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Insulin clearance has recently been highlighted as a fundamental aspect of glucose
metabolism, as it has been hypothesized that its impairment could be related to an
increased risk of developing type 2 diabetes. This review focuses on methods used
to calculate insulin clearance: from the early surrogate indices employing
C-peptide:insulin molar ratio, to direct measurement methods used in animal
models, to modeling-based techniques to estimate the components of insulin
clearance (hepatic versus extrahepatic). The methods are explored and interpreted
by critically highlighting advantages and limitations.

Insulin has a unique pattern of distribution (Fig. 1). Immediately following release from
the pancreatic 3-cells, insulin enters the abdominal portal vein, and then flows directly
into the liver. About half of newly secreted insulin is taken up by hepatocytes on the
first pass through the liver before entering extrahepatic circulation. We previously
suggested that because the first-pass extraction of insulin is altered by environmental
and genetic factors (1), the liver acts as a gateway for insulin, delivering only the
appropriate mass of insulin into the organism in proportion to metabolic need. Insulin
that survives the first pass through the liver enters the hepatic veins and, thus, the
systemic circulation wherein it can act on tissues. Ultimately, it is cleared by insulin
sensitive tissues including skeletal muscle, kidneys, and liver (after recirculation) (2).
Circulating plasma insulin is thus determined by the balance between insulin release
and clearance, which are both important parameters to establish plasmainsulin levels.

Even though there are direct arteriovenous methods for measuring insulin
secretion and clearance in vivo, they are not directly applicable to humans, as
they require portal vein and hepatic artery and vein blood samples, as well as
estimation of hepatic blood flow (3). To surmount this inapplicability by still allowing
a quantification of insulin secretion and clearance, indirect approaches based on
kinetic modeling have become a powerful alternative to calculate insulin release and
clearance during oral (meal, oral glucose tolerance test [OGTT]) and intravenous
glucose challenges (clamp, frequently sampled intravenous glucose tolerance test
[FSIGT]). The importance of modeling insulin clearance, rather than secretion only,
was recently emphasized, as we hypothesized that lower insulin clearance might be
causal for an increased risk of type 2 diabetes (4): the ability to quantify all of the
glucose metabolism parameters through modeling is fundamental to provide a
complete clinical overview of the diabetes pathology. Additionally, hyperinsulinemia
secondary to reduced clearance may play a role in pathogenesis of cognitive dysfunction
including Alzheimer’s disease and some forms of cancer (5). Thus, is it possible that insulin
clearance may be an important factor in a plethora of important diseases of Western
society.

In this work, we review the primary direct and indirect methods to estimate insulin
clearance in large animals and in humans. We use the term insulin clearance to
describe the disappearance of insulin from the bloodstream in the entire organism,
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Insulin secretion and clearance rationale
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Figure 1—The insulin secretion and clearance rationale. Insulin and C-peptide are equimolarly secreted
by the pancreatic 3-cells. While C-peptide clearance is considered negligible, insulin undergoes hepatic
(by the liver) and extrahepatic (by other tissues such as kidney or muscle) clearance.

which we conceptualize as the sum of two
independent processes: hepatic clearance
and extrahepatic clearance. Hepatic clear-
ance is the removal of a significant por-
tion of secreted insulin by the liver during
the first pass through the hepatic portal
circulation, and it also includes the re-
moval of insulin by the liver after recir-
culation. Extrahepatic clearance is the
disappearance of the hormone in other
tissues, including skeletal muscle, kidney,
and heart. The term insulin extraction is
the fractional amount (%) of secreted
insulin that undergoes removal per unit
time, which can be either hepatic or
extrahepatic; the calculation of each in-
sulin clearance component is proportional
to the corresponding extraction amount
(see Table 1 for a glossary of all the terms).

HEPATIC INSULIN EXTRACTION AS
C-PEPTIDE TO INSULIN MOLAR
RATIO

Plasma C-peptide concentrations were
recognized as useful for the calculation of
insulin secretion following the discovery
of proinsulin and its enzymatic splitting
into equimolar concentrations of insulin
and C-peptide in the pancreatic B-cells (6).
Therefore, given the equimolar secretion

Table 1—Glossary
Term Definition

of C-peptide and insulin, the generally
accepted assumption of the negligible
extraction of C-peptide by the liver, and
its constant metabolic clearance rate un-
der physiologic conditions, it is possible to
estimate insulin secretion rate (ISR) from
plasma C-peptide concentrations (7).

An early method to quantify the he-
patic insulin fractional extraction (HE)
was the C-peptide:insulin molar ratio,
as well as the ratio between the incre-
mental areas under the curves (AUC) of
the same peptides after nutrient inges-
tion. These simple calculations have
been extensively used both in the fast-
ing state (8) and after oral (9) or in-
travenous (10) glucose challenges, and
they aresstill employed, for example, see
Meier et al. (11) or Heinrich et al. (12).
However, the pitfalls of this method
were pointed out very early by Polonsky
et al. (7) as. If C-peptide and insulin had
identical kinetics, the molar ratio would
in fact reflect insulin clearance. How-
ever, the C-peptide:insulin molar ratioin
the blood depends not only on the re-
lease rates of these peptides from the
pancreatic islets, but also upon their
individual disappearance kinetics. Insu-
lin and C-peptide have very different

Insulin clearance

Hepatic insulin clearance

Hepatic and extrahepatic removal of insulin
Removal of a portion of secreted insulin by the liver during the

first pass across portal circulation and later on during

recirculation

Extrahepatic insulin clearance

Removal of a portion of secreted insulin by organs and tissues

other than the liver

Insulin extraction

The fractional amount (%) of secreted insulin that undergoes

removal, which can be either hepatic (HE) or extrahepatic;
the corresponding clearance component is proportional to it
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plasma half-lives of 4 vs. 30 min, respec-
tively (7). Additionally, C-peptide kinetics
can be described by two compartments
(13), whereas insulin has been expressed
with one (14) to two (2) or three compart-
ments (15). The different kinetics makes it
problematic to simply use the molar ratio
as an accurate estimate of disappearance
rates. Any changes in either insulin or C-
peptide kinetics can alter this C-peptide:
insulin molar ratio under fasting conditions
and also their AUC ratio after a nutrient
glucose stimulus. For example, considering
two different subjects analyzed in (16),
while the C-peptide:insulin AUC ratio
provides a 27% increment of HE from
subject 1 to subject 2, modeling techni-
ques, described below (2), reveal a 200%
difference of HE between them.

For all the reasons above, the C-peptide:
insulin molar ratio depends on several
independent factors, and thus, the molar
ratio cannot be considered an accurate
calculation of HE. Furthermore, with this
method, no information about the extrahe-
patic component of insulin clearance is pro-
vided. Alternative approaches must be used.

IN VIVO MEASURE OF INSULIN
CLEARANCE

In contrast to the C-peptide:insulin mo-
lar ratio, accurate and direct methods
exist for estimating insulin clearance
in vivo. Asare-Bediako et al. (17) com-
pared two indirect estimates of insulin
clearance in dogs with direct arterio-
venous measurement. The firstindirect
method was proposed based on the
euglycemic-hyperinsulinemic clamp (EGC):
this allowed the authors to estimate the
metabolic clearance rate (MCR) in vivo (17)
as the ratio between exogenous insulin
infusion rate and the resulting steady-state
plasma insulin concentration (17,18). The
increase in insulin during a clamp is not
simply due to the exogenous insulin infu-
sion rate, as the endogenous secretion is
often suppressed, and the increment of
insulin must correct for suppression of
endogenous insulin appearance. Also, while
this method is widely used (19,20), it does
not distinguish hepatic from extrahepatic
clearance.

A second indirect method (17) is the
calculation of the fractional clearance rate
of insulin (FCR) during the FSIGT (that
includes an intravenous insulin injection).
Often, investigators have assumed a sin-
gle exponential decline in insulin after
injection (21,22). This monoexponential
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assumption of insulin disappearance does
not account for changes in the endogenous
insulin release. In fact, there are temporal
changes in endogenous insulin release
during the FSIGT (23), which make a mono-
exponential assumption of insulin disap-
pearance result into an incorrect estimate
of insulin clearance. Despite its limita-
tions, the monoexponential assumption
has been employed to estimate clearance
in several large clinical studies (24).

A novel approach to direct measure-
ment of HE was used in the canine model
(17,25). The method requires intraportal
as well as peripheral insulin infusion
(PPII) during the use of an EGC (see
Fig. 2A). In this approach, two separate
clamp experiments are performed on
two different days in the same animal:
on day one, insulin is infused via the
abdominal portal vein, and on a different
day, the hormone is infused via a periph-
eral vein (17,25). Because of first-pass
degradation by the liver, the intraportal
infusion rates are chosen at twice those
of the peripheral infusion to attempt to
achieve similar systemic plasma insulin
values in both infusion experiments
(17,25). This procedure allows calcula-
tion of the insulin clearance rate (CL)
from the slope (m) of the best-fit line
of insulin infusion rates to steady-state
plasma insulin concentrations, both in-
traportally (CL,,) and peripherally (CLy):

1
Clpo =—, (1)
mpo
1
CLpe = (2)
mpe

where Cl,, is the intraportal insulin
clearance rate, CL,. is the peripheral
insulin clearance rate, and m,, and mp,
are the slopes of the intraportal and
peripheral insulin infusion rates, respec-
tively, versus the resulting plasma insulin
levels from the two protocols (see Fig.
2B). Assuming that insulin kinetics are
linear because of the studied range of
insulin concentrations (22) and that
the hepatic insulin clearances after the
first pass are the same in both the
experiments (26), HE is calculated as
the following:

Clpo — Clpe
Clpo

HE(%)=( ) -100.  (3)

Thus, from Egs. 2 and 3:

Mpo

HE(%)= {1 - }-100. (4)

Mpe

As shown in (16), FCR, rather than MCR,
is the indirect method that provides
the best correlation with the direct
measurement of HE. This suggests that
FCR could be considered a surrogate of
insulin clearance, while MCR could be
related to the extrahepatic component.
It is of particular interest that, with this
accurate method, a considerable range
in HE was observed within a population
of normal animals (22-72% first-pass
degradation). As insulin clearance is
variable among animals, the portal
method suggests that insulin clearance
by the liver could be an important
metabolic variable subject to genetic
and environmental influences.

MODELING C-PEPTIDE AND
INSULIN KINETICS TO CALCULATE
INSULIN CLEARANCE

Because of the limitations of the C-peptide:
insulin ratio and considering the im-
practicality to perform the PPl method
in humans, mathematical models have
emerged as a requisite tool to noninva-
sively estimate insulin clearance in vivo.

The Eaton Model: Three-Compartment
Insulin Kinetics and Calculation of
Secretion With Deconvolution of
C-Peptide Data

Eaton etal. (27),in 1983, used the kinetic
model initially proposed by Sherwin
et al. (15) to calculate insulin clearance.
In the model, insulin kinetics is repre-
sented by three compartments: plasma,
extrahepatic space, and extravascular
dilutional space (Fig. 3). Endogenous in-
sulin appearance was assumed to be
equal to the C-peptide release rate
from the pancreatic islets. Therefore,
secretion could be calculated from de-
convolution of plasma C-peptide concen-
trations (13). HE was estimated after oral
glucose ingestion, meal ingestion, and
arginine infusion (27). Of note, the Eaton
model calculated both the hepatic and
extrahepaticinsulin clearance. To do this,
it was necessary to assume (i.e., not to
individually estimate) 12 of the 13 model
parameters as mean values from earlier
dog experiments (28,29). To the extent
that these model parameters may be
different in humans, the consequent
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individual estimation of the single con-
stant value of HE for each subject may be
questioned.

Cobelli et al. (3). proposed a simpler
mathematical model consisting of two-
compartments for C-peptide kinetics
(13), used with a previous linear, single-
compartment insulin kinetic model (14)
(see the rationale of the model, Fig. 4).
The basic assumption underlying this
method is the equimolar secretion of
the two peptides, with only insulin un-
dergoing significant hepatic clearance.
Therefore, the individual calculation of
ISR was possible through parameter esti-
mation from the C-peptide kinetics. Con-
sequently, HE reconstruction from the ISR
and posthepatic insulin delivery rate (IDR)
was performed, without the need to as-
sume any parameter a priori. The down-
side of this approach consists of the
simultaneous assessment of both insulin
secretion and kinetics, which might be
responsible for undesired compensation
in the parameter estimates (see the Tof-
folo approach discussed below).

The Tura Model: Single Compartment
Kinetics for C-Peptide and Insulin
During OGTT

Tura et al. (30) proposed a model of
C-peptide and insulin kinetics, allowing
the estimation of ISR and insulin degra-
dation during the OGTT. This approach
has a singular advantage: the estimation of
both hepatic and extrahepatic insulin frac-
tional clearance. However, in this model,
both C-peptide and insulin were described
with single-compartment distribution ki-
netics, eventhough C-peptide kinetics had
been shown to be described with two
compartments (13), possibly limiting the
accuracy of the approach of Tura et al.
Furthermore, the model assumes a con-
stant HE during the experiment, even if this
process is time-varying, for several reasons:
the relationship with hepatic plasma flow
(31), glucose administration (3), and satu-
rable receptor-mediated mechanisms (32).
Ultimately, ISR is estimated individually
with piecewise polynomials, including sev-
eral unknown parameters (30).

The Toffolo Approach: Two-
Compartment C-Peptide Kinetics and
Single-Compartment Insulin Kinetics
During FSIGT

In 2005, Toffolo et al. (33) introduced a new
model of insulin secretion and kinetics to
assess HE during the insulin-modified
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Figure 2—PPIl clamp for measuring first-pass hepatic insulin extraction. A: The insulin profile
during the PPIl experiments. For portal infusion protocol (white circles), insulin 1 = 3.0
pmolkg min~?%, insulin 2 = 6.0 pmolkg”*min~%, and insulin 3 = 9.0 pmolkg” “min%.
For peripheral infusion protocol (black squares), insulin 1 = 1.5 pmol-kg~*min~ %, insulin 2 = 3.0
pmol-kg ™ min "%, and insulin 3 = 4.5 pmol-kg " *min~*. One-half of the portal infusion rates were
used in the peripheral protocol for matching systemic concentrations. B: The infusion rate versus
steady-state plasma insulin concentrations. The correlation coefficient r for peripheral infusion
versus steady-state concentrations (black squares) was 0.99, and slope, m,, was
53.1 kg'min~ L™, For portal infusion versus steady-state concentrations (white circles), r =
0.98 and slope, mp,, was 26.7 kg-min~ %L~ %, First-pass hepatic insulin extraction (%) = [1 — (Mpo/
Mpe)]+100 = 50%. Each data point is a mean = SE of n = 9. Adapted with permission from Asare-

Bediako et al. (17).

FSIGT (i.e., the one also including an
insulin infusion/injection administered
20 min after the initial glucose bolus).
Toffolo et al. (33) overcame some dis-
advantages included in previous mod-
els. They employed two-compartment
C-peptide kinetics (13) by including
standard population values (34), allow-
ing for reliable estimates of B-cell
secretion (ISR), unbiased by undesired
kinetic-secretion compensations (see
the rationale represented in Fig. 4).

Pancreatic
Insulin
Production

Concerning insulin, the authors (33)
exploited the peculiarity of the insulin-
modified FSIGT, where the decay of
insulin concentrations after the exog-
enous insulin input allows the estima-
tion of insulin kinetics, still avoiding
unreliable interactions with the secretion.
In this case, insulin was described with a
linear single compartment that included
afunctional description of glucose on IDR
(33). By combining the ISR obtained from
the C-peptide model and IDR calculated

Extravascular
Space
95 mL/kg

max =2.17
(Variable)

(Variable)

1 max =2.17 2
Hepatic Plasma
Plasma

4.95 mL/kg
0.268

0.07

Figure 3—The three-compartment model (hepatic, vascular, and extravascular pools) used to
describe insulin kinetics. Adapted with permission from Eaton et al. (27).
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with the insulin one, the HE over time,
given as HE(t), was obtained, as well as
an index quantifying the insulin extrac-
tion at basal level (HE,) and during the
insulin-modified FSIGT (HE.,:) (32) (see
Supplementary Material for the detailed
equations). Because this model did not
include extrahepaticinsulin clearance, the
same authors proposed an alternative
in the appendix of the same work (33),
describing insulin clearance as the sum of
the hepatic component, proportional to
HE(t), and an extrahepatic one. Because
HE, and HE;,; correlated among both the
model options, the authors supported the
robustness of the original model, i.e., the
one that did not include the extrahepatic
clearance. Therefore, the main limitation
in this case relied on the extrahepatic
insulin clearance, which was not consid-
eredinthe firstand currently used version
of this model and which was assumed to
be constant over the experiment, in the
appendix model. In addition, HE(t) was
reconstructed only considering newly se-
creted insulin and not the recirculation
through the liver.

The Campioni Approach: Two-
Compartment C-Peptide Kinetics and
Single-Compartment Insulin Kinetics
During Oral Tests

A further advance was introduced by
Campioni et al. (35), in which a model
of HE was proposed during an oral test
(see the rationale in Fig. 4). The authors
used the same two- compartment
C-peptide kinetics previously employed
(13,33), with assumed values of C-peptide
kinetics (34), to estimate ISR (36). Con-
cerning insulin kinetics, the single com-
partment model (33) had to be edited
to estimate IDR without having the pe-
culiarities of the insulin-modified FSIGT.
To do so, IDR was derived from Eg. 1 of
Supplementary Material, and HE(t) was
expressed as a piecewise linear function
with a fixed number of breaking points
as (see the Supplementary Material for
details). The authors developed standard
parameters of insulin kinetics depending
on anthropometric characteristics, and
validated them by comparison with
the insulin-modified FSIGT in the same
subjects. By fixing the insulin kinetics
parameters to these values, the break-
ing points of HE(t) were the only ones
to be estimated. However, in this model,
several disadvantages can be considered.
First, the parametric HE(t) description, i.e.,
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Figure 4—The rationale for assessing insulin hepatic extraction from modeling insulin and
C-peptide data. Adapted with permission from Campioni et al. (35). CP (pmol/L), C-peptide
concentration in the accessible compartment; HE (%), hepatic insulin extraction; | (pmol/L), plasma
insulin concentration, accessible to measurement; IDR (pmol/min), post-hepatic insulin delivery

rate; ISR (pmol/min), insulin secretion rate.

a piecewise linear function with breaking
points rather than a continuous profile,
may introduce some error. Second, the
calculation of HE(t) is based only on newly
secreted insulin and not on the recircula-
tion of plasma insulin through the liver.
Moreover, the model does not include the
extrahepatic clearance component. Frac-
tional extrahepatic extraction is assumed
to be constant during the experiment and
equal to 40%. This assumption of con-
stancy does not reflect actual data, as
individual values of hepatic and extrahe-
paticinsulin clearance have been shown to
vary over a wide range (2,37,38).

C-Peptide Kinetics and Three-
Compartment Insulin Kinetics During
Oral Tests

In 2013, Piccinini et al. (39) proposed a
model to estimate HE during an oral test.
This includes the same C-peptide kinetics
and secretion description used in a pre-
vious model (34), but it used three com-
partments for insulin kinetics (15). The
peculiarity of this model, overcoming the
merely mathematical representation of
HE by Campioni et al. (35), is the phys-
iological representation of HE(t) that is
selected here to be linearly dependent
on plasma glucose concentrations (39):

HE(t) = —dag"* G(t) + dog, (5)

where agrepresents the control of plasma
glucose on HE, and ayg is obtained from

the steady-state constraints; HE, and HE;,;
are still derived from Eq. 2 and 3 of the
Supplementary Material. The relationship
in Eq. 5 is based on the evidence that,
during an oral test, the reconstructed
profiles of HE decrease, while insulin
and glucose concentrations rise (35).

Several models were tested in (39),
with increasing complexity of insulin
kinetics, as well as a different physiolog-
ical derivation of HE that was dependent
on plasma glucose and/or insulin con-
centrations. In fact, previous observa-
tions suggested that nutrient intake
modifies HE (40,41) and that the insulin-
degrading enzyme is inhibited by hyper-
glycemia and hyperinsulinemia (42). Be-
sides providing HE, and HE,,, this more
physiologic model allows the estimation
of HE sensitivity to plasma glucose con-
centrations. However, the extrahepatic
component of insulin clearance was not
considered. In addition, this model es-
timates HE while only considering the
newly secreted insulin and not the re-
circulation of plasma insulin through the
hepatic vein and artery (2).

The Polidori Model: C-Peptide
Deconvolution for the Calculation of
Secretion and Two- Compartment
Model Insulin Kinetics during FSIGT
To overcome some of the limitations of
previous models, Polidori et al. (2) recently
proposed a model estimating both
hepatic and extrahepatic contributions
to insulin clearance from the insulin-
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modified FSIGT. Insulin is described as
existing in both a peripheral and a he-
patic compartment (see Fig. 5). The
following are model assumptions: 1)
the endogenously secreted insulin enters
the portal circulation first, and then pro-
ceedstothe systemiccirculation; 2) IDRis
calculated from plasma insulin concen-
trations and fixed value (i.e., not indi-
vidually estimated) of hepatic plasma
flow; 3) the extrahepatic insulin clear-
ance rate is proportional to plasma in-
sulin concentrations; and 4) hepatic
insulin clearance can be described as
linear or with saturation kinetics. With
these assumptions, calculating ISR with
deconvolution and exploiting the pecu-
liarity of the insulin-modified FSIGT, i.e.,
an exogenous insulin infusion in 20-
25 min, the model estimates the relative
contributions of hepatic and extrahe-
patic insulin clearance, over the FSIGT
duration. To relate the insulin clearance
values obtained through this model with
other experimental methods and to en-
able a similar clinical evaluation, Polidori
et al. (2) derived an index of clearance
for intravenous infusion (CL,y), to be
compared with the hyperinsulinemic
clamp, as well as an index of clearance
for portal infusion (CL,ota), to be re-
lated with endogenous secretion. The
model parameters CLyy and CLy ot Were
obtained by dividing the intravenous
or portal insulin infusion rates by the
steady-state insulin concentrations for
both the linear and the saturable ver-
sions of the model (2).

Further Application of the Polidori et al.
Approach With Combined Clamp and
OGTT Data

Besides the insulin-modified FSIGT, the
model by Polidori et al. (2) was later
applied to OGTT data combined with EGC
on the same subjects (43): ISR was cal-
culated during both tests with deconvo-
lution, and it was used together with the
known insulin infusion rate from the
clamp to fit the measured plasma insulin
concentrations from the OGTT and the
clamp (43). Hepatic and extrahepatic
insulin clearance were then estimated,
assuming them to be the same during
both tests. Moreover, in a recent work
(44), the model by Polidori et al. (2) was
simplified into two linear equations, ob-
tained from the original ones in steady
state, for the hyperglycemic clamp: one
related to the preinfusion basal state

220z 1snbny 0z uo 3senb Aq 4pd-05.20029P/ 1 9¥0£9/9622/6/< /spd-ejole/e1ed/B10°s|euinolssjeqelp//:dpy woly papeojumoq


https://doi.org/10.2337/figshare.12152271

care.diabetesjournals.org

Piccinini and Bergman

2301

Endogenous insulin secretion

Exogenous
insulin Plasma
infusion insulin

Extra-hepatic
clearance

l Portal vein

Liver

Hepatic artery
"\ insulin

Hepatic vein

Hepatic
clearance

Figure 5—A graphical representation of the mathematical model used to estimate hepatic and
extrahepatic insulin clearance. Adapted with permission from Polidori et al. (2).

(between —20 and 0 min), and the other
one during the last 30 min of high insulin
infusion. This led to the calculation of
both hepatic and extrahepatic insulin
clearance in obese youths, with simple
linear algebra.

The approach by Polidori et al. (2)
provided both hepatic and extrahepatic
insulin clearance, with a quantification of
the relative contribution of each com-
ponent during the experiment. However,
it has some limitations: the ISR used in
the model was obtained with deconvo-
lution, based on standard population pa-
rameters as in Van Cauter et al. (34), and
ISR was treated as a model input, as well
as the exogenous insulin. Moreover, the
hepatic plasma flow value was fixed,
similarly to the work of Ferrannini and
Cobelli (26). These latter assumptions
mightnotapplyunder pathological con-
ditions, such as renal or hepatic disease.
However, this model (2) has so far been
applied to the insulin-modified FSIGT and
not to oral tests (meal, OGTT) performed
without a clamp on the same subjects.
Meals and OGTTs are indeed character-
ized by the oral administration of nu-
trients, which do not have such separable
periods of exogenous and endogenous
insulin appearance. Efforts to apply this
method to pure oral tests are in progress,
which would significantly ease the eval-
uation of the whole metabolic pattern in
clinical human studies.

Summary

While insulin clearance can be measured
directly in animals, the difficulty of ac-
cessing the portal and hepatic veins
limit such assessments to animal models.
To overcome this limitation, modeling

techniques have long been applied to
noninvasively estimate insulin clearance
in its hepatic versus extrahepatic com-
ponents. In fact, surrogate indices pro-
vided by molar ratios or AUC have serious
limitations, and in vivo methods are either
inaccurate or cannot be performed in
human subjects. Among the models his-
torically proposedin the literature, most
of them only allow the estimation of hepatic
insulin clearance (3,33,35,39), have individ-
ual parameter estimation issues (3,27,30),
or do not consider hepatic insulin recircu-
lation (33,35,39).

Conclusions

In conclusion, among the models histor-
ically developed and summarized above,
we propose that the one by Polidori et al.
(2) is superior to others to obtain both
accurate hepatic and extrahepatic insu-
lin clearance components in individuals.
Further studies are needed to distin-
guish hepatic versus extrahepatic insulin
clearance during oral tests (to be per-
formed in a clinical setting) or to modify
the oral tests allowing for discrimination
of the hepatic from the extrahepatic
constituents.

It is important to note that the accu-
rate measurement of insulin clearance
may be more important than previously
realized. The early debate regarding the
relative importance of insulin secretion
versus insulin resistance in the patho-
genesis of type 2 diabetes was resolved
by the understanding that it is appar-
ently the ability of the endocrine pan-
creas to compensate for environmen-
tally determined insulin resistance, which
is important to predict the eventual
onset of the disease (4). However, it is

becoming increasingly clear that hepatic
insulin degradation rates, per se, may
play an equal or even greater role in the
pathway from normal to impaired glu-
cose tolerance and to diabetes itself. On
the basis of the model by Polidori et al.
(2), we were able to measure hepatic and
extrahepatic insulin clearance in several
cohorts. Our application of this model is
based upon the FSIGT. The advan-
tage of this protocol is that the early
appearance of insulin, following glucose
injection, is endogenous, i.e., from the
pancreatic islets. However, after insulin
injection 20-min later, the appearance
is exogeneous. This disparity makes it
possible to obtain excellent estimates
of first-pass hepatic insulin versus ex-
trahepaticinsulin clearance. Fortunately,
Gower and colleagues (37) at the Uni-
versity of Alabama had performed FSIGT
tests on a sizeable cohort of European
American and African American adults.
We were able to analyze their data with
the Polidori model, revealing two out-
comes: there was a wide range of values
of hepaticinsulin extraction among adults,
and this parameter was considerably
lower in African Americans, explaining
the contribution of lower clearance to
hyperinsulinemia in these individuals
(37). We hypothesized (4) that the lower
clearance and higher ambient insulin
levels might be an important risk factor
for eventual development of type 2
diabetes.

Even more fortunate, we could access
the excellent data obtained by Fernandez
and colleagues (16) in children 7-13
years old. These data confirmed lower
hepatic insulin clearance in African
American children, suggesting that
this impairment could be either due
to different environment (e.g., diet,
exercise) or a possible genetic or epi-
genetic component (16).

Itis becoming clear that it isimportant
to assess insulin clearance in individuals
at risk for additional diseases. There is a
link between diabetes and Alzheimer
disease, so that hyperinsulinemia (due
to reduced clearance) may be a common
risk factor for both. Additionally, ele-
vated insulin may increase the risk for
some forms of cancer (5). Thus, ele-
vated insulin might turn out to be a
global risk factor for several common
diseases. Therefore, it remains very im-
portant to identify an optimal model
enabling the estimation of insulin
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clearance to support the clinical evalu-
ation of glucose metabolism connected
to diabetes risk. Thus, the precise role of
insulin clearance to the pathogenesis of
diabetes and other metabolic diseases
remains to be explored.
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