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Insulin secretion and clearance were studied in eight
normal subjects who underwent hyperglycemic clamp
studies at plasma glucose levels of 120, 225, and 300
mg/dl on three occasions. Insulin secretion rates were
calculated during a 1-h baseline period and during 3 h
of glucose clamping from a two-compartmental
analysis of peripheral C-peptide concentrations with
individual kinetic parameters derived after intravenous
bolus injections of biosynthetic human C-peptide. At
the 300-mg/dl clamp level, the insulin secretion rate
increased to a value 9.9 ± 0.7 times that of basal at
the end of the clamp (mean ± SE), whereas over the
same period, the peripheral insulin concentrations
increased to a greater extent, reaching a value 15.4 ±
1.2 times that of basal (P = .002). This greater relative
increase in the insulin concentration in comparison
with the corresponding insulin secretion rate suggests
a reduction in the clearance of endogenous insulin. A
similar trend was seen at the 225-mg/dl clamp level,
but the relative increase in the insulin concentration
(9.9 ± 1 . 5 times that of basal) was not significantly
higher than the relative increase in the insulin
secretion rate (8.1 ± 0.5 times that of basal, P = .17).
At the 120-mg/dl clamp level, the relative increases in
the insulin secretion rate (2.7 ± 0.2 times that of
basal) and the insulin concentration (2.4 ± 0.2 times
that of basal) were similar (P = .26), indicating no
reduction in endogenous insulin clearance during
moderate stimulation of insulin secretion. In
conclusion, a reduction in endogenous insulin
clearance occurs during greater stimulation of insulin
secretion at higher glucose-clamp levels. These data
suggest that endogenous insulin clearance is
nonlinear and shows evidence of saturation at high
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he liver is the major site of insulin removal from the
circulation, and in the fasting state this organ extracts - 5 0 % of newly secreted insulin during its
first pass before reaching the peripheral circulation
(1-5). The regulation of hepatic insulin extraction during
stimulation of insulin secretion remains the subject of considerable controversy. Studies with oral glucose administration showed a reduction (6-8), no change (9,10), or an
increase in fractional hepatic insulin extraction (11-13).
Widely differing experimental techniques, as well as species
differences, may be responsible for these discrepancies.
Few studies have investigated hepatic insulin extraction during intravenous glucose administration (13). Ishida et al. (13)
observed unchanged hepatic insulin extraction after intraportal and peripheral intravenous glucose administration in
dogs.
Quantitation of hepatic insulin extraction in humans has
been complicated by the difficulty in measuring insulin in
portal venous blood. With the availability of biosynthetic human C-peptide (BHCP) for experimental use (14,15), we
have demonstrated that pancreatic insulin secretion rates
can be accurately derived under non-steady-state conditions from peripheral C-peptide concentrations with an open
two-compartment model of C-peptide kinetics as proposed
by Eaton et al. (8,16). In this study we used this approach
to investigate the relationship between the insulin secretion
rate and the peripheral insulin concentration during hyperglycemic clamp studies at three glucose levels in normal
subjects.
MATERIALS AND METHODS

SUBJECTS
Studies were performed on eight healthy nonobese volunteers (4 men, 4 women; mean ± SE age 26.1 ±1.9 yr; weight
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67.9 ± 4.7 kg; body mass index 22.4 ± 0.7 kg/m 2 ; ideal
body weight 102.9 ± 4.4%). No subject had a personal or
family history of diabetes mellitus. Liver-function tests were
normal. All studies were carried out in the clinical research
center of the University of Chicago after written informed
consent had been obtained. The experimental protocol was
approved by the institutional review board.
EXPERIMENTAL PROTOCOLS
All studies were performed after a 10-h overnight fast. During
each experiment, an intravenous sampling catheter was inserted into the dorsum of the hand, and an infusion catheter
was inserted into a vein on the opposite hand. The hand with
the sampling catheter was maintained in a heating blanket
to ensure arterialization of the venous sample. Each subject
was studied on four occasions within a 4-wk period. The
individual studies were performed as follows.
Intravenous bolus injection of BHCP. After inhibition of
endogenous C-peptide and insulin secretion by a primed
constant intravenous infusion of somatostatin (500 |xg/h,
Bachem, Torrance, CA), each subject received an intravenous bolus injection of 150 |xg BHCP (Lilly, Indianapolis, IN).
The details of this protocol have been described (15). Analysis of the resulting C-peptide decay curves allowed the
kinetic parameters of C-peptide for an open two-compartment model of C-peptide distribution to be individually derived in each subject (17).
Hyperglycemic clamp studies. To compare the effects of
increasing glucose-clamp levels on insulin secretion and
.clearance, each subject was studied on three occasions.
After a 60-min basal period during which glucose, insulin,
and C-peptide were measured at 15-min intervals, glucose
was infused intravenously to raise the plasma glucose concentration acutely to 120, 225, or 300 mg/dl. The plasma
glucose concentration was held constant at the respective
glucose level for 180 min by adjusting the glucose infusion
rate every 5 min based on the peripheral plasma glucose
concentration. The order of the experiments was randomized. In each study, the peripheral insulin and C-peptide
concentrations were measured at the following times after
starting the glucose infusion: 1, 3, 5, 7, 9, 12, 15, 30, 45, 60,
75, 90, 105, 120, 135, 150, 165, and 180 min.
SAMPLE COLLECTION AND ANALYTICAL METHODS
Blood samples for insulin were allowed to clot at room temperature, and the serum was stored at -20°C until assayed.
C-peptide samples were drawn into tubes at 4°C containing
500 KlU/ml aprotinin (Trasylol, Bayer, FBA Pharmaceuticals,
New York) and 1.2 mg/ml EDTA. Plasma was separated and
stored frozen at -20°C until assayed. Blood for measurement of glucose was centrifuged in tubes containing NaF to
inhibit enzymatic glycolysis, and plasma glucose was measured immediately with a glucose analyzer (YSI model 23A,
Yellow Springs, OH) by the glucose oxidase method. Serum
insulin was assayed by a double-antibody technique (18).
Human C-peptide immunoreactivity in plasma was measured with the M 1230 antibody as previously described (19).
BHCP and 125l-labeled Tyr-BHCP were used as assay standard and tracer, respectively (20).
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CALCULATIONS
Insulin secretion rates. Each C-peptide decay curve was
resolved into the sum of two exponential functions by nonlinear least-squares regression analysis, allowing the kinetics
of C-peptide to be individually defined (15,17). Pancreatic
insulin secretion rates were derived by application of an open
two-compartment model of C-peptide distribution and metabolism as proposed by Eaton et al. (8,16). We previously
demonstrated in our laboratory that this model allows accurate estimates of insulin secretion rates to be derived under non-steady-state conditions (14,15).
Relative changes in insulin secretion rate and peripheral
insulin concentration. To define the relationship between
the pancreatic insulin secretion rate and the simultaneously
measured peripheral insulin concentration at each clamp
level, the insulin secretion rates and the peripheral insulin
concentrations were expressed as percentages of their respective mean basal values, which were taken as 100%.
Because insulin has a high metabolic clearance rate, a similar increase in the insulin secretion rate and the peripheral
insulin concentration in response to the glucose infusion was
taken as evidence that no change in the clearance of endogenously secreted insulin had occurred (21). A greater
relative increase in the peripheral insulin concentration than
the insulin secretion rate was assumed to indicate a reduction in the clearance of endogenously secreted insulin.
As an alternative approach, we also calculated the ratio
of the total area under the insulin secretion rate curve to the
total area under the peripheral serum insulin concentration
curve for both the basal period and the poststimulatory period at each glucose-clamp level. This ratio is an indicator
of insulin clearance in that it compares the amount of insulin
secreted with the amount of insulin in the peripheral circulation (21). This approach gives an integrated view of
changes in insulin clearance but does not allow transient
changes to be detected.
STATISTICAL ANALYSIS
Results are expressed as means ± SE. Areas under the
concentration and secretion-rate curves were calculated by
the trapezoidal rule. Nonlinear least-squares regression
analysis of the C-peptide decay curves was performed with
the BMDP 3R program (BMDP Statistical Software, Los Angeles, CA). Means were compared by the paired two-tailed
t test or by two-way analysis of variance (ANOVA) with subsequent Bonferroni's (Dunn's) t test where indicated. P values <.O5 were considered statistically significant. Data
analysis was performed with the Statistical Analysis System
(version 6 edition for personal computers, SAS, Cary, NC).
RESULTS

Decay curves of C-peptide. After 60 min of somatostatin
infusion, the plasma C-peptide concentration was suppressed to 0.08 ± 0.01 pmol/ml. Two minutes after
the C-peptide bolus injection, the plasma C-peptide was
10.8 ± 0.3 pmol/ml. The subsequent fall in plasma C-peptide
concentration demonstrated a fast and slow component with
half-disappearance times of 5.3 ± 0.5 and 31.8 ± 1.9 min,
respectively. The metabolic clearance rate of the injected
human C-peptide was 4.01 ± 0.17 ml • min" 1 • kg" 1
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FIG. 1. Peripheral concentrations (mean ± SE) of arterialized plasma
glucose in basal period and during hyperglycemic clamp studies at
glucose levels of 120, 225, and 300 mg/dl. Arrow indicates initiation of
glucose infusion.

(149.1 ± 4 . 8 ml • min~1 • rrr 2 ). The fractional kinetic rate constants for C-peptide derived by two-compartmental analysis of the C-peptide decay curves were as follows: /c, =
0.0482 ± 0.0048 rnirr1, k2 = 0.0513 ± 0.0045 mirr 1 , k3 =
0.0601 ± 0.0035 mirr 1 ; distribution volume of the central
accessible compartment 68.2 ± 4.7 ml/kg (2536.2 ± 162.8
ml/m2). The parameters are similar to those previously reported by our laboratory (15) and other investigators (22,23).
Peripheral concentrations of glucose, insulin, and C-peptide. The mean concentrations of glucose, insulin, and Cpeptide in the basal state (0-60 min) and during the three
hyperglycemic clamp studies (60-240 min) at plasma glucose levels of 120, 225, and 300 mg/dl are illustrated in Figs.
1 and 2. The mean basal concentrations of glucose, insulin,
and C-peptide were similar on the 3 study days (overall mean
for plasma glucose 87.8 ± 1.3 mg/dl, insulin 6.1 ± 0.8
ixU/ml, and C-peptide 0.34 ± 0.03 pmol/ml). On average,
39.8 ± 3.6, 132.9 ± 9.5, and 203.3 ± 9 . 1 g glucose were
infused over the 3 h of the three glucose-clamp studies.
Plasma glucose concentrations of 119.7 ± 0.2, 222.2 ± 0.9,
and 297.8 ± 1.4 mg/dl, respectively, were achieved during
the period 75-240 min. The mean coefficient of variation of
plasma glucose during this period was 2.4 ± 0.3% at the
120-mg/dl, 3.8 ± 0.3% at the 225-mg/dl, and 4.5 ± 0.5%
at the 300-mg/dl clamp levels.
The peripheral insulin concentrations showed a biphasic
pattern in response to hyperglycemic glucose clamping at
each of the three glucose levels. In contrast to the insulin
concentrations, the first phase of insulin secretion was not
well reflected in the peripheral C-peptide concentrations.
Insulin secretion rates. The insulin secretion rates during
the basal period and during the three hyperglycemic clamp
studies are shown in Fig. 2. The basal insulin secretion rate
was not significantly different among the 3 study days (overall mean 81.2 ± 7.7 pmol/min). The insulin secretory response to each of the hyperglycemic clamps demonstrated
a clear biphasic pattern. At the 120-mg/dl clamp level, the
insulin secretion rate was constant during the second phase,
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FIG. 2. Peripheral concentrations (means ± SE) of insulin (fop) and
C-peptide (middle) and insulin secretion rates (bottom) in basal period
and during hyperglycemic clamp studies at plasma glucose levels of
120 ( • ) , 225 (O), and 300 (A) mg/dl. Arrow indicates initiation of
glucose infusion.
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similar to the peripheral insulin concentration at this level. At
the 225- and 300-mg/dl clamp levels, the second-phase
insulin secretory response leveled off with increasing duration of glucose clamping, but the peripheral insulin concentration still continued to increase. Thus, in the final 2 h
of the glucose infusion at the 300-mg/dl clamp level, the
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FIG. 3. Insulin secretion rates ( • ) and peripheral insulin
concentrations (O), expressed as percentages of their respective mean
basal values, in response to hyperglycemic glucose infusion at clamp
levels of 120 (top), 225 (middle), and 300 (bottom) mg/dl (mean ± SE).
Note that scale of vertical axis in top panel is double scale for other
panels. Arrow indicates initiation of glucose infusion.
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insulin secretion rate increased by - 2 1 % , from 641 ± 75 to
777 ± 58 pmol/min at the completion of the glucose infusion.
During the same period, the peripheral insulin concentration
increased by - 6 5 % , from 51 ± 8 to 84 ± 10 |xU/ml.
Relationship between insulin secretion rate and peripheral insulin concentration. To explore the relationship between the increases in the insulin secretion rate and the
simultaneously measured peripheral insulin concentration at
each clamp level, the insulin secretion rates and peripheral
insulin concentrations (at each sampling time point) were
expressed as the percentage of their respective mean basal
values, which were taken as 100%. The data are shown in
Fig. 3. Statistical comparisons between the relative increases
in the insulin secretion rate and insulin concentration were
made during the last 30 min of the clamps (Fig. 4).
During the first 75 min of the 300-mg/dl clamp (Fig. 3,
bottom), the relative changes in the insulin concentration
closely followed the relative changes in the insulin secretion
rate. Then, at an average absolute insulin concentration of
57 ± 8 |xU/ml (Fig. 2), the relative increase in the insulin
concentration began to exceed the relative increase in the
insulin secretion rate. Subsequently, with continuing stimulation of insulin secretion, this difference between the relative
increases in insulin concentration and secretion rate became
more pronounced. Thus, whereas the insulin secretion rate
increased to 993.8 ± 72.6% of basal between 210 and 240
min, the peripheral insulin concentration increased to a significantly greater extent, reaching 1539.6 ± 124.4% of basal
during the same period (P = .002). This greater increase in
the peripheral insulin concentration compared with the corresponding insulin secretion rate when both are viewed in
relation to their basal values can only be explained by a
decrease in the clearance of endogenously secreted insulin.
The relative increase in insulin concentration was considerably greater than that of insulin secretion in six subjects
and slightly lower in two subjects (Fig. 4).
During the 225-mg/dl clamp (Fig. 3, middle), the relative
increase in the peripheral insulin concentration (988.4 ±
146.1% of basal between 210 and 240 min) tended to be
higher than the relative increase in the insulin secretion rate
during the same interval (812.2 ± 47.6% of basal), but the
difference was not statistically significant (P = .17). The
relative increase in insulin concentration was higher than that
in insulin secretion in seven subjects, although only slightly
so in two of them (Fig. 4). In one subject the relative increase
in insulin secretion rate was greater than the relative increase
in peripheral insulin concentration.
At the 120-mg/dl clamp level (Fig. 3, top), the insulin secretion rate increased to 273.1 ± 16.6% of basal between
210 and 240 min, whereas the peripheral insulin concentration increased to 244.3 ± 21.0% of basal during the same
time period (P = .26). In six of the eight subjects the relative
increase in the insulin secretion rate was greater than that
in insulin concentration (Fig. 4), whereas in the remaining
two subjects the relative increase in the insulin concentration
was greater than that in insulin secretion.
The above analysis suggested a reduction in the clearance of endogenous insulin at increasing glucose-clamp
levels. As an alternative approach, we calculated the ratio
of the total area under the insulin secretion rate curve to the
total area under the peripheral insulin concentration curve
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DISCUSSION

Several studies have shown that when insulin is infused into
animals or humans, the rate of clearance of the administered
2OOOinsulin falls as its concentration increases (2,4,24-27).
These data have been interpreted to indicate that insulin is
removed by a saturable receptor-mediated mechanism in
vivo, and the same conclusion has been reached with different in vitro systems (1,28). Thus, there is general agree1500ment that insulin clearance is a saturable process, although
the level at which saturation occurs is controversial (24,
25,27). Although most studies have concluded that the rate
of insulin clearance is constant over the physiologic range,
with saturation occurring only at supraphysiologic levels, re- 1000searchers have suggested that saturation of the insulin clearance mechanism may play a role in the regulation of insulin
concentrations within the physiologic range.
With the in vivo studies described above, we have examined the clearance of exogenous insulin infused into the
= 0.26
500peripheral circulation. Study of the clearance of endogenously secreted insulin had not been possible with previous
methods. This study was therefore undertaken to examine
changes in the clearance of endogenous insulin in response
to intravenous glucose infused to three levels of plasma gluB
B
cose. We have demonstrated that C-peptide clearance re120 mg/dl
225 mg/dl
300 mg/dl
mains constant over a wide concentration range up to levels
as high as 8 pmol/ml (15). Furthermore, the clearance of
Glucose Clamp Level
this peptide is unaffected by increases in the plasma glucose
FIG. 4. Comparison between increase in insulin secretion rate (relative
level to values as high as 300 mg/dl (29). Constancy of Cto basal) and peripheral insulin concentration (relative to basal) during
peptide clearance under these circumstances enabled us
last 30 min of hyperglycemic clamp at plasma glucose levels of 120,
225, and 300 mg/dl, respectively. A, insulin secretion rate; 6,
to derive accurate estimates of insulin secretion by matheperipheral insulin concentration.
matical deconvolution of peripheral C-peptide concentrations with individually derived C-peptide kinetics and a
previously validated two-compartment model. This method
during the 60-min basal period and for the 180-min clamp allowed the relative changes in insulin secretion and simulperiod. The ratio during the basal period was not significantly taneously measured peripheral insulin concentrations to be
different on the 3 study days and averaged 2215.9 ± 255.4 examined in detail. At the lowest glucose concentration (120
ml/min. The ratio of 1717.7 ± 135.9 ml/min during the clamp mg/dl), insulin concentrations increased in parallel with the
at 300 mg/dl was significantly (P < .05) lower than the ratio increase in insulin secretion, indicating that insulin clearance
of 2373.0 ± 263.8 ml/min during the 120-mg/dl clamp. This rates did not change during the study. At the highest glucose
result suggests a reduction in the overall insulin clearance level, the insulin concentration increased to a greater extent
at the 300-mg/dl clamp level in comparison with the 120- than the increase in insulin secretion, and this discrepancy
mg/dl clamp level. The ratio of 1976.8 ± 123.1 ml/min during was most clearly evident during the final 60 min of the gluthe 225-mg/dl clamp was intermediate, although not signif- cose infusion (Fig. 3). At that glucose level, the insulin seicantly different from the values at the other two clamp levels. cretion rate increased to a value 9.9 ± 0.7 times that of basal
Because the reduction in insulin clearance occurred with by the end of the clamp, but over the same period, the
increasing duration of glucose clamping (Fig. 3), we also corresponding peripheral insulin concentrations increased
calculated this ratio separately for the second 90 min of the 15.4 ± 1.2-fold. Peak insulin concentrations achieved during
clamp studies. The ratio during the last 90 min at the 300- the high-dose glucose infusion were <90 |xU/ml, i.e., conmg/dl clamp level (1543.6 ± 140.4 ml/min) was significantly centrations that are still within the physiologic range. Al(P < 0.05) lower than the corresponding ratio of 2305.5 ± though there was a tendency for insulin clearance rates to
267.3 ml/min at the 120-mg/dl clamp level and the ratio fall at the 225 mg/dl glucose level, the differences were not
during the basal period (2215.9 ± 255.4 ml/min). The ratio statistically significant. In only two subjects did the insulin
of 1801.0 ± 104.5 ml/min at the 225-mg/dl clamp level was concentrations fail to increase to a greater extent than the
intermediate and not significantly different from the two other corresponding insulin secretion rate. The reason that insulin
clamp levels or the basal period. These results suggest that clearance did not fall in all subjects at the 300-mg/dl glucose
marked stimulation of insulin secretion during the second 90 level is uncertain but probably relates to variability in the
min of the 300-mg/dl clamp is characterized by a significant secretory response to the intravenous glucose stimulus, as
reduction in insulin clearance in comparison with the basal well as variability in the plasma concentration at which satfasting state and to the situation after moderate stimulation uration of clearance mechanisms occurs.
of insulin secretion (during the second 90 min of the 120As an alternative approach to the analysis of the data, we
mg/dl clamp).
calculated the ratio between the total areas under the insulin
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secretion rate curve and the peripheral insulin concentration
curve, both for the baseline period and for each clamp level.
This ratio was significantly lower at the 300-mg/dl clamp
level (1718 ± 136 ml/min) than at the 120-mg/dl clamp level
(2373 ± 264 ml/min), as well as the ratio measured during
the basal period (2216 ± 255), suggesting a reduction in
endogenous insulin clearance at the higher clamp level. The
ratio was intermediate at the 225-mg/dl clamp level (1977 ±
123).
Although this study was not designed to determine
whether the observed fall in insulin clearance was due to
the increase in glucose concentration per se, this possibility
is highly unlikely in view of previous studies that indicate that
the prevailing glucose concentration does not affect the rate
of clearance of insulin (13,30). A more likely explanation is
that the reduction in insulin clearance is related to the greater
increase in insulin secretion seen at the higher glucose levels. Because the liver plays the major role in insulin clearance, this fall in clearance may be due to saturation of the
hepatic insulin-uptake process resulting from increased portal vein insulin concentrations. This postulate is compatible
with the in vitro observations that hepatic insulin clearance
occurs by a saturable receptor-mediated mechanism (1,28).
An alternative explanation is that a time-dependent, dosedependent saturation of low-affinity insulin receptors occurred, leading to a recirculation of insulin during the latter
half of the glucose infusion. Nestler et al. (31) have observed
a time-dependent effect of hyperinsulinemia on insulin clearance and postulated such a reservoir mechanism. This
mechanism could explain the observation that the fall in
clearance was observed only after the glucose had been
infused for —120 min. It could also explain the reason that
Sherwin et al. (32) failed to observe a decrease in insulin
clearance during a shorter (80-min) exogenous insulin infusion, although insulin concentrations as high as 200
|xU/ml were reached. A further explanation relates to a recent report that indicates that after receptor-mediated endocytosis, a proportion of the internalized insulin undergoes
rapid exocytosis without degradation (33). This phenomenon
has been termed retroendocytosis. An increase in the rate
of this process at higher insulin concentrations could result
in a reduction of insulin clearance.
In summary, in this study we quantitated insulin secretion
rates in normal humans during hyperglycemic glucoseclamp studies with individually derived kinetic parameters
for C-peptide. We demonstrated that during greater stimulation of insulin secretion at higher glucose-clamp levels, a
reduction in endogenous insulin clearance occurs. Thus,
tests of fJ-cell function, which involve intravenous administration of glucose in high doses, should not assume that the
resulting increases in peripheral insulin concentration are
solely the result of increases in insulin secretion. Because
endogenous insulin clearance may show evidence of saturation at physiologic insulin concentrations, the observed
hyperinsulinemia may result from a combination of both increased insulin secretion and decreased insulin clearance.
ACKNOWLEDGMENTS

We thank Maria Puciata for expert secretarial assistance.
This work was supported by NIH Grants DK-31842, DK13941, and DK-20595 (Diabetes Research and Training Cen-

1356

ter), a grant from Eli Lilly and Company, and the Clinical
Research Center (RR-00055).
K.S.P. is the recipient of a Research Career Development
Award from the National Institutes of Health (DK-01234). H.T.
is on leave from the University of Gottingen, FRG (Division
of Gastroenterology and Endocrinology, Department of Internal Medicine), and is supported by the Deutsche Forschungsgemeinschaft (Training Grant Ti 154/1-1) and the
Deutsche Diabetesgesellschaft (Junior Science Award).
REFERENCES
1. Rubenstein AH, Pottenger LA, Mako M, Getz GS, Steiner DF; The metabolism of proinsulin and insulin by the liver. J Clin Invest 51:912-21,
1972
2. Field JB: Extraction of insulin by the liver. Annu Rev Med 24:309-14,
1973
3. Harding PE, Bloom G, Field JB: Effect of infusion of insulin into the portal
vein on hepatic extraction of insulin in anesthetized dogs. Am J Physiol
228:1580-88, 1975
4. Polonsky K, Jaspan J, Emmanouel D, Holmes K, Moossa AR: Differences
in the hepatic and renal extraction of insulin and glucagon in the dog:
evidence for saturability of insulin metabolism. Acta Endocrinol 102:42027,1983
5. Henriksen JH, Tronier B, Blow JB: Kinetics of circulating endogenous
insulin, C-peptide, and proinsulin in fasting nondiabetic man. Metabolism
36:463-68, 1987
6. Faber OK, Madsbad S, Kehlet H, Binder C: Pancreatic beta cell secretion
during oral and intravenous glucose administration. Acta Med Scand
Suppl 624:61-64, 1979
7. Gibby OM, Hales CN: Oral glucose decreases hepatic extraction of insulin. Br Med J 286:921-23, 1983
8. Eaton RP, Allen RC, Schade DS: Hepatic removal of insulin in normal
man: dose response to endogenous insulin secretion. J Clin Endocrinol
Metab 56:1294-1300, 1983
9. Waldhausl W, Bratusch-Marrain P, Gasic D, Korn S, Nowotny P: Insulin
production rate following glucose ingestion estimated by splanchnic Cpeptide output in normal man. Diabetologia 17:221-27, 1979
10. Savage PJ, Flock EV, Mako ME, Blix PM, Rubenstein AH, Bennett PH: Cpeptide and insulin secretion in Pima Indians and Caucasians: constant
fractional hepatic extraction over a wide range of insulin concentrations
and in obesity. J Clin Endocrinol Metab 48:594-98, 1979
11. Kaden M, Harding P, Field JB: Effect of intraduodenal glucose administration on hepatic extraction of insulin in the anesthetized dog. J Clin
Invest 52:2016-28, 1973
12. Jaspan J, Polonsky K: Glucose ingestion in dogs alters the hepatic extraction of insulin: in vivo evidence for a relationship between biologic
action and extraction of insulin. J Clin Invest 69:516-25, 1982
13. Ishida T, Chap Z, Chou J, Lewis R, Hartley C, Entman M, Field JB: Differential effects of oral, peripheral intravenous, and intraportal glucose
on hepatic glucose uptake and insulin and glucagon extraction in conscious dogs. J Clin Invest 72:590-601, 1983
14. Polonsky K, Frank B, Pugh W, Addis A, Karrison T, Meier P, Tager H,
Rubenstein AH: The limitations to and valid use of C-peptide as a marker
of the secretion of insulin. Diabetes 35:379-86, 1986
15. Polonsky KS, Licinio-Paixao J, Given BD, Pugh W, Rue P, Galloway J,
Karrison T, Frank B: Use of biosynthetic human C-peptide in the measurement of insulin secretion rates in normal volunteers and type I diabetic
patients. J Clin Invest 77:98-105, 1986
16. Eaton RP, Allen RC, Schade DS, Erickson KM, Standefer J: Prehepatic
insulin production in man: kinetic analysis using peripheral connecting
peptide behavior. J Clin Endocrinol Metab 51:520-28, 1980
17. Gibaldi M, Perrier D: Pharmacokinetics. Drugs and the Pharamaceutical
Sciences. Vol. 15. New York, Dekker, 1982, p. 84-88
18. Morgan CR, Lazarow A: Immunoassay of insulin: two antibody system:
plasma insulin levels of normal, subdiabetic and diabetic rats. Diabetes
12:115-26, 1963
19. Faber OK, Binder C, Markussen J, Heding LG, Naithani VK, Kuzuya H,
Blix P, Horwitz DL, Rubenstein AH: Characterization of seven C-peptide
antisera. Diabetes 27 (Suppl. 1):170-77, 1978
20. Frank BH, Pettee JM, Zimmerman RM, Burck PJ: The production of human
proinsulin and its transformation into human insulin and C-peptide. In
Peptides: Synthesis—Structure—Function. Rich DH, Gross E, Eds. Rockford, IL, Pierce, 1981, p. 729-38
21. Tait JF: The use of isotopic steroids for the measurement of production
rates in vivo. J Clin Endocrinol Metab 23:1285-97, 1963
22. Faber OK, Hagen C, Binder C, Markussen J, Naithani VK, Blix PM, Kuzuya
H, Horwitz DL, Rubenstein AH, Rossing N: Kinetics of human connecting
peptide in normal and diabetic subjects. J Clin Invest 62:197-203, 1978
23. Kruszynska YT, Home PD, Hanning I, Alberti KGMM: Basal and 24-h C-

DIABETES, VOL. 37, OCTOBER 1988

H. TILLIL AND ASSOCIATES

24.

25.

26.
27.

28.

peptide and insulin secretion rate in normal man. Diabetologia 30:1621, 1987
Morishima T, Bradshaw C, Radziuk J: Measurement using tracers of
steady-state turnover and metabolic clearance of insulin in dogs. Am J
Physiol 248:E203-208, 1985
Sonksen PH, Tompkins CV, Srivastava MC, Nabarro JDN: A comparative
study on the metabolism of human insulin and porcine proinsulin in man.
Clin Sci Mol Med 45:633-54, 1973
Mondon CE, Olefsky JM, Dolkas CB, Reaven GM: Removal of insulin by
perfused rat liver: effect of concentration. Metabolism 24:153-60, 1975
Ferrannini E, Wahren J, Faber OK, Felig P, Binder C, DeFronzo RA:
Splanchnic and renal metabolism of insulin in human subjects: a doseresponse study. Am J Physiol 244:E517-27, 1983
Terris S, Steiner DF: Binding and degradation of 125l-insulin by rat hepatocytes. J Biol Chem 250:8389-98, 1975

DIABETES, VOL. 37, OCTOBER 1988

29. Licinio-Paixao J, Polonsky KS, Given BD, Galloway J, Frank B, Rubenstein
AH: Ingestion of a mixed meal does not affect the metabolic clearance
rate of biosynthetic human C-peptide. J Clin Endocrinol Metab 63:401403, 1986
30. Olefsky JM, Batchelder T, Colome S, Reaven GM: Effect of intravenous
glucose infusion on plasma insulin removal rate. Metabolism 23:543-48,
1974
31. Nestler JE, Clore JN, Blackard WG: Reduced insulin clearance in normal
subjects due to extreme hyperinsulinemia. Am J Med Sci 295:15-22,
1988
32. Sherwin RS, Kramer KJ, Tobin JD, Insel PA, Liljenquist JE, Berman M,
Andres R: A model of the kinetics of insulin in man. J Clin Invest 53:148192, 1974
33. Levy JR, Olefsky JM: Retroendocytosis of insulin in rat adipocytes. Endocrinology 119:572-79, 1986

1357

