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Weexamined the relationship between insulin clearance,
insulin sensitivity, and b-cell function and the longitudinal
effect of insulin clearance on b-cell function in lean and
obese insulin-sensitive and insulin-resistant adolescents. A
hyperinsulinemic-euglycemic and a hyperglycemic clamp
were performed in 110 youths to quantify hepatic and
peripheral clearance, insulin sensitivity, and b-cell function
(disposition index,DIh-clamp). Participantsunderwent anoral
glucose tolerance test at baseline and after 2 years to
assess glucose tolerance and oral b-cell function (oDIcpep)
and were sorted into four groups (lean and obese normal
glucose tolerance, insulin sensitive, insulin resistant, and
impaired glucose tolerance). Insulin sensitivity was defined
based on themedian of insulin stimulated glucose disposal
(M) measured during the hyperinsulinemic-euglycemic
clamp. Lean and obese insulin-sensitive participants did
not differ with respect to hepatic and peripheral clearance
or for insulin sensitivity. Insulin sensitivity was linearly
correlated with whole-body insulin clearance. Hepatic in-
sulin extraction at baseline acted as an independent de-
terminant of b-cell function at follow-up. The decline in
insulin sensitivity, even in the absence of an impairment of
glucose tolerance, is associated with lowering of hepatic
insulin clearance in obese youth, which in turn may con-
tribute to the decline in b-cell function over time.

Hyperinsulinemia is a hallmark of prediabetes in youth
(1–3), resulting from the hyperresponsivness of the b-cell

to insulin resistance along with a reduction in insulin
clearance (4–6), and has a pathogenic role in type 2 di-
abetes progression (7–9).

A reduced insulin clearance has been described in obese
adults (10) and youths (3,11,12), even in the absence of
dysglycemia, and associated with a higher risk of in-
cident diabetes in Hispanic and African American adults
from the Insulin Resistance Atherosclerosis Study
(IRAS) (10). Recently, the Restoring Insulin Secretion
(RISE) study, using a surrogate measure of whole-body
insulin clearance (fasting C-peptide over insulin ratio),
reported an almost 25% lower clearance in youths with
prediabetes or recent-onset type 2 diabetes compared
with the adults (13). This age-specific feature is highly
suggestive for a low insulin clearance to play a pivotal
role in the rapid progression of diabetes described in
obese youths (14,15).

Liver and peripheral insulin-sensitive tissues, such as
kidney and skeletal muscle, clear plasma insulin, with the
liver removing a high and variable fraction of insulin after
first pass (16,17). In animal models, a reduced hepatic
insulin clearance has been proposed as an early homeo-
static mechanism to preserve b-cell function in the context
of increased insulin resistance by reducing the hepatic
insulin extraction (18). Early changes in insulin sensitivity
and clearance are expected to precede the rise in 2-h
glucose toward abnormal levels as measured by the oral
glucose tolerance test (OGTT).
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To the best of our knowledge, no studies have examined
the potential differences in insulin clearance across groups
of youths with different levels of insulin sensitivity and
glucose tolerance using accurate measures of b-cell func-
tion and insulin sensitivity. The simultaneous measure-
ment of both insulin and C-peptide concentrations during
two dynamic metabolic tests (the hyperinsulinemic-euglycemic
clamp and hyperglycemic clamp) and the use of a model-
based method for insulin clearance allowed us to estimate
multiple insulin clearance parameters and determine their
impact on b-cell function over time in youth.

We hypothesized that the decline in insulin sensitivity,
observed in obese youths even before an overt impairment
in glucose tolerance, is paralleled by a lowering of insulin
clearance and that this latter acts as an independent
determinant of b-cell function over time. This hypothesis
was tested in a multiethnic cohort of lean and obese youths
with normal glucose tolerance (NGT) and impaired glucose
tolerance (IGT) using hyperglycemic and hyperinsulinemic-
euglycemic clamps and the OGTT to assess b-cell
function and insulin sensitivity and estimate hepatic
and extrahepatic insulin clearance. This cohort was then
reevaluated longitudinally with a second OGTT after
a 2-year period to assess the effect of baseline hepatic
and peripheral clearance on b-cell function and glucose
tolerance.

RESEARCH DESIGN AND METHODS

We conducted a longitudinal study in 110 lean and obese
youths recruited from amultiethnic cohort participating in
the Yale Pathogenesis of Youth Onset Type 2 Diabetes
(PYOD) study (ClinicalTrials.gov identifier NCT01967849),
a long-term project aimed at studying early alterations in
b-cell function and insulin sensitivity in obese youths (19).

Inclusion criteria for the lean group were BMI ,85th
percentile for age and sex and age 14–21 years at the
screening visit. The overweight/obese cohorts (Ob) in-
cluded subjects with BMI in the $85th percentile for
age and sex. We excluded individuals using medications
affecting glucose metabolism, diagnosed with syndromic
obesity, or participating in other clinical trials. Also ex-
cluded were participants who tested positive for at least
one of the autoantibodies associated with type 1 diabetes
(anti-islet cell antibody, anti-insulin antibody, anti-GAD,
anti-protein tyrosine phosphatase [IA2], and anti-zinc
transporter 8 [ZnT8]) in case of negativity of the previ-
ous ones. The Yale School of Medicine Human Investiga-
tions Committee approved the study protocol.

All of the eligible individuals who consented to the study
underwent an OGTT at baseline, along with a euglycemic-
hyperinsulinemic clamp and a hyperglycemic clamp and
were reassessed after ;2 years with a second OGTT to
test the effect of baseline hepatic insulin clearance on
changes of b-cell function. The three tests at baseline were
performed within a 3-month interval. During the clini-
cal evaluation, Tanner stage was assessed, as previously

described (20,21), by rating genital development and pubic
hair growth for boys and breast development and pubic
hair growth for girls.

Study Procedures

OGTT
All eligible participants who consented to the study un-
derwent two OGTTs, the first at baseline and the second
after the 2-year follow-up evaluation. Before the test, they
were asked to follow a weight-maintenance diet consisting
of at least 250 g of carbohydrates daily for 7 days and to
avoid intense physical activity. After an ;10-h overnight
fast, all subjects arrived at 8:00 A.M. at the Yale Center for
Clinical Investigation. One intravenous catheter was
inserted and two baseline samples were obtained for
measurements of plasma glucose, insulin, and C-peptide.
Thereafter, flavored dextrose (Orangedex; Custom Labo-
ratories, Baltimore, MD) in a dose of 1.75 g/kg of body wt
(up to a maximum of 75 g) was given orally, and blood
samples were obtained every 30 min for 180 min for the
measurement of plasma glucose, insulin, and C-peptide.
We defined IGT as a plasma glucose concentration 2 h after
the OGTT (2-h glucose) of 140–199 mg/dL and type
2 diabetes as fasting plasma glucose of $126 mg/dL or
2-h glucose of$200 mg/dL (22). Participants from the Ob
cohort who resulted in having type 2 diabetes at a confir-
matory OGTT were excluded from the study as well as
those from the lean cohort with IGT or type 2 diabetes.
After the baseline OGTT, eligible subjects underwent an
abdominal MRI to assess the body fat partitioning,
a hyperinsulinemic-euglycemic clamp, and a hyperglycemic
clamp procedure.

Abdominal Fat Partition
Abdominal MRI studies were performed to assess the
abdominal fat partitioning on a GE or Siemens Sonata
1.5-Tesla system, as previously reported (23). A single slice,
obtained at the level of the L4/L5 disc space, was analyzed
for each subject. Body fat distribution was expressed as the
ratio between visceral adipose tissue (VAT, cm2) over the
sum of VAT and subcutaneous adipose tissue (VAT1 SAT,
cm2) (23,24).

Hyperinsulinemic-Euglycemic Clamp
Participants were admitted to the Yale Center for Clinical
Investigation Research Unit at 7:30 A.M. A catheter was
inserted in the antecubital retrograde arm vein for blood
sampling, and the hand was warmed throughout the study
for blood arterialization. An antecubital catheter was
inserted in the contralateral arm for glucose and insulin
infusion. Insulin sensitivity and insulin clearance were
measured by a two-step euglycemic clamp, first infusing
insulin at a low insulin dose as a continuous primed
infusion at 4 mU $m22 $min21 for the first 2 h, followed
by high insulin dose of 80 mU $m22 $min21 from 120 to
240 min (14,25,26). The glucose infusion was adjusted to
maintain a target glucose value of 92 mg/dL during the
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test. Baseline glucose, insulin, and C-peptide levels were
measured at220 and 0 min before the glucose and insulin
infusion. During the last 30min of each step, plasma insulin
and C-peptide levels were collected at 10-min intervals to
calculate insulin and C-peptide steady state.

Thus, the baseline glucose and C-peptide at 220 and
0 min were used to estimate the endogenous insulin
secretion rate (ISR), while the low- and high-dose insulin
phases were used to calculate insulin clearance and its
components, as detailed in the CALCULATIONS.

Arterialized blood samples were collected every 5 min
during each step of the clamp and immediately analyzed at
the bedside using the glucose oxidase method on a YSI
2300 STAT Plus Glucose Analyzer (YSI Life Sciences,
Yellow Springs, IL).

Hyperglycemic Clamp
Hyperglycemic clamp was performed to assess b-cell func-
tion in the context of whole-body insulin sensitivity. As
described for the two-step hyperinsulinemic-euglycemic
clamp, one catheter was inserted for blood sampling, and
the hand was warmed for blood arterialization. A second
catheter was inserted in the contralateral arm for glucose
infusion. Baseline glucose, insulin, and C-peptide were
measured at 220 and 0 min before the glucose infusion,
and the average value was used to calculate baseline values
(t 5 0). Blood for plasma glucose was drawn every 2 min
during the first 10 min and then every 5 min and imme-
diately centrifuged and analyzed using the glucose oxidase
method (YSI 2300 STAT Plus Glucose Analyzer).

A standardized priming 20% dextrose (Hospira, Lake
Forest, IL) infusion was administered during the first
10 min (200 mg/kg body wt), and then infusion rates
were adjusted every 5 min to maintain plasma glucose at
11.1 mmol/L (200 mg/dL) for 120 min (26). Blood samples
for subsequent assays were drawn at 2, 4, 6, 8, 10, 20, 30,
40, 60, 80, 100, 110, and 120 min.

Data on 30 subjects from both the hyperglycemic and
hyperinsulinemic-euglycemic clamp have been previously
reported (27,28).

Assays
Insulin and C-peptide were measured by a double-antibody
radioimmunoassay kit (EMD Millipore, Billerica, MA).

Calculations

Insulin Clearance
The model we adapted to estimate insulin clearance has
been previously described (29) and modified according to
the current experimental design based on euglycemic clamp
measurements only. The outline of themodel is described in
Fig. 1. The equation used for describing extrahepatic and
hepatic contributions to insulin clearance (17) was used in
the basal (preinfusion, 220 and 0 time) period and during
the high insulin infusion (80 mU $m22 $min21) to estimate
extrahepatic insulin clearance (CLp) and hepatic fractional
extraction (FEL) by assuming the subjects were at steady

state in both the basal period and during the last 30 min of
the insulin infusion. Denoting the average values of plasma
insulin and ISR during the basal and clamp periods as Pbasal
and Pclamp and ISRbasal and ISRclamp (where ISR values are
calculated using measured C-peptide values and deconvolu-
tion), and assuming steady-state conditions in each of these
periods, gives the following two equations:

Pbasal$CLP 1FEL$HPF$Pbasal5ð12FELÞ$ISRbasal

Pclamp$CLP 1FEL$HPF$Pclamp5Infusion

Rate1 ð12FELÞ$ISRclamp

where HPF is the hepatic plasma flow (estimated to be
0.576 L/m2 [17]). Inserting the measured/calculated val-
ues for P, ISR, and HPF in these equations leaves two
equations for the two unknown values of FEL and CLP, and
the equations were solved using standard linear algebra
methods in Matlab. Subjects where FEL was estimated to
be ,0 were excluded from the analysis. Whole-body
clearance (CLWB) was defined as the whole-body clearance
for secreted insulin and was calculated from these param-
eters as previously described (17).

Insulin Sensitivity
During the two-step hyperinsulinemic-euglycemic clamp,
steady state and insulin sensitivity (M value) were mea-
sured during the last 30 min of the second step of the study
(210–240 min) and expressed as milligrams of glucose
infused per kilogram of lean body mass (LBM) per minute
(M5mg/kgLBM/min). Insulin sensitivity was estimated as

Figure 1—Outline of the insulin clearance model (hepatic plasma
flow0.576 L/m2). CLWB is calculated for constant ISR (with infusion5
0) as the ratio of insulin delivery to plasma insulin concentration
(CLWB 5 ISR/P). IV, intravenous.
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the insulin-stimulated glucose disposal during the steady
state of the hyperinsulinemic clamp (210–240 min) and
used to sort the Ob-NGT group into two subgroups, insulin-
sensitive (Ob-NGT-IS) and insulin-resistant (Ob-NGT-IR),
based on themedian of insulin sensitivity of the group (M5
4.5 mg/kgLBM/min). Insulin-stimulated glucose disposal
will be referred to the M value as a surrogate measure of
insulin sensitivity from now on. The coefficient of correla-
tion between the M value derived from the euglycemic-
hyperinsulinemic clamp and the M/I value derived from
the hyperglycemic clamp (see below) was r 5 0.45 (P ,
0.001).

Insulin Secretion (Hyperglycemic Clamp and OGTT)
During the hyperglycemic clamp, insulin sensitivity was
estimated as the ratio (M to I) of insulin-stimulated glucose
disposal (Mh-clamp)—equal to the mean glucose infusion rate
at 100, 110, and 120 min—over insulin at steady state (I),
computed as the mean steady-state plasma insulin concen-
tration (I) for the same time points, as previously described
(13,30). Acute C-peptide response to glucose (ACPRg) was
calculated as the mean incremental response over the base-
line value for the first 10 min after the glucose bolus (13).
Steady-state C-peptide response was defined as the mean
C-peptide concentration at 100, 110, and 120 min above
baseline (13). The baseline disposition index (DIh-clamp) was
estimated as the product of ACPRg and M/Ih-clamp (13,31).
The follow-up assessment of insulin secretion relied on theDI
estimated from the OGTT (oDIcpep) calculated as previously
described (32). Briefly, the oDIcpep was calculated as the
product of the insulinogenic index (IGIcpep) and the whole-
body insulin sensitivity index computed on the 3-h OGTT
performed at follow-up: the IGIcpep:

DC2 peptide ð02 30 minÞ
Dglucose ð02 30 minÞ is

a surrogate measure of the acute insulin response (33,34),
whereas whole-body insulin sensitivity index

10; 000
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðFasting Glucose 3 Fasting InsulinÞ 3 ðMean Glucose 3 Mean InsulinÞp

is a measure of insulin sensitivity (35). A lower oDIcpep
indicates a reduced b-cell function in the context of
ambient insulin sensitivity (35). The adoption of the
C-peptide–based index is meant to minimize the effect
of the differential insulin clearance described in some of
the ethnic groups enrolled in our study (3), as recently
described by the Restoring Insulin Secretion (RISE) study
(13) and by our group (32). The correlation between
oDIcpep and DIh-clamp has been previously demonstrated
(30,36).

Statistical Analysis
Participants were stratified into four groups based on
BMI, glucose tolerance, and estimated insulin sensitivity
(M) during the hyperinsulinemic clamp for the analysis.
Specifically, obese participants were grouped as Ob-NGT-
IS, Ob-NGT-IR, and Ob-IGT. The Ob-NGT-IS group
was defined as those with an M value during the

hyperinsulinemic-euglycemic clamp .4.5 mg/kgLBM/min,
whereas the Ob-NGT-IR included those with an M value
of#4.5 mg/kgLBM/min. The Ob-NGT-IS group was used
as comparison term for the analysis.

The primary outcome of the study was the difference
in the CLWB across the four groups. Its two components,
namely, extrahepatic (CLp) and hepatic (FEL) insulin clear-
ance, were similarly compared.

Distribution of continuous variables was examined for
skewness and kurtosis. Nonnormally distributed variables
were compared by the Kruskal-Wallis test, followed by the
post hoc pairwise Dunn test. Normally distributed varia-
bles were analyzed by ANOVA, followed by the post hoc
pairwise Dunnett test. Statistical significance was estab-
lished with a 5 0.025, with Bonferroni adjustment for
multiple comparisons. Categorical variables were com-
pared using the x2 test. Data were summarized in tables
using median (25th, 75th percentile) for continuous var-
iables and count (%) for categorical variables. Multivariable
regression analysis was performed to estimate the effect of
age, BMI, sex, Tanner stage, ethnicity (non-Hispanic white,
non-Hispanic black, and Hispanic), baseline 2-h glucose
and oDIcpep, and FEL and CLp insulin clearance rate on the
continuous variable oDIcpep at follow-up (37–39). The
variables were selected a priori based on the published
literature (37–39). Before including the covariates into
the model, we examined them for multicollinearity using
the Spearman correlation coefficient (all estimates
were ,0.40) and variance inflation factor (all estimates
were ,2.0). Statistical significance for the parameter
estimates of the individual predictors was established
using the Wald test (a 5 0.05).

Linear regression analysis was adopted to test the re-
lationship between CLWB and insulin sensitivity (M ) as well
as ISR, adjusted for BMI, age, sex, and Tanner stage.

Analyses were performed using Stata 13 software (Sta-
taCorp, College Station, TX) and Prism 8.0 software
(GraphPad Software, San Diego, CA).

Data and Resource Availability
The data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request. No applicable resources were
generated or analyzed during the current study.

RESULTS

Participants
We enrolled 110 participants who had an OGTT, along
with a hyperglycemic clamp and a hyperinsulinemic-euglycemic
clamp at baseline and a second OGTT at 2.1 (1.5, 2.6)
years of follow-up. Baseline characteristics are described in
Table 1. Participants were sorted into four groups: 43 Ob-
NGT-IS, 43 obese Ob-NGT-IR, 14 Ob-IGT, and 10 lean
NGT (lean). The three ethnicities (non-Hispanic white,
non-Hispanic black, and Hispanic) of our cohort were
equally represented in the four groups, and the BMI
was similar across the three obese subgroups. Fasting
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glucose and HbA1c did not differ across the three obese
groups or between lean and Ob-NGT-IS. As expected, 2-h
glucose was increasingly higher from the Ob-NGT-IS to the
Ob-IGT. Despite similar level of obesity (BMI), baseline
insulin and C-peptide were progressively higher across
the three obese groups, whereas the lean participants
had a lower baseline C-peptide and insulin than their
Ob-NGT-IS peers. The VAT-to-SAT ratios were similar
among the three obese groups.

Insulin Clearance (Hyperinsulinemic-Euglycemic
Clamp)
Plasma glucose levels during the clamp did not differ across
the four groups, with an average glucose of 95 6 7 mg/dL
(Fig. 2A). Endogenous ISRbasal (Fig. 2B and C) was lower in
the lean group compared with the Ob-NGT-IS group (P ,
0.003) but did not differ between the Ob-NGT-IS and the
Ob-NGT-IR and Ob-IGT groups (P5 0.388 and P5 0.291,
respectively). During the test, the ISRclamp (Fig. 2C) mir-
rored the baseline difference in ISR, with the lean group
exhibiting a lower ISRclamp than the Ob-NGT-IS group (P,
0.001). ISRclamp for the lean group resulted ;30% lower
than the baseline value (159.5 [190.3, 135.6] vs. 100 [61.1,
152.6], P, 0.001), with a significant drop of ISRclamp in all
of the groups compared with the ISRbasal (P , 0.001),
except for the IGT participants (P 5 0.064).

Conversely, the peripheral insulin sensitivity, as de-
scribed by theM value, did not differ significantly between
lean and Ob-NGT-IS (P5 0.067), whereas Ob-NGT-IR and
Ob-IGT had a lower peripheral insulin sensitivity (P ,
0.001 for both the groups) than the Ob-NGT-IS group
(Table 1).

Mirroring the trend observed for insulin sensitivity,
CLWB did not differ between lean and Ob-NGT-IS partic-
ipants (P 5 0.339), whereas it was ;20% lower in
Ob-NGT- IR (P, 0.001) and Ob-IGT (P, 0.001) compared
with the Ob-NGT-IS participants (Fig. 3A). This difference
was supported by a reduced FEL in Ob-NGT-IR and Ob-IGT
compared with the Ob-NGT-IS group (P5 0.025) (Fig. 3B),
with similar FEL in the lean and Ob-NGT-IS groups (P 5
0.110). The four groups did not differ with respect to
extrahepatic clearance (Fig. 3C).

The relationship between insulin clearance and endog-
enous ISR and sensitivity is depicted in Fig. 4. Herein, we
described a linear correlation between CLWB and insulin
sensitivity (M) during the hyperinsulinemic-euglycemic
clamp (r 5 0.42, adjusted P 5 0.027) (Fig. 4A), in the
absence of a similar relationship between CLWB and ISRbasal

(r 5 0.17, adjusted P 5 0.874) (Fig. 4B), with ISRbasal

estimating endogenous ISR independently of the whole-
body insulin sensitivity.

b-Cell Function (Hyperglycemic Clamp)
We estimated the b-cell function, in the context of whole-
body insulin sensitivity, performing a hyperglycemic clamp
(DIh-clamp) (Fig. 2). Baseline and steady-state plasma
glucose were similar across the four groups, supporting the

robustness of the test, with an average glucose of 207 6
17 mg/dL at the steady state (Fig. 2D). Notably, despite
the similar hyperglycemic levels, pronounced differences
were observed in the stimulated insulin levels among the
four groups. Indeed, the b-cell function, as described by
DIh-clamp, was significantly lower in the Ob-IGT group
(P 5 0.013) than in the Ob-NGT-IS group, whereas lean
subjects had a more than double DIh-clamp than the
Ob-NGT-IS subjects (P 5 0.007) (Fig. 3C).

This finding does not conflict with the observation of
a higher ISR in the obese groups during the euglycemic
clamp (Fig. 2C), because DIh-clamp estimates endogenous
secretion in the context of insulin sensitivity, whereas
ISRbasal does not account for individual sensitivity.

Acute insulin response to glucose and ACPRg did not
differ among the Ob-NGT-IS and the other three groups
(Fig. 2E and F). As expected, steady-state insulin and
C-peptide were both lower in lean compared with
Ob-NGT-IS (P 5 0.022 and P 5 0.012, respectively),
without a difference among the three obese groups (Fig.
2E and F).

Longitudinal Effect of Insulin Clearance on Insulin
Secretion
We evaluated the effect of insulin clearance at baseline on
b-cell function, as measured by the oDIcpep at follow-up.
Using a multivariate regression model, we estimated the
FEL was the sole significant determinant of follow-up
oDIcpep (P 5 0.018) when the other clinical and metabolic
variables were held constant (age, sex, baseline BMI and
2-h glucose, Tanner stage, baseline oDIcpep), with a 1%
drop in hepatic insulin extraction associated with
a 8.06 3.2 pmol/m2/min decrease of oDIcpep at the follow-
up OGTT (Supplementary Table 1). Confirming find-
ings from the model, we divided the original cohort into
two groups according to the median CLWB and observed
that those from the high clearance group exhibited an
;30% higher oDIcpep at follow-up compared with their low
clearance peers (P 5 0.030) (Fig. 5).

DISCUSSION

In the current study, we found that in obese youths, the
decrease in insulin sensitivity, more than the obesity per se,
is paralleled by a progressive lowering of hepatic and
extrahepatic insulin clearance. Notably, hepatic, but not
extrahepatic, insulin clearance acts as an independent
risk determinant for a lower b-cell function over time.

Herein, we adopted two robust dynamic metabolic tests
in a multiethnic cohort of lean and obese youths to quan-
tify the three main components of glucose homeostasis—
insulin sensitivity, secretion, and clearance—and the
OGTT to evaluate the longitudinal effect of baseline he-
patic and extrahepatic clearance on the b-cell function
(DI).

Previous studies adopted surrogate measures of insulin
clearance (13), were limited to specific ethnic groups
(3,10,40), or lacked the simultaneous quantification of
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insulin and C-peptide during dynamic hyperglycemic tests
(30) as well as a longitudinal assessment of the impact of
insulin clearance on insulin secretion.

Our study has several points of strengths. First, we
identified a subgroup of Ob-NGT youth who share key

metabolic features with their lean peers. Indeed, by the
use of peripheral glucose disposal (M), measured during
the hyperinsulinemic-euglycemic clamp, we separated the
Ob-NGT participants into an Ob-NGT-IS and an Ob-NGT-IR
group (41). The whole-body insulin clearance and the

Figure 2—Glucose and insulin profiles during hyperinsulinemic-euglycemic clamp (A andB), ISR at baseline and during the test (C), glucose and
insulin during the hyperglycemic clamp (D and E), and ACPRg and steady-state C-peptide (F). Data are reported as the median and interquartile
range (25th, 75th). **Indicates statistical significance.
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hepatic clearance were two key features that characterized
the metabolic phenotype of the Ob-NGT-IS group. Indeed,
the latter shared a comparable insulin clearance with their
lean peers that was, in turn, significantly higher than the
Ob-NGT-IR and Ob-IGT groups. This observation suggests
that changes in insulin clearance could antedate the overt
impairment in glucose tolerance and can be described even
in the presence of NGT. Hepatic and extrahepatic clearance
are differently regulated (17), with only the former being
directly influenced by dietary changes, as shown in dog
models using a high-fat diet (42), and diminished in
African American and Hispanic groups at high risk for
diabetes (10,43).

Second, we described a linear relation between insulin
clearance and sensitivity that supports the existence of

a homeostatic interplay of these two variables. This is
supported by a number of previous reports in adults
(9,44,45).

Third, we obtained two distinct measures of b-cell
function by the use of hyperglycemic clamp (DIh-clamp)
and the deconvolution method adopted during the pre-
infusion hyperinsulinemic-euglycemic clamp to estimate
endogenous ISR. This latter mirrored insulin secretion
independently from the whole-body insulin sensitivity
and described an “hypersecretive” phenotype for the three
obese groups, as confirmed by the C-peptide and insulin
levels during the steady state of the hyperglycemic clamp.
In contrast, DIh-clamp described the insulin secretion in the
context of whole-body sensitivity, because it is computed
by both measurements. DIh-clamp demonstrated two down-
falls across the phenotypes of our cohort: Ob-NGT-IS had
a lower DI than their lean peers but did not differ from the
Ob-NGT-IR, whereas the Ob-IGT group had a significantly
lower DI than their Ob-NGT-IS peers. This finding dem-
onstrates how a decline in DI, that is supported by
a contextual decrease in both insulin sensitivity and se-
cretion, is accompanied by the disruption of glucose tol-
erance and the IGT phenotype.

The method used here for estimating whole-body in-
sulin clearance and the contributions of hepatic and ex-
trahepatic clearance used the same model as previously
described (17,29), but the analysis method was modified in
two important ways based on this study design. First, we
used data from only the hyperinsulinemic clamp rather
than combined data from both a hyperinsulinemic clamp1
OGTT, as previously reported (29), or from a frequently
sampled intravenous GTT (17), as in previous studies. The
primary reason for using only the hyperinsulinemic clamp
data in this study is that in a pediatric population, we
expected insulin clearance parameters, as necessary for
modeling purpose, could have shown a high intraindividual
variability even over a short period of time affecting the
robustness of the entire analysis. In addition, the contri-
bution of other individual determinants of insulin secre-
tion that occur during the OGTT, such as the incretin
response (46), could have increased the variability of the
response and acted as a major confounder to dissect the
role of insulin clearance in the observed phenotypes.
Therefore, the analyses were done only under conditions
of relatively low ISR (compared with ISR during OGTT or
hyperglycemic clamps), and thus hepatic insulin extraction
was assumed to be linear (i.e., nonsaturated) over this
range, whereas in previous studies with OGTT or intrave-
nous GTT, it was possible to estimate saturable models of
hepatic insulin clearance (17,29).

Fourth, we observed the longitudinal effect of baseline
clearance on DI. Although our study could not rely on
a second hyperglycemic clamp–derived measure, we
obtained a second OGTT from the initial cohort. The
follow-up oDIcpep was significantly influenced by the base-
line hepatic but not extrahepatic clearance, with a lower
hepatic clearance associated with a reduction of the DI

Figure 3—CLWB (A) and hepatic (B) and extrahepatic (C) insulin
clearance. Data are reported as the median and interquartile range
(25th, 75th). **Indicates statistical significance.
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independently of the other clinical andmetabolic variables.
Supporting this finding, we described how participants
belonging to the lower half of whole-body insulin clearance
resulted in having a reduced oDIcpep at follow-up. This
finding needs to be supported by a larger study powered to
detect longitudinal changes in glucose tolerance accompa-
nying the decline in the DI.

A limitation of our study design stands in the age
difference between the lean and obese group. Indeed,
the lean group was ;5 years older than the obese group.
However, the metabolic phenotypical overlap between
obese insulin-sensitive and lean subjects may somewhat
diminish this problem as well as the correction, across the
comparisons, for Tanner stage.

The major strength of this study is the contextual
performance of two robust dynamic metabolic tests in
the same subject as well as of a robust estimate of insulin
clearance that has allowed us to assess the relationship
between insulin clearance and insulin secretion, in vivo, for
the first time, using both serial insulin and C-peptide
measures to describe their phenotypes.

The longitudinal nature of the study is unique because it
has allowed us to critically assess the role of the low hepatic

insulin clearance in the pathogenesis of glucose intolerance
in youth, although it was not powered to evaluate changes
in glucose tolerance over time.

Hepatic insulin clearance appears as a major player in
the decline of b-cell function in obese youths (10,18,42),
because it acts as a gatekeeper that might prevent pe-
ripheral tissues and b-cells from being exposed to the
insulin overload that features obesity and insulin-resistant
stages. Failure to regulate the liver-insulin gate may repre-
sent a major step toward the progression to diabetes in
youths that needs to be addressed in future studies. Dietary
and pharmacological interventions targeting insulin clear-
ance to prevent progression toward overt diabetes should
consider obese “insulin-sensitive” adolescents as an ideal
window of opportunity to maximize their long-term
efficacy.
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Figure 5—oDIcpep at follow-up in the low and high CLWB groups.
Low and high insulin clearance are defined as thosewith a CLWB at or
below the median CLWB (low clearance) or above the median (high
clearance). Data are reported as the median and interquartile range
(25th, 75th). **Indicates statistical significance.
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