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Asare-Bediako I, Paszkiewicz RL, Kim SP, Woolcott OO,
Kolka CM, Burch M, Kabir M, Piccinini F, Bergman RN. Assess-
ment of hepatic insulin extraction from in vivo surrogate methods of
insulin clearance measurement. Am J Physiol Endocrinol Metab 315:
E605–E612, 2018. First published March 6, 2018; doi:10.1152/
ajpendo.00344.2017.—Hyperinsulinemia, accompanied by reduced
first-pass hepatic insulin extraction (FPE) and increased secretion, is
a primary response to insulin resistance. Different in vivo methods are
used to estimate the clearance of insulin, which is assumed to reflect
FPE. We compared two methodologically different but commonly
used indirect estimates with directly measured FPE in healthy dogs
(n � 9). The indirect methods were 1) metabolic clearance rate of
insulin (MCR) during the hyperinsulinemic-euglycemic clamp
(EGC), a steady-state method, and 2) fractional clearance rate of
insulin (FCR) during the frequently sampled intravenous glucose
tolerance test (FSIGT), a dynamic method. MCR was calculated as the
ratio of insulin infusion rate to steady-state plasma insulin. FCR was
calculated as the exponential decay rate constant of the injected
insulin. Directly measured FPE is based on the difference in insulin
measurements during intraportal vs. peripheral vein insulin infusions.
We found a strong correlation between indirect FCR (min�1) and FPE
(%). In contrast, we observed a poor association between MCR
(ml·min�1·kg�1) and FPE (%). Our findings in canines suggest that
FCR measured during FSIGT can be used to estimate FPE. However,
MCR calculated during EGC appears to be a poor surrogate for FPE.
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INTRODUCTION

The astronomical rise of type 2 diabetes in the past decades
(7), despite increased education and awareness, requires that
robust early intervention measures should be instituted to
detect high-risk individuals before the onset of the disease.
Insulin resistance, marked by hyperinsulinemia, precedes the
development of diabetes (23); thus, more efforts should be
focused on the comprehensive understanding of the hyperin-
sulinemic state. Both increased insulin secretion and reduced
insulin clearance contribute to hyperinsulinemic compensation
during insulin resistance (22). However, current evidence in-
creasingly supports reduced insulin clearance led by decreased
first-pass hepatic insulin extraction (FPE) as a dominant factor
during hyperinsulinemic compensation (3, 22). While insulin is

cleared by the kidney, muscle, and adipose tissue, it is the liver
which metabolizes most, between 50 and 80% (11, 34). The
liver’s ability to extract the majority of endogenous insulin lies
in the unique FPE, where ~50% of insulin secreted into the
portal vein is extracted by the liver before joining the systemic
circulation. Thus, the liver, with its FPE, acts as a filter for
pancreatic �-cell secretion, regulating how much insulin is
allowed into systemic circulation for action on extrahepatic
target tissues. Different methods are used as surrogates to
estimate the clearance of insulin in vivo, including the hyper-
insulinemic-euglycemic clamp (EGC), insulin-modified intra-
venous glucose tolerance test/frequently sampled intravenous
glucose tolerance test (FSIGT) (2), insulin suppression test
(IST) (20), and intraperitoneal insulin tolerance test (IITT) (9).
These surrogate methods differ; measurement occurs at steady
state in EGC and IST vs. the dynamic conditions of FSIGT and
IITT; yet it is often assumed that clearance measurements from
these protocols are reflective of physiological hepatic insulin
catabolism (2).

Importantly, endogenous insulin is secreted into the portal
vein and must transit the liver before accessing the general
circulation; yet in these surrogate methods insulin is delivered
directly into the systemic blood pool. For this reason, extrahe-
patic tissues, particularly the kidneys, clear a greater proportion
of exogenous insulin than endogenous (13). As seen in some
type 2 diabetes cases, as renal insufficiency develops, exoge-
nous insulin requirements are drastically reduced or cease
entirely (21). Thus, it is imperative that a concise understand-
ing of how these surrogate methods of in vivo insulin clearance
measurement correlate with the all-important FPE, which we
are able to measure directly. In this study, we compared
directly measured FPE with the metabolic clearance rate of
insulin (MCR), estimated from the constant-infusion steady-
state protocol EGC and fractional clearance rate constant
(FCR) from the dynamic plasma insulin protocol FSIGT.

RESEARCH DESIGN AND METHODS

Animals

Nine healthy dogs were housed in individualized kennels in 12:
12-h light-dark climate-controlled rooms in the institution’s vivarium.
The dogs were inspected daily by a certified veterinary physician to
make certain they were in excellent health. Body weight, temperature,
and hematocrit were checked before each experiment. Animals were
fasted overnight before each experiment. Dogs were studied under the
supervision of the Institutional Animal Care and Use Committee.

Address for reprint requests and other correspondence: R. N. Bergman,
Diabetes and Obesity Research Inst., Cedars-Sinai Medical Center, 8700
Beverly Blvd., Thalians E105, Los Angeles, CA 90048 (e-mail:
richard.bergman@cshs.org).

Am J Physiol Endocrinol Metab 315: E605–E612, 2018.
First published March 6, 2018; doi:10.1152/ajpendo.00344.2017.

0193-1849/18 Copyright © 2018 the American Physiological Societyhttp://www.ajpendo.org E605

Downloaded from journals.physiology.org/journal/ajpendo (106.051.226.007) on August 9, 2022.

https://orcid.org/0000-0002-6636-7062
https://doi.org/10.1152/ajpendo.00344.2017
https://doi.org/10.1152/ajpendo.00344.2017
mailto:richard.bergman@cshs.org


Diet

Animals were presented daily with weight stabilization food con-
taining a mixture of dry chow (42.4% carbohydrate, 27.7% protein,
29.9% fat, and 2.9% fiber; LabDiet, PMI Nutrition, Brentwood, MO)
and a can of Proplan Classic Puppy Chow (10% protein, 7%fat, 1.5%
fiber, and 76% moisture; Nestle Purina, St Louis, MO) for gross
calories of 3,576 kcal/day. The carbohydrate content of the food was
39.2%, 32.5% from fat and 28.3% from protein. They had unlimited
access to water.

Surgeries

Each dog underwent laparotomic surgery whereby a 7-in. french
chronic catheter was inserted into the portal vein at ~3.5 cm from the
portahepatis and tunneled subcutaneously to a vascular access port
(VAP) attached to the iliocostalis lumborum muscle. Dogs were
allowed ~2–3 wk to recover from the surgery before the onset of
experiments. Patency of the catheter and VAP was maintained by a
weekly withdrawal of 3–6 ml of blood when possible, flushing with
20 ml of saline, and locking with 2 ml of Taurolidine-Citrate catheter
solution (Access Technologies, Skokie, IL).

Experimental Design

Each dog underwent four randomized experiments, with each
separated from the next by a minimum of three recovery days.
However, portal insulin infusion and peripheral insulin infusion pro-
tocols (PPII) were paired experiments and were always performed one
after the other: 1) hyperinsulinemic-euglycemic clamp (EGC), 2)
insulin-modified intravenous glucose tolerance test/frequently sam-
pled intravenous glucose tolerance test (FSIGT), 3) portal insulin
infusion protocol, and 4) peripheral insulin infusion protocol.

EGC

Eighteen-gauge intracatheters were inserted into the two saphenous
veins of the hindlegs and a foreleg cephalic vein and secured in place
while dogs were resting in the Pavlov sling. A primed infusion (25
�Ci � 0.25 �Ci/min) of [3-3H]glucose (PerkinElmer, Waltham, MA)
was started at �120 min until the end of the 300-min-long experi-
ment. After 90 min of tracer equilibration, four basal samples were
taken at �30, �20, �10, and �1 min. At 0 min, 4.5
pmol·kg�1·min�1 of insulin (Eli Lilly, Indianapolis, IN) was started
and continued for the next 180 min, until the end of the experiment to
establish hyperinsulinemia. Somatostatin (Bachem, Torrance, CA)
infusion at 1.0 �g·kg�1·min�1 was also started and continued from
t � 0 min to the end of the experiment to inhibit insulin and glucagon
secretion. To maintain euglycemia and stable specific activity in the
plasma, 50% dextrose was mixed with [3-3H]glucose tracer (2.0
�Ci/g) and infused peripherally at a variable rate (14). Samples were
taken every 10 min throughout the experiment from the catheterized
cephalic vein, except from 60�120 min, when samples were taken
every 15 min. The blood samples were centrifuged, and plasma
glucose was immediately read with a glucose analyzer (Yellow
Springs Instrument, Yellow Springs, OH). The rest of the plasma
samples were frozen until ready to be assayed for insulin. The last 30
min of the experiment were considered the steady state.

FSIGT

While dogs were resting in a Pavlov sling, a saphenous vein was
cannulated with an 18-gauge intracatheter and secured in place for
frequent blood sampling as well as injection of glucose and insulin.
Body temperature and hematocrit were checked, and three basal
samples were taken at �20, �10 and �1 min. At t � 0 min, 0.3 g/kg
glucose (50% dextrose solution; Phoenix Pharm, St. Joseph, MO) was
injected, and blood samples were taken at 2, 3, 4, 5, 6, 8, 10, 12, 14,
16, and 19 min. Insulin (0.03 U/kg) was injected at t � 20 min, and

blood samples were subsequently taken at 22, 23, 24, 25, 30, 40, 50,
60, 70, 80, 90, 100, 110, 120, 140, 160, and 180 min. Blood samples
for glucose and insulin assays were collected into microtubes coated
with lithium-heparin and EDTA at 1 mg/ml blood. Blood collection
microtubes for C-peptide assay were lithium-heparin coated, had
aprotinin (Sigma-Aldrich, Saint Louis, M)) at ~500 KIU and 1 mg
EDTA/ml blood. Blood samples were placed on ice and centrifuged,
and the plasma was aliquoted and frozen at �80°C until ready to be
assayed for C-peptide.

Paired PPII of Measuring First-Pass Hepatic Insulin Extraction

As previously described (1, 22), in this paired protocol, matched
experiments were performed on two different days on each animal
with three incremental insulin infusion rates, through the portal vein
on one day or peripherally on the other day. At least three days were
allowed between the experiments for the animals to recover. The
experiments were randomized to avoid order bias.

After three basal samples were taken at �110, �100, and �91 min,
somatostatin infusion (1.0 �g·kg�1·min�1) through a saphenous vein
was started at �90 min and continued for the entire duration of the
experiment (360 min) to suppress insulin and glucagon secretion. At
t � 0 min, glucagon (1.3 ng·kg�1·min�1) was replaced through a
chronic catheter in the portal vein until the end of the experiment.
Insulin was infused at 1.5 pmol·kg�1·min�1 from 0 to 90 min, at 3.0
pmol·kg�1·min�1 from t � 90 to 180 min, and at 4.5
pmol·kg�1·min�1 from t � 180 to 270 min through a saphenous vein
during the peripheral infusion protocol. During the portal infusion
protocol, insulin was infused at 3.0 pmol·kg�1·min�1 from 0 to 90
min, at 6.0 pmol·kg�1·min�1 from 90 to 180 min, and at 9.0
pmol·kg�1·min�1 from 180 to 270 min through the portal vein. The
portal insulin infusion rates were twice those of the peripheral proto-
col to achieve matching systemic insulin in both experiments. The
somatostatin-only infusion period, from t � �90 to 0 min, was
considered the 0 pmol·kg�1·min�1 insulin infusion stage. Blood
samples were taken every 10 min through a cephalic vein. About 1 ml
of sampled blood was collected into a microtube containing lithium-
heparin, aprotinin, and EDTA for C-peptide assay. Another 1 ml of
blood was collected into microtubes containing lithium-heparin and 1
mg of EDTA for glucose and insulin assay. After centrifugation,
plasma glucose was read immediately, and glucose infusion through a
saphenous vein was adjusted to maintain euglycemia. The remaining
plasma was immediately stored at �20°C for insulin assay. The last
30 min of each 90-min insulin infusion was considered the steady
state for that dose. Plasma for C-peptide measurement was stored at
�80°C until ready to be assayed.

Assays

Immediately after sampling, plasma glucose was measured by the
glucose oxidase method using a YSI 2700 autoanalyzer (Yellow
Springs Instrument, Yellow Springs, OH). The coefficient of variation
(CV) of repeated glucose readings was �1%. Plasma for insulin
measurements was stored at �20°C until time of assay via ELISA kit
(ALPCO, Salem, NH). The intra and interassay CVs of insulin were
2.4 � 0.3% and 2.9 � 1.3%, respectively. C-peptide was assayed by
radioimmunoassay (EMD Millipore, Billerica, MA) with intra-assay
and interassay CVs of 3.2 and 6.3%, respectively.

Definition of Terms

MCR (ml/min) is defined as the volume of plasma completely
purged (cleared) of insulin per time unit (6, 11). Often, it is normal-
ized by the body weight or surface area; thus, MCR is expressed in
milliliters per minute per kilogram or milliliters per minute per square
meter.

FCR constant (min�1) is defined as the percentage/fraction of
plasma cleared of insulin per unit time; thus, FCR (min�1) � MCR
(ml/min)/plasma volume (ml) (6).
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First-pass hepatic extraction is the fraction of portal insulin ex-
tracted by the liver before joining systemic circulation.

Calculations

MCR of insulin estimated from EGC. MCR from the EGC was
calculated as the ratio of insulin infusion rate to the steady-state
plasma insulin concentration, according to the dilution principle (13).
Thus:

MCR �ml/min/kg� �
insulin infusion rate �4.5 pmol/kg/min�
steady state plasma insulin �pmol/ml�

(1)

FCR from FSIGT. FCR constant k (min�1) was estimated from the
plasma insulin concentrations from t � 22 to 80 min with WINSAAM
software version 3.0.1 (Kennett Square, PA) according to the equation
(2, 26)

Insulin � Insulinbasal � Insulinmax · e�kt (2)

where Insulin, is the plasma insulin concentration at sample time t,
Insulinbasal is the basal plasma insulin, and Insulinmax is the peak
insulin concentration during the FSIGT.

The chosen dynamic range of 22–80 min encompasses the duration
that plasma insulin returns to the basal level after the exogenous
injection. It also avoids the fluctuations in plasma insulin that could
occur at later stages when insulin levels fall below the basal concen-
trations (2, 26). The underlying assumption in this equation is that the
high concentration of the injected insulin suppresses endogenous
insulin secretion, on the principle of feedback inhibition (2, 26).

First-pass hepatic insulin extraction from PPII. Insulin clearance
rate, Cl, is calculated as the reciprocal of the slope (m) of the best-fit
line of insulin infusion rates (pmol·min�1·kg�1) to steady-state
plasma insulin concentrations (pM) from the three-step insulin eugly-
cemic clamp (see Fig. 3B) (6, 22). Thus:

Cl �
1

m
(3)

Accordingly, intraportally infused insulin clearance rate, Clpo, and
peripherally infused insulin clearance rate, Clpe, were calculated from
the respective slopes (mpo and mpe) of the plot of the insulin infusion
rates vs. steady-state insulin concentrations (Fig. 3B).

The difference between intraportally infused insulin clearance rate
and peripherally infused insulin clearance rate gave the first-pass
hepatic insulin clearance rate

First-pass hepatic insulin clearance rate �ml/min/kg� � Clpo � Clpe
(4)

The assumptions in this estimation are that insulin kinetics were
linear within the concentrations studied, and also post-first-pass he-
patic insulin clearances were identical in both experiments (12).

First-pass hepatic insulin extraction, then, is the ratio of first-pass
insulin clearance rate to the intraportal infusion clearance rate, which
can then be expressed as a percentage:

FPE�%� �
�Clpo � Clpe�

Clpo
· 100 (5)

Combining Eqs. 3 and 5 above gives

FPE�%� � �1 � �mpo

mpe
�� · 100 (6)

Statistical Analysis

All data are reported as means � SE. Spearman’s ranked order
correlation was used for the association analysis. Correlations were
considered statistically significant when the P value was �0.05.

RESULTS

All dogs were lean (body weight, 27.7 � 1.1 kg) with
appropriate fasting glucose (95.6 � 0.8 mg/dl) and glucose
tolerance [Kg (	10�2), 3.18 � 0.40 min�1], suggesting no
diabetes or metabolic impairment. However, fasting insulin
among the animals was highly varied, with a standard devia-
tion of 31.2 pM from a range of 21.9–114.8 pM.

EGC

The plasma insulin concentration remained relatively steady
from ~30 min after the start of the insulin infusion until the end
of the experiment. The insulin infusion rate of 4.5 pmol/kg/min
for 3 h yielded a steady-state concentration of 242.9 � 26.0
pM during the EGC (Fig. 1A). The mean MCR was 20.5 � 2.3
ml/min/kg (Table 1) from a range of 12.7–31.3 ml/min/kg.
Euglycemia was targeted at ~95 mg/dl (Fig. 1B).

FSIGT

After insulin injection, ~35% of the measured peak insulin
was cleared from the plasma within one minute (2173.2 � 92.5
pM at 22 min to 1423.0 � 116.2 pM at 23 min; Fig. 2A).
Sixty-nine percent (2173.2 � 92.5 pM at 22 min to 675.2 �
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Fig. 1. A: plasma insulin profile during a
hyperinsulinemic-euglycemic clamp (EGC).
B: plasma glucose during EGC.
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55.4 pM at 24 min) cleared by two minutes and 74%
(2173.2 � 92.5 pM at 22 min to 564.5 � 45.8 pM at 25 min)
of peak insulin cleared at three minutes (Fig. 2A). At t � 30
min and t � 40 min, 88% (plasma concentration, 256.1 � 29.4
pM) and 96% (plasma concentration, 92.2 � 13.5 pM) of peak
insulin had been extracted respectively. At t � 50 min, the
plasma insulin concentration (51.5 � 12.9 pM) had returned to
fasting levels (51.9 � 12.0 pM). The mean FCR was 0.48 �
0.03 min�1, with a range of 0.36�0.60 min�1.

Insulin secretion determined by C-peptide deconvolution at
basal was 1.5 � 0.2 pmol/kg/min. Two minutes after the glu-
cose bolus, it peaked at 19.2 � 1.4 pmol/kg/min. At t � 19min,
just before the exogenous insulin injection, it had gradually
decreased to 4.1 � 0.8 pmol/kg/min. At t � 22min, two min-
utes after the exogenous insulin injection, secretion rate was
3.5 � 1.1 pmol·kg�1·min�1 (15.8% suppression from preex-
ogenous insulin injection). At t � 23 min, insulin secretion had
been suppressed by 47.9% to 2.2 pmol·kg�1·min�1 and 71.5%
at t � 24 min to 1.2 pmol·kg�1·min�1. At t � 40 min, the
immediate preexogenous injection insulin secretion rate had
been suppressed by 82.8% to 0.7 � 0.3 pmol·kg�1·min�1, and
at t � 60 min it had been suppressed by 94.8% to 0.2 � 0.1
pmol·kg�1·min�1.

PPII

The portal infusion of 3.0, 6.0, and 9.0 pmol·kg�1·min�1

yielded average steady-state plasma insulin concentrations of
75.6 � 14.4, 150.7 � 22.6, and 268.6 � 36.7 pM respectively
(Fig. 3A). During the peripheral infusion protocol, the respec-

tive rates of 1.5, 3.0, and 4.5 pmol·kg�1·min�1 resulted in
corresponding plasma insulin concentrations of 96.9 � 9.1,
169.3 � 13.9, and 263.9 � 19.7 pM (Fig. 3A). However, de-
spite constant peripheral somatostatin infusion, endogenous
insulin secretion was not completely suppressed in most of the
dogs (6/9). There was an average of 70% relative suppression
before the insulin infusions (Fig. 4). The three dogs with
complete inhibition of insulin secretion before the insulin
infusions had FPEs of 31.8%, 66.1%, and 77.2%. There was no
relationship between the residual insulin secretions and FPE.
The linear correlation coefficient r of the least square regres-
sion line of insulin infusion rate vs. corresponding steady-state
plasma insulin concentration was 0.98 and 0.99 for the portal
and peripheral infusion protocols, respectively, indicative of
linear insulin kinetics within these concentrations (Fig. 3B).
There was a surprisingly large range of FPE among the
animals, from 22.4% to 77.2% (Table 1).

Correlations

A significant positive correlation between FPE (%) and FCR
(min�1) was found (rs � 0.83, P � 0.005; Fig. 5B), but the
association between FPE (%) and MCR (ml·kg�1·min�1) was
not significant (rs � 0.42, P � 0.26; Fig. 5A). MCR
(ml·kg�1·min�1) and FCR (min�1) were also poorly correlated
(rs � 0.28, P � 0.46; Fig. 5C).

DISCUSSION

Insulin clearance is a major component regulating insulin
levels in the body and can be an important aspect of hyperin-
sulinemic compensation and the progression to diabetes. How-
ever, methods of estimating clearance have so far not been
adequately compared. In addition, there are large interindi-
vidual variations in the contribution of various organs to
insulin clearance rates (31, 32). The major organs of insulin
metabolism are liver, which is estimated to extract between 50
and 80% of total insulin (11), and kidney, reported to be
responsible for ~25% of endogenous insulin clearance (16) and
about one-third of peripherally infused insulin (13, 36). Muscle
has an extraction fraction of 6.2% (39) and, with other periph-
eral insulin-sensitive tissues, accounts for ~13% of total insulin
clearance (5). Liver insulin extraction is therefore thought to be
the primary method of regulating insulin clearance. The fenes-
trated endothelial lining of hepatic capillaries allows immedi-

Table 1. FPE, FCR, and MCR of dogs in the experiments

Dog No. FPE, % FCR, min�1 MCR, ml·min�1·kg�1

1 22.37 0.417 20.03
2 24.33 0.362 13.89
3 31.82 0.421 28.00
4 42.49 0.429 12.71
5 53.02 0.495 13.65
6 58.95 0.564 15.99
7 66.05 0.597 24.06
8 72.05 0.550 31.27
9 77.17 0.497 25.00

Mean � SE 49.80 � 6.85 0.481 � 0.026 20.51 � 2.29

FPE, first-pass hepatic insulin extraction; FCR, fractional clearance rate;
MCR, metabolic clearance rate.
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Fig. 2. A: plasma insulin profile during a frequently
sampled intravenous glucose tolerance test (FSIGT).
B: plasma glucose during FSIGT.
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ate access to liver’s parenchymal cells (4); thus, insulin clear-
ance can begin promptly. In hepatocytes, carcinoembryonic
antigen-related cell adhesion molecule-1 (CEACAM1), a
transmembrane substrate of the insulin receptor, facilitates the
internalization of the bound insulin, thereby enhancing its
eventual degradation in the endosome-lysosomal pathway (28).

Here, we compared various methods of estimated insulin
clearance in vivo with a direct measure of FPE, and we
demonstrated that FCR from FSIGT, but not MCR from EGC,
may be used as a reasonably accurate surrogate measure of
first-pass hepatic insulin extraction.

FPE is calculated from paired intraportal and peripheral
infusions and therefore provides a direct measure of the hepatic
extraction of insulin. FCR calculated from the FSIGT corre-
lated well with FPE and also demonstrated that 88% of the
peak insulin is cleared within 8 min. Thus, when exposed to a
bolus of insulin, FSIGT results demonstrate a rapid clearance
of insulin, consistent with hepatic insulin extraction. Insulin
secretion was not completely suppressed by the exogenous

insulin in FSIGT, as measured by deconvolution of the C-pep-
tide data. However, the low levels of endogenous insulin
production account for only a small amount of the plasma
insulin present and as such would not substantially alter the
calculation of FCR. Even at the peak secretion after the insulin
bolus, we observed only ~96 pmol/min of extra secreted
insulin, contributing to less than 1.5% of the total plasma
insulin level.

The MCR rates calculated from the EGC do not correlate
well with FPE. There may be a variety of factors contributing
to this lack of correlation, including increased clearance by
nonhepatic tissues during clamps or a saturation of the insulin
clearance system in the clamp setting. Also, glucagon was not
replaced during the EGC, whereas with PPII, glucagon was
replaced. Glucagon and somatostatin infusions have been sug-
gested to cooperate to suppress hepatic insulin extraction (18),
which will then impact on the association between MCR and
FPE. Nonetheless, these results suggest that MCR calculated
during clamps should be considered with caution, as MCR
from clamps may not be a good index of hepatic insulin
clearance.

Saturation of Insulin Clearance During Clamp?

Some studies in dogs (27) and humans (15, 40) report a
reduction in MCR at steady state from basal during euglycemic
clamp even at physiological insulin concentration conditions,
denoting saturation of the insulin system. Possible saturation
and/or downregulation of the expression of insulin receptors
were suggested to be the reasons for the reduced MCR (27).
However, several studies (1, 13, 38, 42) have reported linearity
of insulin kinetics within physiological concentrations. In dogs,
Stevenson et. al. (42) documented linearity of insulin kinetics
up to 660 pM of systemic concentrations. In humans, Sacca et
al. (38) reported that the kinetics of insulin were linear within
the explored range of 198–630 pM. Importantly, we did not
observe any saturation of the insulin system in the range of
insulin infusions (1.5–9 pmol·kg�1·min�1) used, yielding ve-
nous concentrations of 22.8–406.1 pM (Fig. 3A) in either the
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coefficient r for peripheral infusion vs. steady-state concentration (�) was 0.99, and slope, mpe, was 53.1 kg·min�1·l�1. For portal infusion vs. steady-state
concentration (Œ), r � 0.98 and slope, mpo, was 26.7 kg·min�1·l�1. FPE (%) � [1 � (mpo/mpe)] 	 100 � 50%; refer to Eq. 6. Each data point is a mean � SE
of n � 9.
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portal or peripheral infusion protocols. The correlation coeffi-
cients r � 0.98 and r � 0.99 between insulin infusion rates and
plasma insulin of the respective portal and peripheral infusion
protocols signify linear insulin kinetics in the concentrations
studied (Fig. 3B). We can thus assume linear insulin kinetics
during the 4.5 pmol·kg�1·min�1 insulin infusion EGC, yield-
ing steady-state plasma concentrations of 242.9 � 26.0 pM
(Fig. 1A) in the same cohort of dogs. It can then be concluded
that the dissociation between MCR during EGC and FPE is not
due to saturation of the insulin system.

Extrahepatic Tissues

Peripheral insulin infusion studies that utilized the hepatic
vein catheterization (13, 38) have supported the dominance
(~60%) of the splanchnic bed (liver � mesenteries � spleen)
in extracting insulin. Often, the liver is credited with almost all
of this extraction (13), yet Ishida et al. (17) demonstrated that
extrahepatic splanchnic extraction accounted for about one-
third of total splanchnic extraction when insulin is infused
peripherally and sampled from the hepatic vein in conscious
normal dogs. Thus the liver, while the primary organ of insulin
clearance, might not be overly dominant during the hours-long
hyperinsulinemic-euglycemic clamp.

In muscle and adipose tissues, there is a substantial delay in
the access of insulin into the interstitium from plasma (37) due
to the intact endothelial barrier of their capillaries (19), unlike
in the liver (4). This was demonstrated in dogs (37), where
insulin was measured in leg and hepatic duct lymph (repre-
senting the interstitial and hepatic access, respectively) follow-
ing an injection of insulin. Insulin concentration reached a
plateau ~20 min later in the leg lymph than in the hepatic duct
lymph. Also, the maximum insulin concentration in the leg
lymph was about one-half that of hepatic duct lymph. Besides
that, skeletal muscles and peripheral adipose tissues account
for only ~13% of insulin clearance (5). Thus, it is plausible that
the contribution of muscle and adipose tissue to the FCR, at
least in the first 10 min after the insulin injection, during which
~90% of peak plasma insulin was cleared, was inconsequential.

Sustained high plasma insulin stimulates vasodilation and
increases functional muscle capillary density and blood flow
(10). These factors should make the muscle more amenable to
insulin access during the EGC and possibly increase the ex-
traction of insulin. However, Steil et al. (41) reported a similar
insulin clearance rate in the dog hindlimb lymph at both basal

and hyperinsulinemic conditions. This makes it unlikely that
the muscle increased its fractional extraction of insulin during
the current EGC experiments.

Fractional extraction of insulin by the kidneys varies from
12 to 50% (8, 13, 36). The kidneys extract more peripherally
administered insulin than endogenous insulin (8, 16, 36, 43),
partly due to the absence of first-pass hepatic insulin extrac-
tion. Renal extraction fraction increased with increasing insulin
doses in the hyperinsulinemic clamp in healthy human subjects
to a point where extrasplanchnic insulin extraction accounted
for more insulin removal than splanchnic extraction (13).
While the insulin concentrations in that study (13) were up to
~30 times higher than those of the current study, it indicates
that the kidneys have the potential to remove higher amounts of
peripherally infused insulin. The wide range (22–77%) of
hepatic insulin extraction in normal healthy dogs is notewor-
thy. Considering this wide range of FPE, perhaps the animals
with low FPE have high extrahepatic insulin clearance, which
fosters the dissociation between FPE and clearance calculated
from the hours-long EGC.

The kidney is estimated to be responsible for ~80% of
extrasplanchnic insulin clearance (13) and is likely responsible
for changes in extrahepatic insulin clearance during the EGC,
if any, considering that muscle and adipose tissue fractional
insulin uptakes are not altered during EGC (10, 41). Renal
insulin extraction occurs through two pathways: insulin recep-
tor-mediated peritubular reabsorption (35) and a multiligand
endocytic receptor, megalin, in the luminal cells of the proxi-
mal convoluted tubule (PCT) after glomerular filtration (30).
Megalin has a low binding affinity, but ~1,000 times more
capacity for insulin than the insulin receptor (30), which makes
it unsaturable at concentration even far beyond physiological
insulin levels (29). Insulin’s uptake in the PCT of the kidney is
upregulated with increasing insulin concentrations (24). Thus,
it is possible that the high-capacity megalin and the feed-
forward process in the PCT enable the kidneys to extract
relatively more insulin during the hours-long hyperinsulinemic
clamp. However, the higher-affinity insulin receptor-mediated
peritubular reabsorption may dominate in the dynamic FSIGT,
in which there is only fleeting hyperinsulinemia.

Limitations of PPII

PPII assumes a complete inhibition of insulin secretion.
However, plasma insulin C-peptide data (Fig. 4) during the
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PPII showed that for most of the dogs (6/9) insulin secretion
was not completely suppressed during the somatostatin-only
infusion phase, before the start of the insulin infusions. Nev-
ertheless, insulin secretion indicated by C-peptide concentra-
tions during the peripheral and portal infusions were similar,
which offsets any bias in the calculation of the FPE.

FPE is calculated on the basis of steady-state concentrations
with no recourse to insulin kinetics. It has been suggested that
the pulsatility of insulin secretion with the changing portal vein
concentrations regulates FPE (25). PPII also assumes that
blood flow rates and insulin extraction by the different extra-
hepatic tissues remain consistent during both portal and pe-
ripheral infusion protocols, which was not verified. Insulin has
hemodynamic properties and affects the blood flow rate (10).
In acknowledging this possibility, the attempt was made to
match the systemic concentrations of insulin during the PPII
protocols. It is estimated that the liver extracts ~50% of portal
insulin (33); thus, two times the peripheral rates was infused
intraportally for matching systemic insulin levels. It is impor-
tant to note that such a study in healthy dogs may not reflect
conditions in prediabetic or diabetic states, and much more so
in humans.

Several studies (3, 22) have shown that a principal mecha-
nism of the hyperinsulinemic compensation of the insulin
resistance is reduced insulin clearance, led by decreased FPE.
Thus, there is a need to have a relatively simple but accurate
method of estimating hepatic insulin extraction in vivo. Here,
we have demonstrated for the first time that FCR from FSIGT
but not MCR from EGC, could be used as a surrogate for
first-pass hepatic insulin extraction. MCR could reflect insulin
clearance from extrahepatic sources, possibly the kidneys.
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