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Resistance to Insulin’s Acute Direct Hepatic Eff e c t
in Suppressing Steady-State Glucose Production in
Individuals With Type 2 Diabetes
Gary F. Lewis, André Carpentier, Mladen Vranic, and Adria Giacca

We and others have shown that insulin acutely suppresses
glucose production in fasting nondiabetic humans and
dogs, by both a direct hepatic effect and an indirect
(extrahepatic) effect, and in diabetic dogs by an indirect
e ffect alone. In type 2 diabetes, there is resistance to
i n s u l i n ’s ability to suppress hepatic glucose production,
but it has not previously been determined whether the
resistance is primarily at the level of the hepatocyte or the
peripheral tissues. To determine whether the diabetic
state reduces the direct effect of insulin in humans, we
studied nine patients with untreated type 2 diabetes who
underwent three studies each, 4–6 weeks apart. 1) Portal
study (POR): intravenous tolbutamide was infused for 
3 h with calculation of pancreatic insulin secretion from
peripheral plasma C-peptide. 2) Peripheral study (PER):
equidose insulin was infused by peripheral vein. 3) Half-
dose peripheral insulin study (1/2 PER): matched periph-
eral insulin levels with study 1. In all studies, glucose
was clamped at euglycemia, glucose turnover was meas-
ured with the constant specific activity method, and
3 -[3H]glucose was purified by high-performance liquid
c h r o m a t o g r a p h y. Peripheral insulin was lower in POR ver-
sus PER but slightly higher in POR versus 1/2 PER,
although most of the difference could be accounted for by
higher proinsulin levels in POR (stimulated by tolbu-
tamide). Calculated portal insulin was ~1.3-fold higher in
POR versus PER and ~2.2-fold higher in POR versus 1/2
PER. In the final 30 min of the clamp, glucose production
reached a lower steady-state level in PER than in POR (4.0
± 0.4 vs. 5.3 ± 0.5 µmol · kg– 1 · min– 1, P < 0.05), despite the
higher hepatic insulin level in POR. In contrast with our
studies in nondiabetic individuals, glucose production
was not more suppressed at steady state in POR versus 1/2
PER (5.3 ± 0.4 µmol · kg– 1 · min– 1), despite much higher
hepatic insulin levels in POR. In conclusion, this is the fir s t
study in patients with type 2 diabetes to characterize
insulin resistance to the acute direct suppressive effect 
of insulin on hepatic glucose production. D i a b e t e s
48:570–576, 1999

P
ancreatic hormones are normally secreted into
the portal venous system, and ~40–60% of insulin
is cleared on the first pass through the liver (1,2).
Hepatic insulin clearance followed by dilution in

the larger systemic circulation leads to a physiologic portal-
peripheral (systemic) insulin concentration gradient, with
portal and hepatic insulin levels exceeding those in the
peripheral venous circulation (3). Insulin acutely sup-
presses hepatic glucose production (GP), and the acute
suppression is mediated partly by a direct hepatic effect and
partly by an indirect or extrahepatic effect of insulin (4–7).
There is now ample evidence that insulin’s suppressive
effect on peripheral tissue lipolysis, with reduction in
plasma free fatty acids (FFAs), is an important signal medi-
ating the indirect effect of insulin on hepatic GP (4,8–13).
Glucagon potentiates the direct effect of insulin (6,14,15),
and we have recently demonstrated that the insulin-induced
suppression of glucagon and FFAs has additive or cooper-
ative effects in mediating the acute extrahepatic effect of
insulin on GP (12).

Higher hepatic insulin concentrations appear to be neces-
sary to rapidly inhibit hepatic glucose production during the
transition from the fasted to the fed state, and slightly
delayed feedback control of hepatic glucose production by
insulin-mediated processes in peripheral tissues provides a
second order of regulation, one more responsive to the
energy needs of the organism. Portal insulin delivery with
~50% hepatic insulin extraction provides the liver with appro-
priately high insulin concentrations to rapidly suppress glu-
cose production while limiting the degree of potentially dele-
terious peripheral hyperinsulinemia. Peripheral control of
hepatic glucose production, on the other hand, permits the
response of hepatic fuel synthesis to be coordinated with
the metabolic effects of peripheral insulin, sensing decreased
peripheral tissue energy needs when insulin, glucose, and fats
are plentiful, such as occurs in the postprandial state. This
complex system of feedback control provides a smooth tran-
sition from the fasted to the fed state.

The balance between the direct and indirect effects of
insulin in suppressing GP depends on the relative exposure
of liver and extrahepatic tissues to insulin and the sensitivity
of the tissues to insulin. In patients with type 1 or type 2 dia-
betes, insulin treatment is generally administered by subcu-
taneous injection, thus abolishing the normal portal-periph-
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eral insulin concentration gradient, and glycemia is con-
trolled at the expense of higher peripheral insulin concen-
trations (16). Both in vitro (17–19) and in vivo (20–22) exper-
iments suggest that chronically increased peripheral insulin
concentrations can cause insulin resistance, not only aggra-
vating existing insulin resistance but also potentially causing
a number of other adverse metabolic consequences.

In type 2 diabetes, there is well-described hepatic resis-
tance to the suppressive effect of insulin on glucose produc-
tion (23,24), but previous studies have not examined whether
this resistance to insulin’s effect is at the level of the hepato-
cyte or the peripheral tissues, the latter with consequent indi-
rect hepatic effects. In contrast with our studies in nondiabetic
humans (5) and dogs (25), our earlier studies in depancreatized
dogs (26) failed to demonstrate a direct hepatic effect of
insulin in suppressing GP (26). The mechanism accounting for
this difference between diabetic and nondiabetic dogs is not
known, but it appears to indicate that there is resistance to the
acute direct suppressive effect of insulin at the hepatocyte level
in diabetic dogs, perhaps due to the effects of hyperglycemia
per se. This concept is supported by our recent observations
that restoration of euglycemia acutely restores the direct
hepatic effect of insulin on GP in depancreatized dogs (27). To
determine whether the diabetic state also reduces the direct
effect of insulin in humans, in the present study we examined
the acute effects of portal versus peripheral insulin delivery on
GP in patients with type 2 diabetes.

RESEARCH DESIGN AND METHODS

S u b j e c t s . The clinical characteristics of the nine study subjects with untreated
type 2 diabetes are outlined in Table 1. No subject had a history of systemic ill-
ness other than diabetes, and none had taken any diabetes medication or med-
ication known to affect carbohydrate metabolism during the 6-month period pre-
ceding the study or during the study. Informed written consent was obtained from
all participants in accordance with the guidelines of the Human Subjects Review
Committee of the Toronto Hospital, University of Toronto. Permission was
granted by the Health Protection Branch, Health and Welfare Canada, for the use
of intravenous tolbutamide (control number 034076, G.F. L . ) .
Experimental protocol. All subjects were studied on three occasions each, with
a minimum of 4 weeks and a maximum of 6 weeks between studies. The order
of the studies was not randomized, since the tolbutamide infusion study (portal
study) had to be performed first in all subjects to calculate the insulin infusion rates
for the second and third studies. The subjects were instructed not to make major
changes to their diet, exercise habits, or alcohol intake between studies. In the
first study, hyperinsulinemia was induced by an intravenous tolbutamide infusion

(the portal study [POR]). In the second study, hyperinsulinemia was induced by
an exogenous insulin infusion (the full-rate peripheral insulin study [PER]). In the
third study, exogenous insulin was infused at half the rate infused in PER (the half-
rate peripheral insulin study [1/2 PER]).
Portal studies. Subjects were admitted to the Metabolic Investigation Unit of
the Toronto Hospital following a 12-h overnight fast and did not eat until com-
pletion of the study that afternoon. At ~8:00 A.M. (time –150 min) a primed (3.3 3
1 06 dpm) continuous infusion (0.33 3 1 06 dpm/min) of 3-[3H]glucose (New Eng-
land Nuclear, Boston, MA) was started and maintained throughout the study. The
tracer had been submitted to the high-performance liquid chromatography
( H P L C ) - p u r i fication procedure (28). After 110 min, five samples of arterialized
venous blood were drawn every 10 min for basal determinations from an intra-
venous catheter placed in a dorsal hand vein of the opposite arm, which was main-
tained in a warming device. At time 0 min, tolbutamide sodium, USP (Upjohn,
Kalamazoo, MI), 3 g in 250 ml normal saline, was infused into a peripheral arm
vein at a rate of 1 g/h for the 1st hour, 800 mg/h for the 2nd hour, and 600 mg/h
for the 3rd hour. This dose was empirically determined in earlier studies to pro-
duce sustained and steady rates of pancreatic insulin secretion in nondiabetic indi-
viduals (29). The mean steady rate of pancreatic insulin secretion between 60 and
180 min in response to tolbutamide was used to determine the exogenous insulin
infusion rate needed for the second study. Blood samples were drawn for
glucose, 3-[3H]glucose specific activity (SA), insulin, glucagon, C-peptide, proin-
sulin, and FFAs at baseline and at regular intervals throughout the study. Samples
for measurement of FFAs were drawn into chilled EDTA tubes on ice containing
0.4 mmol/l of the lipase inhibitor APBA (m-aminophenylboronic acid; Sigma, St.
Louis, MO) (30). Plasma glucose levels were measured every 5 min during the
tolbutamide infusion. The values were used to adjust the rate of a 20% dextrose
infusion to maintain constant isoglycemia (that is, plasma glucose level was
maintained at the patient’s fasting level, determined during the basal period of each
study). An aliquot of 3-[3H]glucose was added to the 20% dextrose infusate (0.388
µCi/kg 3-[3H]glucose added to 500 ml dextrose solution) to minimize the decline
in glucose SA during the clamp (hot glucose infusion [Ginf] method) (31,32).

Tolbutamide was discontinued after 3 h, and the subjects were permitted to
eat, thus ending the active phase of the study. Since tolbutamide has a prolonged
action, the rate of the 20% dextrose infusion was gradually reduced overnight,
maintaining iso- or euglycemia at all times according to half-hourly blood glucose
measurements drawn through a sampling intravenous catheter. In most cases, the
dextrose infusion was discontinued within 6 h of stopping the tolbutamide.
Full-rate peripheral insulin study. The study using an exogenous insulin infu-
sion was performed 4–6 weeks later using crystalline human insulin (Novo
Nordisk Canada, Toronto, Canada) infused into a peripheral vein between 0 and 180
min, following a 150-min basal equilibration period. Plasma glucose levels were main-
tained at isoglycemia for each patient as described above. The rate of infusion of
exogenous insulin was matched in each individual to the calculated mean steady
rate of pancreatic insulin secretion between 60 and 180 min of the earlier tolbutamide
infusion. Pancreatic insulin secretion had been calculated from peripheral plasma
C-peptide levels by deconvolution using a two-compartment mathematical model
for C-peptide distribution and metabolism as previously described (33). The soft-
ware program for calculation of insulin secretion was provided by Drs. K. Polon-
sky and J. Sturis, University of Chicago, Chicago. The use of standard parameters
for C-peptide clearance and distribution has been shown to result in insulin secre-

TABLE 1
Clinical characteristics of subjects and mean basal values

S e x A g e Duration of diabetes G l u c o s e H b A1 c B M I I n s u l i n Glucagon F FA s Ra

S u b j e c t ( M / F ) ( y e a r s ) ( y e a r s ) ( m m o l / l ) ( % ) ( k g / m2) ( p m o l / l ) ( p g / m l ) ( m m o l / l ) (µmol · kg–1 · min– 1)

1 M 6 3 3 7 . 5 8 . 6 3 3 . 1 8 0 . 1 7 4 . 5 0 . 6 4 1 0 . 3
2 F 4 4 5 8 . 5 6 . 9 2 4 . 7 4 2 . 0 6 3 . 4 0 . 5 1 1 0 . 6
3 M 5 3 4 1 0 . 9 1 2 . 3 3 3 . 1 5 8 . 2 6 4 . 8 0 . 5 5 1 3 . 8
4 M 5 5 3 8 . 2 7 . 9 2 8 . 9 3 6 . 0 6 1 . 0 0 . 6 6 1 2 . 1
5 M 6 3 6 1 2 . 1 1 0 . 3 2 7 . 9 3 2 . 4 4 3 . 2 0 . 5 8 1 3 . 9
6 M 4 2 5 9 . 5 9 . 9 2 6 . 0 9 9 . 1 1 0 3 . 0 0 . 6 7 9 . 7
7 F 4 6 2 7 . 2 6 . 6 4 1 . 2 5 4 . 3 9 7 . 8 0 . 7 7 8 . 3
8 M 5 3 4 7 . 1 6 . 7 3 1 . 4 3 6 . 6 7 8 . 7 0 . 5 7 1 0 . 4
9 F 5 8 2 7 . 0 7 . 1 2 3 . 7 4 8 . 2 5 7 . 9 0 . 7 1 9 . 9
To t a l 6 M/3 F 53 ± 3 3.8 ± 0.5 8.7 ± 0.6 8.5 ± 0.7 30.0 ± 1.8 54.1 ± 7.5 71.6 ± 6.4 0.63 ± 0.02 11.0 ± 0.6

Data are means ± SE for each subject for basal values (–40 to 0 min) for all three studies (portal, peripheral, and half-dose 
p e r i p h e r a l ) .
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tion rates that differ in each subject by only 10–12% from those obtained with indi-
vidual parameters, and there is no systematic over- or underestimation of insulin
secretion (33). Over the 1st hour of the infusion (0–60 min), the insulin infusion rate
was increased in increments of 25% of the calculated maximal rate every 15 min,
to mimic as closely as possible the gradual increase in insulin secretion seen in the
earlier portal insulin study.
Half-rate peripheral insulin infusion study. This study was performed 4–6
weeks after the full-rate peripheral insulin infusion study described above and was
identical to that study, except that insulin was infused at half the rate in an attempt
to match peripheral venous insulin concentrations with those in the portal insulin study.
Calculations. The SA of the infusate was calculated as previously described (5).
B r i e fly, calculations were based on estimation of the parameters of the formula of
Finegood et al. (31), modified to allow for incomplete suppression of GP. GP was
calculated as the endogenous rate of appearance measured with 3-[3H]glucose; glu-
cose utilization (GU) as the rate of disappearance measured with 3-[3H]glucose (Rd) .
For glucose turnover calculations, a modified one-compartment model (31) was
used to account for the exogenously infused mixture of labeled and unlabeled glu-
cose. Data were smoothed with the optimal segments routine (34) using the opti-
mal error algorithm (35). With the hot Ginf method, the monocompartment
assumption becomes minor, because the non–steady-state part of the Steele’s
equation is close to zero. Rd corresponded to GU, and plasma clearance rate of glu-
cose (Rd/glycemia) corresponded to glucose metabolic clearance rate (MCR),
since plasma glucose levels were below the renal threshold for glycosuria.

Portal insulin levels were calculated according to the method of De Feo et al. (36):

P It = AIt + [PI0 2 A I0] I S Rt

I S R0

P It, AIt, and ISRt are the portal venous insulin concentration, arterial (peripheral)
plasma insulin concentration, and insulin secretion rate, respectively, at time t, and
P I0, AI0, and ISR0 are those at baseline. ISR0 was taken as the average of the basal
insulin secretion rates determined in the three experiments. PI0 was assumed to
be 2.4 3 A I0 (36). Hepatic insulin levels were calculated assuming a 72% vascu-
larization of the liver by the portal vein and 28% by the hepatic artery (37).
Laboratory methods. Glucose was assayed enzymatically at the bedside using
a Beckman Glucose Analyzer II (Beckman Instruments, Fullerton, CA). Insulin was
measured by radioimmunoassay using a double-antibody separation method (kit
supplied by Pharmacia Diagnostic, Uppsala, Sweden). C-peptide was measured
by radioimmunoassay using previously described techniques (38). Glucagon was
measured by radioimmunoassay with a double-antibody procedure using a kit by
Linco (Linco Research, St. Charles, MO). Proinsulin was measured by an enzyme-
linked immunosorbent assay specific for proinsulin and proinsulin split products
(39). FFAs were measured by a colorimetric method (kit supplied by Wako Indus-
trials, Osaka, Japan).

For the determination of 3-[3H]glucose SA, plasma was deproteinized with
B a ( O H )2 and ZnSO4. An aliquot of the supernatant was then evaporated to dryness
to eliminate tritiated water. After addition of water and liquid scintillation solution,
the radioactivity from 3-[3H]glucose was counted by liquid scintillation spec-
t r o m e t r y. An external standard was used for quench corrections. Aliquots of the

infused 3-[3H]glucose and of the labeled glucose infusate were assayed together
with the plasma samples.
Statistical methods. The data were expressed as mean ± SE. Two-way analysis
of variance for repeated measurements followed by Tu k e y ’s t test was performed
for differences between experimental groups during the basal period and during
the 150- to 180-min hyperinsulinemic period. A P value <0.05 was regarded as signi-
ficant. Calculations were performed with SAS software (SAS Institute, Cary, NC).

R E S U LT S

All mean values reported below for the baseline period are the
means of times –40 to 0 min, and for the hyperinsulinemic
period, the means of times 150–180 min (i.e., the final 30 min
of the clamp).
Insulin infusion/secretion rates, plasma glucose,

peripheral insulin, proinsulin, and calculated portal

i n s u l i n. In POR, the calculated insulin secretion rate rapidly
reached a plateau (252.6 ± 21.6 pmol/min) by ~30 min after
beginning the tolbutamide infusion (Fig. 1A). Its time course
was mimicked by PER and 1/2 PER.

Fasting (basal) plasma glucose levels (Fig. 1B) were higher
(P < 0.05) in POR and PER (9.2 ± 0.3 and 8.7 ± 0.3 mmol/l) than
in 1/2 PER (8.0 ± 0.3 mmol/l) (NS for POR vs. PER). Glucose
levels were clamped at isoglycemia throughout the studies. Dur-
ing the final 30 min of the clamp, the glucose was higher in POR
(9.4 ± 0.4 mmol/l) than in PER and 1/2 PER (8.7 ± 0.3, P < 0.05,
and 8.0 ± 0.3 mmol/l, P < 0.001) (NS for PER vs. 1/2 PER).

C-peptide levels (not shown) rose from 636 ± 37 to 1164 ± 60
pmol/l in POR and decreased slightly from 654 ± 41 to 589 ± 66
pmol/l in PER and from 609 ± 44 to 501 ± 61 pmol/l in 1/2 PER.

The peripheral insulin level (Fig. 1C) increased to a greater
extent (P < 0.05) in PER (from basal level of 49.3 ± 3.6 to 208.3
± 19.0 pmol/l in the final 30 min of clamp) than in POR (from
60.5 ± 6.2 to 157.9 ± 29.1 pmol/l) or 1/2 PER (49.3 ± 5.0 to 107.7
± 11.2 pmol/l, P < 0.001). The insulin levels in the final 30 min
in POR were higher than those in 1/2 PER (P < 0.05).

Proinsulin levels (Fig. 1C inset) increased from basal levels
of 26.4 ± 8.2 to 62.6 ± 20.7 pmol/l in POR because of the stim-
ulatory effect of tolbutamide on endogenous insulin secretion,
and decreased to 10 ± 6 pmol/l in PER and 10 ± 5 pmol/l in 1/2
PER (because of the suppressive effect of exogenous insulin
on endogenous insulin secretion).

FIG. 1. Insulin secretion/infusion rates (A) ,

plasma glucose concentrations (B), peripheral

insulin concentrations (C) and proinsulin

(inset), and estimated portal insulin concentra-

tions (D) versus time for the portal study d, full-

dose peripheral insulin study (s), and half-dose

peripheral insulin study (n). Time –40 to 0 min is

the basal equilibration period, and 0 to 180 min,

the hyperinsulinemic period. Statistical diff e r-

ences between studies are discussed in RESULTS.
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Calculated portal insulin levels (Fig. 1D) were higher 
(P < 0.001) in the basal state in POR (160.1 ± 28.6 pmol/l) than
in PER and 1/2 PER (126.3 ± 13.8 and 127.6 ± 22.5 pmol/l) (NS
for PER vs. 1/2 PER). The same applied to calculated hepatic
insulin levels, which were higher (P < 0.001) in the basal state
in POR (133.5 ± 23.8 pmol/l) than in PER and 1/2 PER (105.6
± 11.7 and 106.6 ± 18.7 pmol/l) (NS for PER vs. 1/2 PER). Dur-
ing the final 30 min of the clamp, calculated portal insulin lev-
els were higher in POR (403.1 ± 66.5 pmol/l) than in PER and
1/2 PER (312.9 ± 26.5, P < 0.05, and 185.9 ± 29.2 pmol/l, P <
0.001) (P < 0.001 for PER vs. 1/2 PER). Calculated hepatic
insulin levels tended to be higher during the final 30 min of the
clamp in POR (336.9 ± 58.5 pmol/l) than in PER (287.7 ± 26.4
pmol/l, NS) and were higher than in 1/2 PER (166.0 ± 25.4
pmol/l, P < 0.001) (P < 0.001 for PER vs. 1/2 PER).
Glucagon and FFAs. F FA levels (Fig. 2A) were suppressed
(P < 0.001) during hyperinsulinemia from basal values of 0.57
± 0.03 mmol/l in POR, 0.60 ± 0.03 mmol/l in PER, and 0.59 ±
0.03 mmol/l in 1/2 PER. The decline in FFAs was slightly less
(P < 0.05) with POR and 1/2 PER (73.7 ± 3.9 and 76.7 ± 3.0%)
than with PER (85.2 ± 1.9%) (NS for POR vs. 1/2 PER).

Peripheral glucagon levels (Fig. 2B) decreased to a lesser
extent (P < 0.001) in POR (by 15.9 ± 4.6%, from basal level of
77.7 ± 4.4 to 65.5 ± 4.9 ng/l) compared with PER (by 22.5 ± 6.6%,
basal 69.3 ± 4.2 to 52.6 ± 4.9 ng/l) and 1/2 PER (by 24.7 ± 4.2%,
basal 67.8 ± 4.5 to 51.4 ± 5.2 ng/l).
Glucose infusion rate, 3-[3H]glucose SA, Rd, and

endogenous glucose production. The dextrose infusion
rate (Ginf) necessary to maintain euglycemia (Fig. 3A)
increased at a similar rate in POR and PER in the first 90 min
of the clamp. While the Ginf continued to increase in a linear
fashion throughout the 180-min clamp in PER (21.3 ± 2.5 µmol
· kg– 1 · min– 1 in the final 30 min), the Ginf declined and reached
a plateau at a lower level in POR (9.8 ± 0.9 µmol · kg– 1 · min– 1,
P < 0.001) and was similar in the final 30 min of the experiment
to 1/2 PER (11.1 ± 1.4 µmol · kg– 1 · min– 1) (P < 0.001 for PER
vs. 1/2 PER).

Plasma glucose SA (Fig. 3B) increased to a greater extent (P
< 0.001) during the glucose clamp in POR (53.1 ± 4.0%) than in
PER and 1/2 PER (33.4 ± 5.1 and 39.1 ± 5.0%) (NS for PER vs.
1/2 PER).

As expected, Rd (Fig. 3C) rose proportionally to the periph-
eral insulin levels. Rd was higher (P < 0.001) in the final 30 min
of the clamp in PER (25.0 ± 1.8 µmol · kg– 1 · min– 1) than in POR
and 1/2 PER (15.5 ± 0.7 and 17.2 ± 0.8 µmol · kg– 1 · min– 1) (NS
for POR vs. 1/2 PER).

Endogenous glucose production (Ra) (Fig. 3D) in the basal
period was slightly higher (P < 0.05) in POR (11.5 ± 0.4 µmol
· kg– 1 · min– 1) than in PER and 1/2 PER (10.6 ± 0.3 and 10.7 ±
0.2 µmol · kg– 1 · min– 1) (NS for PER vs. 1/2 PER). Ra d e c r e a s e d
to a lower steady-state level in the final 30 min of the clamp
( Table 2) in PER than in POR and 1/2 PER (P < 0.05) (NS for
POR vs. 1/2 PER). As can be seen in Fig. 3 and Table 2, the early
suppression of Ra (between 60 and 90 min of the clamp) was
greater (P < 0.001) in POR than in PER and 1/2 PER (NS for
PER vs. 1/2 PER).

D I S C U S S I O N

In the present study of subjects with untreated type 2 diabetes,
there was a more rapid initial suppression of glucose pro-
duction with portal versus peripheral insulin, but quantitatively
greater suppression with peripheral insulin delivery in the
final 30 min of the 180-min clamp. In contrast with our stud-
ies in nondiabetic humans and dogs (4–7), however, glucose
production was not more suppressed with portal vs. half-
dose peripheral insulin in the final 30 min of the clamp,
despite much higher hepatic insulin levels with portal insulin.
In these patients, the initial direct suppressive effect of insulin
could still be detected, while the steady-state direct effect
could not be detected. This is the first study in humans with
type 2 diabetes to characterize insulin resistance to the direct
suppressive effect of insulin on hepatic glucose production.

Suppression of glucose production has been shown to be
due to direct hepatic suppression initially (by 15 min), with
the peripheral indirect effect being somewhat delayed (by
~1 h) (7,13,40). The initial direct suppressive effect of insulin
in dogs has been shown by others to be due to rapid sup-
pression of hepatic glycogenolysis and not gluconeogenesis
(7,13,40). The delayed suppression of GP is thought to be
mediated not only by indirect mechanisms, but also by a
direct hepatic effect of insulin (5,25). The abnormality found
in these patients with type 2 diabetes, in contrast with our
earlier studies in nondiabetic individuals (5), was the
absence of the direct effect of insulin in suppressing GP
after 150 min of the clamp. One may argue that although the
absolute GP was identical in the last 30 min of the clamp in
the POR and 1/2 PER studies, the reduction from basal (as
shown in Table 2) tended to be greater in the POR versus the
PER study. This difference, however, was not significant, and
was mainly due to small differences in basal GP rates
between the studies. It is also noteworthy that GP was not
maximally suppressed in either study, and therefore could

FIG. 2. Plasma FFAs (A) and plasma

glucagon concentrations (B) versus time

for the portal study (d), full-dose periph-

eral insulin study (s), and half-dose

peripheral insulin study (n). Time –40 to 0

min is the basal equilibration period, and

0–180 min, the hyperinsulinemic period.

Statistical differences between studies are

discussed in R E S U LT S.
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have been suppressed to a greater extent in the portal insulin
study if there had not been resistance to the direct suppres-
sive effect of insulin. The absence of a greater suppressive
effect of portal versus half-dose peripheral insulin in the fin a l
30 min of the clamp, despite 2.2-fold higher portal insulin con-
centrations in the former, suggests that individuals with type
2 diabetes are resistant to the delayed direct suppressive
effect of insulin on steady-state GP. Interestingly, this abnor-
mality occurs in type 2 diabetes despite the hyperglucagone-
mia that has been described in type 2 diabetes (41), which the-
oretically would be expected to increase the sensitivity of
the liver to the direct hepatic effects of insulin on hepatic GP
(6,14,15). Our studies in depancreatized dogs also failed to
show a direct effect of insulin on GP (26), while those in non-
diabetic dogs showed a direct effect (25). We have recently
reported that restoration of euglycemia acutely restores the
direct hepatic effect of insulin on GP in depancreatized dogs
(27), suggesting that hyperglycemia diminishes rather than
accentuates the effect of portal insulin.

The patients in the present study for the most part had mild
type 2 diabetes and normal basal rates of glucose production.
U n f o r t u n a t e l y, the sample size is too small to draw conclu-
sions regarding diabetes severity and the effects of portal and
peripheral insulin on GP. There were no significant correla-

tions in this respect. It is quite possible that the fin d i n g s
would have been different if we had studied patients with
more marked hyperglycemia, although intuitively, based on
our findings in depancreatized dogs discussed above (27), we
would have expected the defect to be even more severe. In
the present study, we did not measure glucose derived from
glycogenolysis versus gluconeogenesis and can only specu-
late, therefore, based on the observations of others who have
indicated that the direct hepatic suppressive effect of insulin
on GP is due to a reduction of glucose derived from
glycogenolysis (7,13,40), that the blunted suppression of
steady-state GP in this case was due to insulin resistance at
the level of regulation of glycogenolysis.

The finding of quantitatively greater suppression of GP in
the final 30 min of the clamp with peripheral versus equidose
portal insulin, where the peripheral insulin concentration was
1.3-fold higher but portal insulin was 1.3-fold lower in the
peripheral insulin study, confirms earlier findings by our
group and those of a number of other investigators that
insulin suppresses GP by an indirect mechanism in propor-
tion to its peripheral venous concentration (3,5–7,9–13,
15,25,26,40,42). There is now abundant evidence that
i n s u l i n ’s suppressive effect on peripheral tissue lipolysis,
with reduction in plasma FFAs, is an important signal medi-

FIG. 3. Ginf (A), 3-[3H]glucose SA (B) ,

Rd (C), and endogenous glucose pro-

duction (Rd) (D) versus time for the

portal study (d), full-dose peripheral

insulin study (s), and half-dose periph-

eral insulin study (n). Time –40 to 0

min is the basal equilibration period,

and 0–180 min, the hyperinsulinemic

period. Statistical differences between

studies are discussed in R E S U LT S.

TABLE 2
Comparison of glucose production rates in the acute (60–90 min) time period and the steady-state (150–180 min) period of the clamp
compared with basal

B a s a l 60–90 min 150–180 min

GP in portal study (µmol · kg– 1 · min– 1) 11.6 ± 0.5 5.2 ± 0.6 (–56.5 ± 3.8) 5.3 ± 0.5 (–56.3 ± 3.2)
GP in peripheral study (µmol · kg– 1 · min– 1) 10.6 ± 0.3* 6.9 ± 0.4 (–33.5 ± 4.4)† 4.0 ± 0.4 (–61.0 ± 4.2)*
GP in half-dose peripheral study (µmol · kg– 1 · min– 1) 10.8 ± 0.2* 6.3 ± 0.3 (–41.8 ± 2.7)† 5.3 ± 0.4 (–49.8 ± 3.7)‡

Data are means ± SE (% suppression from basal). *P < 0.05 vs. portal study; †P < 0.001 vs. portal study; and ‡P < 0.05 vs. 
peripheral study.
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ating the indirect effect of insulin on hepatic GP. First, a
strong relationship was found between insulin’s suppres-
sion of FFAs and GP (7,9,26). Second, prevention of the
insulin-mediated decline in plasma FFAs by intravenous
infusion of a triglyceride emulsion has been shown to limit
the insulin-mediated decline in GP (10,11,13). In the present
s t u d y, we did not directly examine the mechanism of insulin’s
peripheral effect on GP, but FFAs were suppressed to a
slightly greater extent with full-dose peripheral insulin than
with portal insulin, consistent with the higher peripheral
insulin levels in the former. Resistance to insulin’s antilipoly-
tic effect has been described in type 2 diabetes (24,43), but in
the present study the peripheral insulin levels were in the high
physiologic range and resistance to insulin’s antilipolytic
effect would not be expected to be detected at these insulin
doses. Insulin suppression of glucagon secretion has also
been considered as a potential mediator of insulin’s indirect
effect on hepatic GP. Glucagon stimulates GP, and suppres-
sion of plasma glucagon levels results in suppression of GP
(44). In our previous studies, we found that glucagon
enhanced the direct suppressive effect of insulin on GP
(6,14), in addition to mediating part of the extrahepatic effect
of insulin on GP (14,26). This finding has been confirmed in
a recent study by Mittelman et al. (15). In the present study,
glucagon was suppressed to a greater extent with periph-
eral insulin than with portal insulin. In summary, the delayed
indirect effect of insulin on endogenous glucose production,
which is mediated by a combination of insulin’s peripheral tis-
sue antilipolytic effect and insulin-mediated suppression of
glucagon secretion, is still detectable in type 2 diabetes.

We cannot readily explain why glucagon was suppressed to
a greater extent with half-dose peripheral insulin than with por-
tal, since the systemic levels of insulin were higher with por-
tal insulin and glucagon secretion is suppressed by insulin in
proportion to its systemic concentration. In addition, tolbu-
tamide-stimulated pancreatic insulin secretion in the portal
study is expected to exert an additional paracrine suppressive
effect on a-cell glucagon secretion, and we would have antic-
ipated lower glucagon levels in the portal study. Most of the
differences between portal and half-dose peripheral studies
can be accounted for by differences in the basal glucagon
levels, with higher basal levels occurring in the portal study.
We cannot readily account for this difference in basal
glucagon levels between the studies but believe that this dif-
ference in glucagon levels is not responsible for the major fin d-
ing of the study, the lack of difference in suppression of
steady-state glucose production between portal and half-dose
peripheral insulin. In fact, insofar as glucagon has been shown
to potentiate the direct hepatic suppressive effect of insulin
(6,14), it is all the more remarkable that there was no greater
suppression of GP with portal versus half-dose peripheral
insulin in the face of higher glucagon concentrations.

The peripheral insulin level in the portal study was higher
than anticipated and was not well matched with that in the half-
dose peripheral study. One possible explanation was the
higher proinsulin level, since there is 41% cross-reactivity with
proinsulin in the insulin assay used in this study. Therefore the
peripheral insulin levels reported during the tolbutamide infu-
sion overestimate true insulin concentrations by ~26 pmol/l
(peripheral proinsulin concentration = 62.6 pmol/l 3 4 1 % ) .
This difference does not totally account for the difference in
peripheral insulin concentrations between the portal and half-

dose peripheral insulin studies, which was ~54 pmol/l. Less
than 50% first-pass hepatic insulin clearance in the portal
study in these subjects with diabetes could have accounted for
the remainder of the difference in peripheral insulin concen-
trations. During the full- and half-dose peripheral insulin infu-
sion studies, endogenous insulin secretion was suppressed, and
consequently proinsulin levels were extremely low (at ~10
pmol/l) during the peripheral insulin studies. However, assum-
ing minimal first-pass proinsulin removal by the liver, a max-
imum portal-peripheral proinsulin gradient of 5, and an ~10%
biological activity of proinsulin (45), the effect of proinsulin in
the portal study is no more than the equivalent of 31.5 pmol/l
portal insulin (63 pmol/l peripheral proinsulin 3 5 3 10%). Nev-
ertheless, the higher than anticipated peripheral insulin levels
in the portal study only strengthen the finding that there is a
diminished direct effect of insulin on GP in the final 30 min of
the clamp, since portal insulin levels were even higher than
expected (2.2-fold higher than in the half-dose peripheral
insulin study), with no greater suppression of GP compared
with the half-dose peripheral insulin study. The higher periph-
eral insulin and proinsulin levels in the portal study, however,
may have masked potentially greater differences in GP
between the equidose peripheral and portal studies.

The increase in proinsulin with tolbutamide is not expected
to significantly affect our calculations of insulin secretion
rates from peripheral C-peptide levels. First, the molar con-
centration of proinsulin to C-peptide was 1:18 in this study.
Second, there is <15% cross-reactivity with proinsulin in this
C-peptide assay.

In the present study, we have used HPLC-purified 3-[3H ] g l u-
cose to avoid artifacts due to nonglucose contaminants in the
measurement of hepatic GP (28). We attempted to minimize the
change in SA during the glucose clamp by adopting the hot Ginf
method (31,32). However, plasma glucose SA increased in all
studies because of overestimation of tracer infusion rates,
more so in the portal than in the peripheral insulin studies. Since
the rise in SA was slow and reached a plateau before the fin a l
30 min of the clamp, it is unlikely to have artifactually affected
our results and major conclusions (46).

In conclusion, we have shown that patients with type 2
diabetes are resistant to the direct hepatic suppressive
effect of insulin, while the indirect peripherally mediated sup-
pression of glucose production appears to be grossly intact.
What are the implications for insulin treatment of individu-
als with type 2 diabetes? One may be tempted to speculate
that, in the face of hepatic insulin resistance, the portal
delivery of insulin may be associated with no additional
therapeutic benefit when compared with peripheral insulin
d e l i v e r y. We caution, however, that our study specific a l l y
investigated the acute effects of insulin and should not be
extrapolated to the chronically insulin-treated patient with
type 2 diabetes. Peripheral hyperinsulinemia is still found in
humans treated chronically with subcutaneous insulin, indi-
cating that with systemic insulin administration adequate
glycemic control cannot be achieved without concomitant
peripheral hyperinsulinemia. Further studies will be needed
to determine whether this hepatic resistance to acute insulin
administration is secondary to the hyperglycemia per se and
can be reversed if the patients are rendered euglycemic for
a few weeks prior to the study. We have speculated that the
insulin resistance is at the level of glycogenolysis, but this too
needs to be directly investigated in future studies.
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