheral insulin levels were matched. Thus, it was ap-
parently independent of hepatic insulinization. In addition to
GP, we also determined glucose cycling (glucose ± glucose-6-
P; G(). Basal GCwas more than threefold higher than normal
(33, 34) whereas GPwas near normal, confirming the sensitiv-
ity of GCas a marker of diabetes (20). In agreement with Bell
et al. (36), insulin failed to decrease GCwhen glycemia was
not allowed to fall. This was not due to the nonphysiological
route of insulin administration, since portal infusion also had
no effect.

Elevated basal levels of gluconeogenic precursors and FFAs
also suggest insulin resistance. Insulin resistance was probably
less marked in the group of dogs that eventually underwent the
half peripheral infusion, as indicated by the lower basal levels
of these metabolites (as well as the difference in basal gluca-
gon). During the clamp, lactate increased transiently in two
out of three groups, as previously described (37). This was
likely due to an overlap of two effects of insulin on lactate
production: an increase due to stimulation of glycolysis and a
decrease due to stimulation of pyruvate oxidation. Conceiv-
ably, this dual action of insulin may explain the absence of
differences related to different peripheral insulin levels. Ala-
nine reflects both carbohydrate and protein metabolism and
thus is variably affected during insulin clamps (37). In depan-
creatized dogs, insulin decreases alanine levels (38). In our
study, the greater suppression of alanine with peripheral than
portal or half peripheral infusion can be explained by higher
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peripheral insulin levels. The rapid drop in FFAs and glycerol
indicates the sensitivity of lipolysis to inhibition by insulin
(39). The greater suppression of both glycerol and FFAs with
peripheral than with portal or half peripheral infusion is also
consistent with higher peripheral insulinization.

These data demonstrate that peripheral insulin levels are
important for inhibition of GP in our animal model of dia-
betes, as has recently also been shown in the normal dog ( 15 ).
With regard to the apparent independence of suppression of
GP from portal insulin levels, which is the most unexpected
finding of this study, a few considerations apply. The extent of
suppression of GPachieved in the present study was marked,
even with half peripheral infusion (60%). However, GPwas
not completely suppressed, in contrast to previous studies
carried out in humans at the same insulin levels (40). This
might be related to the use of the MSTI method and HPLC-
purified tracers and/or to the diabetic state of our dogs. If sup-
pression of GPwas close to maximum, then the effect of a
further elevation in portal insulin levels might have been hard
to detect. However, the peripheral insulin levels that we ob-
tained were in the physiological postprandial range. In this
range, an increase in peripheral insulin levels suppressed GPby
a further 10-15%. This finding suggests that, postprandially,
the direct suppressive effect of increased hepatic insulin levels
may rapidly reach a maximum, however, GPstill remains sen-
sitive to peripheral regulation by insulin. In contrast, at basal
insulin levels, a portal-peripheral insulin gradient could be
more important because suppression of GPmay be mainly
regulated by the direct effect of insulin on the liver (5).

Another factor that could have diminished the effect of por-
tal insulin concentrations on GPis laminar flow in the portal
circulation, resulting in nonhomogeneous insulin delivery and,
therefore, regions of hepatic underinsulinization. In our study,
the hepatic fractional excretion of insulin was 50%, which indi-
cates that insulin did not bypass the liver, although lesser de-
grees of nonhomogeneous insulin delivery might be manifest
in terms of GPbut not of insulin extraction.

With regard to the predominance of peripheral insulin lev-
els in regulating GP, peripheral actions of insulin that might be
involved are suppression of the flow of precursors and energy
substrates (FFAs) for gluconeogenesis and suppression of glu-
cagon secretion. In previous studies, the exaggerated suppres-
sion of recycling with inhibition of GPby peripheral insulin
infusion (5) indicates the possibility of a substrate-mediated
inhibition of gluconeogenesis. In normal subjects, GPdid not
increase with an increasing load of gluconeogenic precursors
(41 ) and FFAs (42). In diabetes, the effects of FFA infusion are
controversial (43, 44). However, combined reduction of glu-
coneogenic precursors such as was seen in the present study did
decrease GPin normal subjects (41 ) and, in addition, lowering
of FFAs suppressed GP in non-insulin-dependent diabetes
(44). In our study, suppression of GPwas correlated with sup-
pression of FFAs and glycerol (P < 0.01 ). The correlation with
alanine was not significant but can be masked, since hepatic
extraction of alanine decreases when gluconeogenesis is inhib-
ited (2), which leads to a rise in plasma alanine levels. How-
ever, correlations do not necessarily indicate cause-effect rela-
tionships. Also, the differences in metabolites seen in this
study, as well as their correlations with the difference in sup-
pression of GP, are not striking. Wedid not quantitate the
hepatic load of metabolites but, from the different decreases in

the arterial concentrations of alanine and glycerol (- 80 and
20 ,gM greater with peripheral than equimolar portal infusion),
their hepatic fractional extraction under similar conditions
(0.4 and 0.8, respectively) (2), and an assumed hepatic blood
flow of 30 ml * kg-' - min1 (45), it is calculated that the differ-
ence in these gluconeogenic precursors could account for a GP
rate of - 0.5 and 0.2 Mmolk kg` * min', respectively, assum-
ing complete conversion of these metabolites (two molecules)
to glucose. Lactate was slightly higher from 90 to 180 min in
the peripheral infusion group, but the baseline value was also
higher. After the peak that occurred at 30 min, lactate de-
creased by 2 60 AMmore with equimolar peripheral than with
portal infusion, which for a liver fractional extraction of 0.3 (2)
would add another 0.3 gmol * kg-' * min -'. If we omit this last
calculation as it results from a nonsignificant difference, the
measured changes in precursors could account for a rate of GP
of - 0.7 Mmol * kg` * min1 . This is only 20%of the difference
in the decrease ( - 3.2 umol * kg1 * min' ) in GPobserved be-
tween equimolar portal and peripheral infusion. The amount
of ATP provided by the difference in FFAs (- 200 AiM) can
be calculated assuming a plasma hepatic flow of 18
ml * kg` * min' (corresponding to a blood flow of 30
ml -kg-' min- for a hematocrit of 40%), a liver fractional
extraction of 0.2 (2), and oxidation of 30%of the hepatic FFA
uptake (46). From simple stoichiometry, 129 molecules of
ATP are generated from complete oxidation of palmitate and
six high-energy phosphate bonds are used up for gluconeogene-
sis from pyruvate. This would give a rate of gluconeogenesis of
4.6 gmol - kg-' min', which would account for the entire
difference in GP. However, it is still unclear how much gluco-
neogenesis is related to changes in energy supply in vivo and
how dependent it is on other sources of ATP than FFA oxida-
tion.

Under basal conditions, up to 75%of GPis glucagon driven
(47). Therefore, even small changes in glucagon (48, 49),
which may not be detected with significance in immunoassays,
might still be significant at the level of the liver. The lack of
correlation between suppression of GPand suppression of glu-
cagon could also be explained in terms of variability of the
immunoassay. Since about one third ofglucagon immunoreac-
tivity represents cross-reacting material (50), - 130 ng * liter-'
of 3,500 mol wt glucagon was probably responsible for 15
Mmol * kg-' * min- of basal GPin the dogs that eventually un-
derwent equimolar portal or peripheral insulin infusion. As-
suming a linear relationship between changes in glucagon lev-
els and changes in GP, it is calculated that a quantitative differ-
ence in glucagon similar to that observed between the
equimolar portal and peripheral infusions (18 ng-liter-')
could account for -22mol * kg-' * min', which is more than
half the difference in suppression of GP. However, in the ab-
sence of statistical significance, the extent of this difference in
glucagon remains uncertain. The effects of peripheral insulin
levels on GPmight also be at least in part independent of insu-
lin's peripheral actions. In this study, suppression of GPcorre-
lated with peripheral insulin levels, but less than with some
peripheral actions of insulin (i.e., suppression of FFAs and glyc-
erol, stimulation of GU). However, this might only reflect the
greater precision of measurement of glucose turnover and me-
tabolites than of immunoreactive insulin. Insulin concentra-
tions in the hepatic artery are the same as in the peripheral
circulation. In the liver, different hepatic zones have a func-
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tional subspecialization, the periportal hepatocytes being more
glycogenolytic-gluconeogenic (glucose-producing cells) and
the perivenous cells being more glycolytic-glycogen synthetic
(glucose-using cells) (51). It might be postulated that if the
blood mixture supplying the periportal hepatocytes had a
higher ratio of arterial to portal blood than the blood supplying
the perivenous hepatocytes, GPmay be preferentially inhibited
by insulin reaching the liver from the hepatic artery. Current
evidence suggests that the mixture of blood supply is the same
in all hepatic areas (35). However, the hemodynamics of the
liver are complex and it is still possible that insulin reaching the
liver from the hepatic artery is sensed differently from that
carried through the portal vein. Also, insulin in the systemic
circulation could inhibit GP by activating peripheral or
central neural pathways, influencing the activity of hepatic
nerves (35).

Another intriguing possibility is that although glucose lev-
els were kept unchanged during the clamp, GPmay have been
inhibited by the higher glucose infusion rate necessary to clamp
plasma glucose in the presence of higher peripheral insulin lev-
els. Recently, a number of studies have shown a fall in GP
during glucose infusion in the absence of a detectable rise in
plasma glucose or insulin (42, 52). This could account for the
correlation between stimulation of GUand suppression of GP.

In conclusion, at the suprabasal but physiological insulin
levels tested in our depancreatized dogs, portal insulin infusion
suppressed GPless than equimolar peripheral infusion. With
portal infusion, the extent of GPsuppression was the same as
with peripheral infusion at half the rate, resulting in equal pe-
ripheral insulinemia. These results suggest that the absence of a
portal-peripheral insulin gradient in insulin-treated diabetics
might not be important for postprandial suppression of GP.
The importance of the portal-peripheral insulin gradient may
be related to basal suppression of GPor to other aspects of liver
metabolism.

Acknowledgments

The authors are grateful to D. Bilinski, M. VanDelangeryt, and L. Lam
for excellent technical assistance.

This work was supported by the Canadian Diabetes Association,
Juvenile Diabetes Foundation, and the Medical Research Council of
Canada. A. Giacca was supported by the S. Raffaele Institute, Milan,
Italy and by Juvenile Diabetes Foundation and is presently a Fellow of
the Canadian Diabetes Association. Z. Q. Shi is a Fellow of Diabetes
Canada. M. Vranic is a Killam Scholar.

References
1. Consoli, A., N. Nurdhan, F. Capani, and J. Gerich. 1989. Predominant role

of gluconeogenesis in increased hepatic glucose production in NIDDM. Diabetes.
38:550-557.

2. Stevenson, R. W., P. E. Williams, and A. D. Cherrington. 1987. Role of
glucagon suppression on gluconeogenesis during insulin treatment of the
conscious diabetic dog. Diabetologia. 30:782-790.

3. Madison, L. L., and R. H. Unger. 1958. The physiologic significance of the
secretion of endogenous insulin into the portal circulation. I. Comparison of the
effects of glucagon-free insulin administered via the portal vein and via a periph-
eral vein on the magnitude of hypoglycemia and peripheral glucose utilization. J.
Clin. Invest. 37:631-639.

4. Baruh, S. 1975. The physiologic significance of portal vs. peripheral injec-
tion of insulin in man. Am. J. Med. Sci. 269:25-35.

5. Stevenson, R. W., J. A. Parsons, and K. G. M. M. Alberti. 1983. Effect of
intraportal and peripheral insulin on glucose turnover and recycling in diabetic
dogs. Am. J. Physiol. 224:EI90-E195.

6. Griffen, S. C., S. M. Russell, L. S. Katz, and C. S. Nicoll. 1987. Insulin

exerts metabolic and growth-promoting effects by a direct action on the liver in
vivo: clarification of the functional significance of the portal vascular link be-
tween the beta cells of the pancreatic islets and the liver. Proc. NatL. Acad. Sci.
USA. 84:7300-7304.

7. Fischer, U., R. A. Rizza, L. D. Hall, R. E. Westland, M. W. Haymond,
A. H. Clemens, J. E. Gerich, and F. J. Service. 1982. Comparison of peripheral
and portal venous insulin administration on postprandial metabolic responses in
alloxan-diabetic dogs. Effects of identical preprogrammed complex insulin infu-
sion waveforms. Diabetes. 31:579-584.

8. Ishida, T., Z., Chap, J. Chou, R. M. Lewis, C. J. Hartley, M. L. Entman, and
J. B. Field. 1984. Effects of portal and peripheral venous insulin infusion on
glucose production and utilization in depancreatized dogs. Diabetes. 33:984-990.

9. Kryshak, E. J., P. C. Butler, C. Marsh, A. Miller, D. Barr, K. Polonsky, J. D.
Perkins, and R. A. Rizza. 1990. Pattern of postprandial carbohydrate metabolism
and effects of portal and peripheral insulin delivery. Diabetes. 39:142-148.

10. Katz, H., M. Homan, J. Velosa, P. Robertson, and R. Rizza. 1991. Effects
of pancreas transplantation on postprandial glucose metabolism. N. Engl. J. Med.
325:1278-1283.

11. Finegood, D. T., R. N. Bergman, and M. Vranic. 1987. Estimation of
endogenous glucose production during hyperinsulinemic euglycemic glucose
clamps. Comparison of unlabeled and labeled exogenous infusates. Diabetes.
36:914-924.

12. Finegood, D. T., R. N. Bergman, and M. Vranic. 1988. Modeling error
and apparent isotope discrimination confound estimation of endogenous glucose
production during euglycemic glucose clamps. Diabetes. 37:1025-1034.

13. Schwenk, W. F., P. C. Butler, M. W. Haymond, and R. A. Rizza. 1990.
Underestimation of glucose turnover corrected with high-performance liquid
chromatography purification of [6-3H]glucose. Am. J. Physiol. 258:E228-E233.

14. Prager, R., P. Wallace, and J. M. Olefsky. 1987. Direct and indirect effects
of insulin to inhibit hepatic glucose output in obese subjects. Diabetes. 36:607-
611.

15. Ader, M., and R. N. Bergman. 1990. Peripheral effects of insulin dominate
suppression of fasting hepatic glucose production. Am. J. Physiol. 245:E1020-
E1032.

16. Cherrington, A. D., J. L. Chiasson, J. E. Liljenquist, A. S. Jennings, U.
Keller, and W. W. Lacy. 1976. The role of insulin and glucagon in the regulation
of glucose production in the postabsorptive dog. J. Clin. Invest. 58:1407-1418.

17. Bergman, R. N., M. Ader, D. T. Finegood, and G. Pacini. 1984. Extrapan-
creatic effects of somatostatin infusion to increase glucose clearance. Am. J. Phys-
iot. 247:E370-E379.

18. Doi, K., M. Prentki, C. Yip, A. Muller, B. Jeanrenaud, and M. Vranic.
1979. Identical biological effects of pancreatic glucagon and a purified moiety of
canine gastric immunoreactive glucagon. J. Clin. Invest. 63:523-531.

19. Hatton, T. W., C. C. Yip, and M. Vranic. 1985. Biosynthesis of glucagon
(IRG3 II) in canine gastric mucosa. Diabetes. 34:38-46.

20. Efendic, S., S. J. Karlander, and M. Vranic. 1988. Mild Type II diabetes
markedly increases glucose cycling in the postabsorptive state and during glucose
infusion irrespective of obesity. J. Clin. Invest. 81:1953-1961.

21. Vranic, M., R. Kawamori, S. Pek, N. Kovacevic, and G. A. Wrenshall.
1976. The essentiality of insulin and the role of glucagon in regulating glucose
utilization and production during strenuous exercise in dogs. J. Clin. Invest.
57:245-255.

22. Giacca, A., R. Gupta, S. Efendic, K. Hall, A. Skottner, L. Lickley, and M.
Vranic. 1990. Differential effects of IGF-I and insulin on glucoregulation and fat
metabolism in depancreatized dogs. Diabetes. 39:340-347.

23. Kolterman, O., R. Gray, J. Griffin J, P. Burnstein, J. Insel, J. Scarlett, and
J. Olefsky. 1981. Receptor and post-receptor defects contribute to the insulin
resistance in noninsulin-dependent diabetes mellitus. J. Clin. Invest. 68:957-969.

24. DeFronzo, R. A., Simonson, D., and E. Ferrannini. 1982. Hepatic and
peripheral insulin resistance: a common feature of Type II (non-insulin depen-
dent) and Type I (insulin dependent) diabetes mellitus. Diabetologia. 23:313-
319.

25. Bjorkman, O., P. Miles, D. Wasserman, L. Lickley, and M. Vranic. 1988.
Regulation of glucose turnover during exercise in pancreatectomized, totally in-
sulin deficient dogs. Effects of beta adrenergic blockade. J. Clin. Invest. 81:1759-
1767.

26. Herbert, V., L. S. Lau, C. W. Gottlieb, and S. Bleicher. 1965. Coated
charcoal immunoassay of insulin. J. Clin. Endocrinol. Metab. 25:1375-1384.

27. Faloona, G. R., and R. H. Unger. 1974. Glucagon. In Methods of Hor-
mone Radioimmunoassay. B. N. Jaffe, and H. R. Berman, editors. Academic
Press, NewYork. 317-330.

28. Ho, R. J. 1970. Radiochemical assay of long-chain fatty acids using'3Ni as
a tracer. Anal. Biochem. 36:105-113.

29. Lloyd, B., J. Burrin, P. Smythe, and K. G. Alberti. 1978. Enzymic fluoro-
metric continuous-flow assays for blood glucose, lactate, pyruvate, alanine, glyc-
erol, and 3-OH-butyrate. Clin. Chem. 24:1724-1729.

30. Dunn, D. F., B. Friedman, A. R. Maass, G. A. Reich, and S. Weinhouse.
1957. Effects of insulin on blood glucose entry and removal in normal dogs. J.
Biol. Chem. 225:225-237.

1776 A. Giacca, S. J. Fisher, Z. Q. Shi, R. Gupta, H. L. A. Lickley, and M. Vranic



31. Finegood, D. T., and R. N. Bergman. 1983. Optimal segments: a method
for smoothing tracer data to calculate metabolic fluxes. Am. J. Physiol.
244:E472-E479.

32. Miles, P. D. G., K. Yamatani, H. L. A. Lickley, and M. Vranic. 1991.
Mechanism of glucoregulatory responses to stress and their deficiency in diabetes.
Proc. Nall. Acad. Sci. USA. 88:1296-1300.

33. Issekutz, B., Jr. 1977. Studies of hepatic glucose cycles in normal and
methylprednisolone-treated dogs. Metab. Clin. Exp. 26:157-170.

34. Lickley, H. L. A., G. G. Ross, and M. Vranic. 1979. Effects of selective
insulin or glucagon deficiency on glucose turnover. Am. J. Physiol. 236:E255-
E262.

35. Arias, I., H. Poppe, D. Schachter, and D. A. Shafritz. 1982. The Liver.
Biology and Pathobiology. Raven Press, NewYork.

36. Bell, P. M., R. G. Firth, and R. A. Rizza. 1986. Assessment of insulin
action in insulin-dependent diabetes mellitus using [6-'4C]glucose, [3-3H]-
glucose and [2-3HIglucose. J. Clin. Invest. 78:1479-1486.

37. Zuniga-uajardo, S., and B. Zinman. 1985. The metabolic response to the
euglycemic insulin clamp in Type I diabetes and normal humans. Metab. Clin.
Exp. 34:926-930.

38. Freyse, E. J., U. Fischer, G. Albrecht, S. Marx, and H. Keilacker. 1987.
The effect of prehepatic insulin administration on alanine flux rates in diabetic
dogs. Diabetologia. 30:402-408.

39. Bierman, E. L., I. L. Schwartz, and V. P. Dole. 1957. Action of insulin on
release of fatty acids from tissue stores. Am. J. Physiol. 191:359-362.

40. Rizza, R. A., L. J. Mandarino, and J. E. Gerich. 1981. Dose-response
characteristics for effects of insulin on production and utilization of glucose in
man. Am. J. Physiol. 240:E630-E639.

41. Jahoor, F., E. J. Peters, and R. R. Wolfe. 1990. The relationship between
gluconeogenic substrate supply and glucose production in humans. Am. J. Phys-
iol. 258:E288-E296.

42. Clore, J. N., P. S. Glickman, S. T. Helm, J. E. Nestler, and W. G. Black-
hard. 1991. Evidence for dual control mechanism regulating hepatic glucose out-
put in nondiabetic men. Diabetes. 40:1033-1040.

43. Ferrannini, E., E. J. Barrett, S. Bevilacqua, and R. A. DeFronzo. 1983.
Effect of fatty acids on glucose production and utilization in man. J. Clin. Invest.
72: 1727-1747.

44. Saloranta, C., A. Franssila-Kallunki, A. Ekstrand, M.-R. Taskinen, and L.
Groop. 1991. Modulation of hepatic glucose production by non-esterified fatty
acids in type 2 (non-insulin-dependent) diabetes mellitus. Diabetologia. 34:409-
415.

45. Moore, M. C., A. D. Cherrington, G. Cline, M. J. Pagliassotti, E. M. Jones,
D. W. Neal, C. Badet, and G. I. Shulman. 1991. Sources of carbon for hepatic
glycogen synthesis in the conscious dogs. J. Clin. Invest. 88:578-587.

46. Wolfe, R. R., S. Klein, F. Carraro, and J.-M. Weber. 1990. Role of triglyc-
eride-fatty acid cycle in controlling fat metabolism in humans during and after
exercise. Am. J. Physiol. 258:E382-E389.

47. Cherrington, A. D., J. E. Liljenquist, G. I. Shulman, P. E. Williams, and
W. W. Lacy. 1979. Importance of hypoglycemia-induced glucose production
during isolated glucagon deficiency. Am. J. Physiol. 236:E263-E27 1.

48. Myers, S. R., M. Diamond, B. Adkins-Marshall, P. Williams, R. Stinsen,
and A. D. Cherrington. 1991. Effects of small changes of glucagon on glucose
production during a euglycemic, hyperinsulinemic clamp. Metab. Clin. Exp.
40:66-71.

49. Lins, P.-E., A. Wajngot, U. Adamson, M. Vranic, and S. Efendic. 1983.
Minimal increases in glucagon levels enhance glucose production in man with
partial hypoinsulinemia. Diabetes. 32:633-636.

50. Steiner, K. E., P. E. Williams, W. W. Lacy, and A. D. Cherrington. 1990.
Effects of insulin on glucagon-stimulated glucose production in the conscious
dog. Metab. Clin. Exp. 39:1325-1333.

51. Jungerman, K., and N. Katz. 1989. Functional specialization of different
hepatocyte populations. Physiol. Rev. 69:708-764.

52. Sheu, W. H. H., C. B. Hollenbeck, M.-S. Wu, J. B. Jaspan, Y.-D. Chen,
and G. M. Reaven. 1990. Effect of differences in glucose infusion rate on quantifi-
cation of hepatic glucose production. J. Clin. Endocrinol. Metab. 70:1354-1360.

Effects of Peripheral Insulin Levels on Glucose Production 1777


