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Adaptation of Insulin Clearance to Metabolic Demand Is
a Key Determinant of Glucose Tolerance
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With the development of insulin resistance (IR), there is
a compensatory increase in the plasma insulin response to
offset the defect in insulin action to maintain normal glu-
cose tolerance. The insulin response is the result of two
factors: insulin secretion and metabolic clearance rate of
insulin (MCR,). Subjects (104 with normal glucose tolerance
[NGT], 57 with impaired glucose tolerance [IGT], and 207
with type 2 diabetes mellitus [T2DM]), divided in nonobese
and obese groups, received a euglycemic insulin-clamp
(40 mU/m? - min) and an oral glucose tolerance test (OGTT)
(75 g) on separate days. MCR, was calculated during the
insulin-clamp performed with [3-2H]glucose and the OGTT
and related to IR: peripheral (glucose uptake during the
insulin clamp), hepatic (basal endogenous glucose
production x fasting plasma insulin [FPI]), and adipocyte
(fasting free fatty acid x FPI). MCR, during the insulin clamp
was reduced in obese versus nonobese NGT (0.60 = 0.03
vs. 0.73 £ 0.02 L/min - m?, P < 0.001), in nonobese IGT (0.62
+ 0.02, P < 0.004), and in nonobese T2DM (0.68 = 0.02, P <
0.03). The MCR, during the insulin clamp was strongly and
inversely correlated with IR (r = —0.52, P < 0.0001). During
the OGTT, the MCR, was suppressed within 15-30 min in
NGT and IGT subjects and remained suppressed. In con-
trast, suppression was minimal in T2DM. In conclusion, the
development of IR in obese subjects is associated with
a decline in MCR, that represents a compensatory
response to maintain normal glucose tolerance but
is impaired in individuals with T2DM.

Type 2 diabetes mellitus (T2DM) is a complex metabolic
disease with multiple pathophysiologic disturbances. How-
ever, in its simplest form, T2DM develops when there is an
imbalance between insulin secretion and insulin resistance
(IR) (1,2) and the plasma insulin response to an ingested

meal or glucose is unable to compensate for the severity of
IR (1-4). The relationship between the plasma insulin
response and IR is curvilinear, with declining insulin
sensitivity being matched proportionately by an increase
in the plasma insulin concentration to maintain normal
glucose tolerance (NGT) (2). With the development of
T2DM, this curvilinear relationship is shifted down and
to the left. This relationship is referred to as the dispo-
sition index and has been used as an index of B-cell
function (2). However, the plasma insulin response is
the composite of two separate variables: insulin secretion
by the pancreatic B-cells (1-3) and the metabolic clearance
rate of insulin (MCRp (5,6). In normal glucose-tolerant
subjects, the net result of these two distinct processes is
coordinated to produce a plasma insulin response that
precisely offsets the severity of IR to maintain NGT. There-
fore, the disposition index is not a pure measure of (-cell
function, and in some instances, the true measure of 3-cell
function (obtained by deconvolution of the plasma C-peptide
response) can move in the opposite direction of the plasma
insulin response. Thus, when individuals with T2DM are
treated with pioglitazone, the disposition index (Ainsulin [I]/
Aglucose [G] + IR) declines, whereas insulin secretion
(AISR [insulin secretory rate]/AG) and B-cell function
(AISR/AG =+ IR) increase (7). Thus, pioglitazone simulta-
neously increased insulin secretion (plasma C-peptide
deconvolution) and augmented the MCR; (7). However,
because the magnitude of increase in MCR; vastly out-
weighed the increase in insulin secretion, the plasma
insulin response declined. Thus, if the plasma insulin
concentration was used to calculate the disposition in-
dex, it erroneously would be concluded that pioglitazone
treatment was associated with a decline in insulin se-
cretion secondary to the improvement in insulin action
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(7), and the stimulatory effect of thiazolidinedione on insulin
secretion would be missed. The important role of insulin
clearance in determining the plasma insulin response and,
thus, overall glucose tolerance has received recent emphasis
by the observation that short-term (3-day) feeding of a high-
carbohydrate/low-fat diet, independent of total energy in-
take, markedly reduced insulin clearance in healthy nonobese
subjects. In contrast, 3 days of a high-fat/low-carbohydrate
diet resulted in an increase in insulin clearance (8).

We previously showed that in NGT healthy subjects, the
liver is the primary site of insulin removal throughout the
physiologic range of plasma insulin concentrations (6).
Hepatic insulin clearance involves insulin binding to its
receptor, followed by endocytosis and subsequent intra-
cellular degradation (9). Reduced insulin clearance in IR
states has been related to total body obesity, especially
visceral (10-12), diabetes (13), increased liver fat content
(14,15), elevated plasma free fatty acid (FFA) (16), and IR
per se (17,18). Most individuals with T2DM are obese,
manifest moderate to severe hepatic and peripheral IR,
and have increased liver fat (14,15). The aim of the
current study was to identify metabolic conditions as-
sociated with reduced MCR;.

RESEARCH DESIGN AND METHODS

Subjects

The study population comprised 368 individuals who par-
ticipated in the San Antonio Metabolism (SAM) Study (4).
Their clinical characteristics are shown in Table 1. Based on
a 75-g oral glucose tolerance test (OGTT), there were
104 normal glucose tolerant (NGT) individuals, 57 sub-
jects with impaired glucose tolerance (IGT), and 206 sub-
jects with T2DM. Subjects with T2DM were drug naive
or were treated with metformin with or without sulfo-
nylurea. By defining obesity as BMI =30 kg/m?, subjects
were further divided into nonobese and obese groups. Of
the study population, 47% of NGT, 60% of IGT, and 65%
of T2DM were of Mexican American ethnicity, and the
remainder were of Caucasian descent (P = NS between
groups), reflecting the ethnic distribution in the San
Antonio area. All subjects had normal liver, cardiopul-
monary, and kidney function as determined by medical
history, physical examination, screening blood tests,
electrocardiogram, and urinalysis. No NGT or IGT sub-
ject was taking any medication known to affect glucose
tolerance. No subject participated in any regular exer-
cise program, and body weight was stable (%3 Ib) for at
least 3 months before the study in all subjects. Subjects
with T2DM who were taking metformin or a sulfonyl-
urea had their sulfonylurea stopped 3 days before the
study. No subject with T2DM ever received thiazolidinedione
or insulin. The study protocol was approved by The University
of Texas Health Science Center Institutional Review Board.

Experimental Protocol
All metabolic tests were performed at the Clinical Research
Center in the morning (~7-8 am) after a 10- to 12-h
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overnight fast, except water. During the OGTT, blood sam-
ples were obtained at —30, —15, 0, 30, 60, 90, and 120 min
for measurement of plasma glucose, insulin, C-peptide, and
FFA concentrations. On a separate day, subjects received
a 120-min euglycemic insulin clamp (40 mU/m? - min) with
a 3H-tracer infusion (4). In subjects with T2DM, the plasma
glucose concentration was allowed to decline to 100 mg/dL,
at which level it was maintained. In NGT and IGT subjects,
the plasma glucose concentration was clamped at the basal
fasting level.

Analytical Techniques

Plasma glucose concentration was measured by the glucose
oxidase reaction (Beckman Glucose Analyzer, Fullerton, CA).
Plasma insulin and C-peptide were measured by radioimmu-
noassay (DPC, Los Angeles, CA), and plasma FFA was mea-
sured spectrophometrically (Wako, Neuss, Germany). Plasma
[3-*H]glucose radioactivity was measured in Somogyi precip-
itates and used to calculate the plasma glucose-specific activity.

Calculations
Glucose and insulin areas under the OGTT curve (AUC)
were calculated using the trapezoidal rule.

Glucose Fluxes

After an overnight fast, steady-state conditions prevail,
and basal endogenous glucose production (EGP) equals the
titrated glucose infusion rate (disintegrations per min/
min) divided by the plasma titrated glucose-specific activ-
ity (disintegrations per min/mg). During the insulin clamp,
nonsteady state conditions are present, and R, and Rq were
calculated with the Steele equation. Values for Ry represent
those during the last 40 min of the insulin clamp.

IR

The hepatic IR index was calculated as the product of basal
EGP and fasting plasma insulin (FPI) concentration (15).
The adipocyte IR index was calculated as the product of the
fasting plasma FFA concentration and FPI concentration
(19). Peripheral tissue (primarily reflects muscle) IR was
calculated as the inverse of total Ry during the last 40 min of
the insulin clamp, normalized by the steady-state plasma
insulin (SSPI) concentration (Per-IR = 1 =+ [Ry/SSPI)).

Insulin Secretion

Basal and OGTT ISRs were calculated from deconvolution of
the plasma C-peptide concentration curve based on the two-
pool model of Van Cauter as described in Ferrannini et al. (3);
for modeling analyses, we used the MLAB software (Civilized
Software, Silver Spring, MD). As indices of 3-cell function, we
calculated the incremental ratio of AUCs of the insulin-to-
glucose concentration during the OGTT and the incremental
ratio of AUCs of the ISR to glucose concentration during
OGTT factored by peripheral IR (AI/AG = IR or AISR/AG
IR) that are indexes of B-cell function.
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Table 1—Anthropometric and metabolic characteristics
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Nonobese Obese
P value
NGT IGT T2DM NGT IGT T2DM obese vs.
n=73 n =28 n =97 n = 31 n =29 n =110 nonobese
Sex 0.12
Female 42 14 36 19 17 64
Male 31 14 61 12 12 46
Race/ethnicity 0.11
Caucasian 38 13 37 17 10 35
Mexican American 35 15 60 14 19 75
Age (years) 40 + 2 50 + 2 53 = 1* 37 £ 2 41 + 3# 51 = 1*§ 0.73
BMI (kg/m?) 259 + 03 275+ 04 27.0+ 0.2 37.0=*=0.9# 343 *0.6# 354 * 0.6# <0.0001
Waist (cm)t 876 +15 984 +21* 949 +11* 109.7 £+52 1075+3.1 1093+1.=2 <0.0001
HbA¢ (%) 49 + 0.2 52 + 04 7.8 £ 0.2°§ 45+ 04 49 + 0.6 8.2 = 0.2*§ 0.007
FPG (mg/dL) 93 = 1 104 = 2 177 = 5*,§ 95 + 1 99 + 2 170 + 4*§ <0.02
FPI (wU/mL) 7.3 (8.1) 10.8 (7.3)* 12.3 9.1)*§ 11.8(12.6)# 13.4 (5.6)# 18.4(10.5*§# <0.0001
F-C-peptide (ng/mL) 1.4 + 0.1 21+ 0.2* 22+ 0.1* 25 + 0.3# 23+ 02 3.1 = 0.1"§# <0.0001
F-FFA (mmol/L) 0.62 = 0.03 0.70 £ 0.05 0.69 = 0.03 0.77 = 0.04# 0.75 *= 0.04 0.79 = 0.02# <0.0001
HOMA-IR (mU/L X mmol/L) 1.6 (0.6) 2.8 (1.8) 5.2 (4.1)*§ 2.5 2.7)# 3.3(1.3) 7.4 (4.3)*§# <0.0001
Ry (mg/kg - min) 3.7 =03 29+ 04 25=*01*¢ 23 *x03# 19=*02% 19 + 0.1*§# <0.0001
R«/SSPI (mg/kg - min/units/L) 68 (36) 45 (18)* 34 (27)*§ 31 41)# 31 (15)# 25 (13)*§# <0.0001
Hepatic IR (EGP X FPI) 13 (9) 18 (15)* 22 (17) 20 (14)# 21 (8)# 29 (15)*§# <0.0001
Adipose IR (FPI X F-FFA) 4.2 (3.7) 6.6 (5.3)* 7.6 (6.8)* 9.0 (11.7)# 8.7 6.3)# 13.6 (7.6)*§# <0.0001
ISR-basal (pmol/min - m?) 59 (46) 81 (65) 90 (65)* 102 (78)# 112 (65)# 127 (83)*§,# <0.0001
ISR-total (nmol/min - m?) 35 (24) 39 (22) 20 (15)*§ 49 (31)# 41 (26) 27 (21)*§# 0.001
AISR/AG + IR 47.2 (41.8) 16.6 (8.6)* 2.8 (38.7)§ 16.7 31.00# 17.2 (12.4) 2.6 (3.2)'§ <0.0007
AI/AG = IR 12.5 (10.9) 51 @.7) 0.9 (0.7)*§ 9.2 (10.4) 5.2 2.7)* 1.1 (0.9)"§# 0.038
MCR, clamp (L/min - m?) 0.73 = 0.02 0.62 = 0.02* 0.68 + 0.02* 0.60 = 0.03# 0.64 = 0.02 0.67 = 0.02* <0.05
Exogenous MCR, during
clamp (L/min - m?) 0.69 = 0.02 0.56 = 0.02* 0.63 + 0.02* 0.55 + 0.03# 0.58 = 0.02 0.61 = 0.01* <0.003
MCR, fasting (L/min - m?) 1.45 = 0.1 1.30 = 0.1 1.34 = 0.1 1.29 = 0.1 1.29 = 0.1 1.17 = 0.1 0.02
MCR, OGTT (L/min - m?) 0.91 + 0.04 0.93 = 0.08 1.28 +008*§ 0.73 = 0.06# 0.76 + 0.05 0.93 = <0.0001
0.04*&§#
Rains (PMol/min - m?) 285 = 15 306 = 23 185 + 12*§ 428 + 38 386 = 38 261 = 18*§ <0.002

Entries represent mean = SEM or median (interquartile range) depending whether the variable was normally or not normally distributed.
F-, fasting; FPG, fasting plasma glucose. *P < 0.05 vs. NGT. §P < 0.05 vs. IGT within nonobese and obese groups. #P < 0.05 obese vs.
nonobese in each glucose tolerance group. tData were available for 91 nonobese and 95 obese subjects.

Insulin Clearance

The MCR; during the euglycemic insulin clamp was calcu-
lated as the insulin infusion rate plus residual endogenous
ISR divided by the SSPI concentration during the last 40 min
of the insulin clamp (i.e., [insulin infusion rate + residual
ISR] =+ SSPI), while an estimate of the exogenous MCR; was
calculated by computing (insulin infusion rate <+ [SSPI —
Ie]), where Ie is the endogenous insulin concentration during
the clamp that was estimated as the FPI X C-peptide clamp/
fasting C-peptide as previously described (6). During
240 mU/min - m? euglycemic insulin clamp, the suppression
of C-peptide and endogenous insulin secretion is ~50% of
the fasting value, regardless of the state of IR (6,20-22).
Because in this data set the measurement of C-peptide during

the insulin damp was not available, residual ISR during the
insulin clamp was estimated as 50% of the fasting ISR, and Ie
was estimated as 50% of fasting insulin according to our
previous observation (6).

Insulin clearance (MCR;) during the fasting state was
calculated as fasting ISR divided by FPI concentration,
because at steady state Ry, = ISR. During the OGTT we
used a single pool model to describe insulin kinetics, as
previously proposed (23), where the input is the ISR
obtained by deconvolution of the plasma C-peptide con-
centration curve (calculated as described above). The for-
mulas to calculate the rate of insulin extraction Rg,¢(t) and
insulin clearance MCRy(t) and at each time point of OGTT
are given by
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Rdps (t) =ISR(t)-dI(t)/dt x Vi, @
MCR;(t)= Rdps(t)/1(t) )

where Vi is the volume of distribution of insulin which was
previously estimated as 141 mL/kg (24-26). To estimate tem-
poral changes in insulin extraction and clearance, insulin con-
centrations were first smoothed by spline fitting using Data
Curve Fit Creator (SRS1 Software, Newton Centre, MA), and
dI(t)/dt was calculated from fitted data using a 5-min interval.
The total insulin extraction and clearance during the
glucose challenge was calculated from Egs. 1 and 2 as

AUC Rdms 0-120= AUC ISRo-120—(T120- Io) x Vs (3)

AUC MCRyp-120 = AUC [ISR(t)/1(t)]g-120 - In(T120) - In(To)] X Vi

“@

Equation 4 is slightly different but more accurate than the
formula previously used by Jung et al. (24) and Smith et al.
(27) (i.e., [AUC-ISR/AUC-I] — Vs X [I159 — Iol/AUC-I),
while AUC Rypys 9-120 is the same (see Supplementary
Material for the explanation). The mean Rgp,s and MCR;
during the OGTT (Table 1) were calculated from the AUC
divided by time (120 min).

Statistical Analysis

All data are presented as the mean * SEM if normally
distributed or as median (interquartile range) if nonnormally
distributed. Group values were compared by ANOVA and
Bonferroni-Dunn post hoc analysis. Associations between
variables were tested with Spearman rank correlations. All
nonnormally distributed variables were Ln-transformed
before comparison. The contribution of multiple factors to
the MCR; was tested by multivariate analysis using mixed
models with both continuous (e.g., age and BMI) and
categorical (e.g., sex and race/ethnicity) variables. A P
value of <0.05 was considered statistically significant.

Data and Resource Availability

The data sets analyzed during the current study are not publicly
available for reasons of privacy. Anonymous data are avail-
able from the corresponding author on reasonable request.

RESULTS

Clinical, Anthropometric, and Metabolic
Characteristics

The six groups were well matched for sex and race/eth-
nicity (Table 1). There was an upward trend for age from
NGT to IGT to T2DM for both the nonobese and obese
groups. Nonobese subjects with T2DM and IGT subjects, to
a lesser extent, had a higher BMI and percentage of body
fat compared with the NGT group.

IR
During the postabsorptive state, the hepatic IR index and
adipocyte IR index increased from NGT to IGT to T2DM
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(P < 0.001) within both the nonobese and the obese groups,
being significantly higher in the obese versus the nonobese
group (Table 1). During the euglycemic insulin clamp,
peripheral insulin sensitivity (Rq/SSPI concentrations at
the end of the clamp) (Table 1) in the nonobese group
decreased from NGT to IGT (P < 0.001) to T2DM (P <
0.001). In the obese group, peripheral IR already was
maximally manifest in NGT subjects and was similar to
that in the groups with IGT and T2DM (Table 1).

Insulin Secretion/B-Cell Function

During the postabsorptive state, the basal ISR increased
significantly from NGT to IGT (P < 0.001) and from IGT to
T2DM (P < 0.001) within both the nonobese group and
obese group (Table 1). During the OGTT, the ISR increased
slightly from NGT to IGT in the nonobese group and then
declined in the group with T2DM (P < 0.001) (Table 1). In
the nonobese group, the ISR declined progressively from
NGT to IGT to T2DM (P < 0.001) (Table 1). When the ISR
was factored by the increment in plasma glucose concen-
tration during the OGTT and then related to the measure
of IR during the insulin clamp (i.e., the insulin secretion/IR
or disposition index), B-cell function declined markedly
from NGT to IGT (P < 0.00001) to T2DM (P < 0.00001) in
both the nonobese and obese groups (Fig. 1).

MCR,
The MCR; during the euglycemic insulin clamp is shown in
Table 1 for the six groups. Within the nonobese group, the
clamp MCR; was decreased significantly (P < 0.01) in both
the IGT and T2DM groups compared with the NGT group.
In the obese NGT group, the MCR; was markedly decreased
compared with the nonobese NGT group (P < 0.001)
(Table 1); no further reduction in the MCR; was observed
in the obese IGT or T2DM groups. The MCR; was inversely
correlated with peripheral (r = —0.52), with hepatic
(r = —0.27), and with adipocyte (r = —0.28) IR (all P <
0.0001) (Fig. 2). The clamp MCR; was not correlated with
the fasting ISR (r = 0.03), OGTT ISR (r = 0.05), 2-h plasma
glucose during the OGTT (r = —0.02), or HbA;, (r = —0.10),
but it was positively correlated with B-cell function (r =
0.13 for AI/AG + IR, P < 0.02 and r = 0.14 for AISR/AG
=+ IR, P < 0.009). We found that waist circumference was
inversely correlated with the clamp MCR; (—0.43, P <
0.0001) but modestly with the MCR; during both the
OGTT (r = —0.22, P = 0.002) and fasting state (r = —0.18,
P =0.016). Liver fat (measured by MRS in a small subgroup
n = 51) was inversely correlated with the MCR; both in the
fasting state (r = —0.40, P < 0.005) and during the OGTT
(r = —0.387, P < 0.007) but not with the clamp MCR;.
In multivariate analysis, after accounting for age, sex,
and BMI, the MCR; remained independently correlated
with peripheral IR (total r = —0.48, P < 0.0001), hepatic
IR (r = —0.21, P < 0.0003), and adipocyte IR (r = —0.23,
P < 0.0001). MCR; remained independently correlated
with IR also if further adjusting for abdominal obesity (by
adding waist circumference) as a covariate.
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The MCR; during fasting conditions was significantly
reduced in obese versus nonobese NGT subjects (P < 0.05)
and was significantly reduced (P < 0.05) in both nonobese
and obese patients with T2DM versus NGT nonobese and
obese subjects, respectively (Table 1).

During the OGTT, the MCR;, calculated from the insulin
model, which primarily reflects the liver (28), was signif-
icantly and similarly suppressed at all time points in
nonobese and obese NGT and IGT subjects (Table 1). In
contrast in both nonobese and obese patients with T2DM,
suppression of MCR; was markedly impaired (Fig. 3). This
is consistent with the increased C-peptide AUC/insulin
AUC (P < 0.01-0.05) in subjects with T2DM during the
OGTT (Table 1).

DISCUSSION

The great majority of individuals with T2DM are obese, and
both obesity and diabetes are IR states (1,2). Early in the
natural history of T2DM, the plasma insulin response is in-
creased. However, the relative contributions of increased ISR
and decreased MCR; to the compensatory hyperinsulinemia
have been poorly studied in humans. It generally is be-
lieved that the increase in plasma insulin response derives
from the ability of the B-cell to read the severity of total-
body IR and adjust its secretion of insulin (AI/AG)
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appropriately to offset the defect in insulin action
(1-4). This relationship has been referred to as the dis-
position index (2). However, the plasma insulin response
represents the sum of the (-cell ISR and the MCR;. Few
studies have examined the MCR; in T2DM, and these studies
have involved small numbers of subjects, with variable
results ranging from normal (29,30) to decreased (13,31)
to increased (18). Recently, we (7) and others (8) have shown
that acute as well as chronic changes in the MCR; can have
a profound effect on the plasma insulin response to a meal
change. In the current study, we have examined the
interrelationships between MCR; versus obesity, T2DM,
and IR (in muscle/liver/adipocytes) in influencing the
plasma insulin response during an OGTT.

As can be seen in Table 1, the state of glucose tolerance
significantly impacted the MCR;. Thus, within the non-
obese group, progression of NGT to IGT was associated
with a significant decrease in the MCR; (measured during
the euglycemic insulin clamp), which did not decline fur-
ther with the development of overt T2DM. Obesity had an
independent effect to reduce the MCR;, as manifested by
the reduced MCR; in the obese NGT versus nonobese NGT
groups (P < 0.01). However, the progression from obese
NGT to obese IGT and obese T2DM caused no further decline
in the MCR;. Thus, both the glucose tolerance status
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Figure 1—A: Ry factored by insulin at the end of the clamp. B: AUC of insulin during the OGTT. C: Changes in incremental insulin secretion
divided by incremental glucose concentrations during OGTT factored by IR. D: Changes in incremental insulin concentrations divided by
incremental glucose concentrations during OGTT factored by IR in individuals with NGT, IGT, and T2DM based on BMI (i.e., nonobese if
BMI <30 kg/m? or obese if BMI =30 kg/m?). *P < 0.05 T2DM vs. NGT; §P < 0.05 T2DM vs. IGT.
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(nonobese NGT — nonobese IGT and nonobese T2DM) and
obesity status (nonobese NGT to obese NGT) were asso-
ciated with a reduction in the MCR;. These results are
consistent with previous observations (11,18,24,32) dem-
onstrating that obesity is associated with a significant
decrease in MCR;. However, obesity is an IR state (1) that is
associated with adipocyte IR (19) and with elevated plasma
FFA, which have been shown to reduce the MCR; (16,33).
Hepatic and visceral fat also have been shown to be related
to MCR; (14,15,33). Also, MCR; in this cohort was in-
versely correlated to waist circumference and liver fat.

Obesity and IR (measured with the euglycemic insulin
clamp technique) also have been shown to be strongly
related (34-36). In the current study, the MCR; and IR
were strongly and inversely correlated (r = —0.52, P <
0.0001) in both the nonobese and obese groups (Fig. 2). In
multivariate analysis including BMI and waist circumfer-
ence, this correlation persisted unabated, indicating that
IR—not obesity per se—was the causal factor related to
the decreased MCR; observed during the insulin clamp.
After glucose ingestion, the contribution of tissues to the
maintenance of NGT differs significantly from that after
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Figure 3—MCR, during the OGTT in nonobese (A) and obese subjects (B) with NGT, IGT, and T2DM. Insulin concentrations during the OGTT
in nonobese (C) and obese subjects (D) with NGT, IGT, and T2DM. Insulin R4 (extraction) during the OGTT in nonobese (E) and obese subjects
(F) with NGT, IGT, and T2DM. ISRs during the OGTT in nonobese (G) and obese subjects (H) with NGT, IGT, and T2DM. Time in minutes is
represented on the x axis. *P < 0.05 T2DM vs. NGT; §P < 0.05 T2DM vs. IGT.

intravenous glucose/insulin administration (i.e., the euglyce-
mic insulin dlamp), with the liver playing a more predominant
role in glucose disposal (1) and in insulin cearance (28).
Therefore, we calculated the MCR; during the OGTT, which
provides insight into the role of the liver in insulin extraction
under conditions when insulin is secreted directly in the portal
vein, exposing the liver to very high plasma insulin concen-
trations. As can be seen in Fig. 3, at all time points after
glucose ingestion, the MCR; in nonobese and obese NGT and
IGT subjects was significantly suppressed. In contrast, the
suppression of MCR; was markedly impaired in both obese and
nonobese patients with T2DM. This finding is consistent with
results previously published by Bonora et al. (13) and
which have been largely overlooked.

Recently, Bergman et al. (37) hypothesized that reduced
hepatic insulin clearance in T2DM results in peripheral

hyperinsulinemia, which in turn, exacerbates the IR, plac-
ing stress on the B-cell and contributing to B-cell failure
in T2DM. We believe that the present results are more con-
sistent with the opposing view: the decrease in hepatic
extraction of insulin during the OGTT represents a com-
pensatory response to offset the defect in insulin secre-
tion in order to overcome IR. Recently, Smith et al. (27)
evaluated insulin secretion and clearance during the OGTT
in lean and obese subjects without diabetes and reported
that obese subjects, especially those with nonalcoholic
fatty liver disease, had higher plasma insulin concentrations,
ISRs, and total hepatic extraction. They did not, however,
discuss whether there was any difference in insulin clear-
ance between obese and lean subjects during fasting nor
did they mention whether there was a change in MCR;
after glucose ingestion versus fasting in lean or obese
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subjects (27). Because the extraction (Ry) of insulin was
increased in obese subjects, they argued that hyperinsuli-
nemia in obese NGT subjects “is due to an increase in
insulin secretion, not a reduction in total insulin extraction
by the liver or extrahepatic tissues.” Our data indicate that
in response to glucose ingestion, the ISR increases but that
there is also a reduction in total insulin clearance that is
independent of glucose tolerance status and the degree of
obesity. Thus, an increase in ISR as well as a decrease in
MCR; both contribute to the increase in plasma insulin
concentration. As pointed out by Smith et al. (27), and
consistent with our results, because of the marked increase
in ISR in obese subjects without diabetes, which far out-
weighed the decrease in MCRy, insulin extraction increased.
This was evident also in obese subjects with diabetes.

Insulin clearance reflects the intrinsic ability of all
tissues in the body to remove insulin. Insulin clearance
by nonhepatic tissues (primarily the kidney and, to a lesser
extent, muscle) is constant over a wide range of plasma
insulin concentrations (6,38). Thus, the reduction in in-
sulin clearance during the OGTT primarily reflects the
liver. We previously showed, using the insulin clamp in
combination with renal vein catheterization, that hepatic
insulin extraction is constant up to a plasma insulin con-
centration of ~500 wU/mL (6). Therefore, even though
the obese subjects without diabetes had a marked increase
in insulin secretion, it is unlikely that the portal vein in-
sulin concentration was >500 pU/mL and that factor(s)
other than hepatic insulin saturability might explain the
decrease in MCR; after glucose ingestion. However, it
should be noted that in our previous study (6), only
lean subjects without diabetes were studied and that the
number of subjects who received the high-dose (5 and
10 mU/m? - min) insulin clamp studies was relatively small
(n = 5). Therefore, a large sample size of obese subjects,
with and without diabetes, who receive a high dose in an
insulin clamp is warranted to address the issue of hepatic
insulin saturability in these two groups.

In both nonobese and obese IGT subjects, the MCR;
declined during the OGTT (Fig. 3A and B), indicating that
the intrinsic ability of the liver to remove insulin from the
circulation is reduced. Further, the decline in MCR; is
similar in IGT and NGT subjects, indicating that the
mechanisms(s) regulating the decline in hepatic insulin
clearance is (are) intact. If the normal decline in MCR; had
not occurred in IGT subjects, glucose tolerance would have
been impaired to an even greater extent. The rate of insulin
disappearance (Ry) or extraction, which is the product of
MCR; and the plasma insulin concentration, increased
similarly in nonobese NGT and IGT subjects and increased,
but not as much, in obese IGT versus obese NGT subjects
because the plasma insulin concentration markedly in-
creased during the OGTT. This should not be interpreted
to mean that reduced hepatic MCR; is not playing an
important role in maintaining glucose homeostasis.

In obese NGT subjects, the MCR; decreased similarly to
that in nonobese NGT subjects (Fig. 3A and B). If this had
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not occurred, glucose tolerance would not have remained
normal. Nonetheless, the insulin Ry (extraction) increased,
albeit not as much as in obese NGT subjects, because of the
marked increase in insulin secretion which was strongly
correlated with the severity of IR. Whether other as-of-yet
unidentified factors related to obesity contribute to the
increase in insulin secretion remains to be determined.

A very different picture is observed in T2DM, where the
MCR failed to decline from baseline in nonobese subjects
with diabetes and the decline was markedly impaired in
obese individuals with diabetes. Thus, the normal physi-
ologic decline in hepatic MCR; is lost in T2DM and, when
combined with the defects in insulin secretion and IR,
contributes to the marked deterioration of glycemic control.
Again, although the insulin Ry (extraction) is increased
compared with baseline in T2DM, this should not be
interpreted to mean that the decrease in hepatic MCR is
not an important contributor to the glucose intolerance.

Our results also help to clarify factors that influence the
plasma insulin response in obese individuals with varying
degrees of glucose tolerance ranging from normal to IGT to
T2DM. Obese NGT compared with nonobese NGT subjects
had an increase in the ISR, both during the basal state and
during the OGTT as well as a decrease in the MCR;. Thus,
enhanced insulin secretion and reduced MCR; both con-
tributed to the elevated plasma insulin levels observed in
obese NGT subjects. The reduction in MCR; during the
OGTT primarily reflects reduced hepatic extraction since
nonhepatic insulin clearance is directly dependent on
the peripheral (i.e., posthepatic) insulin concentration
(23,25,27,39).

The inability of the diabetic liver to normally suppress its
extraction of insulin (Fig. 3) has previously been observed
(13). It is very unlikely that diabetic nephropathy could have
influenced the MCR; because in all subjects the plasma
creatinine concentration was =1.4 mg/dL and decreased
renal extraction of insulin is not observed until the glomer-
ular filtration rate decreases to ~20 mL/min (40).

In summary, the MCR; is reduced both by obesity and
T2DM. When NGT, IGT, and T2DM groups are examined indi-
vidually or as a whole, the MCR; is strongly and inversely
related to peripheral, hepatic, and adipocyte IR. In IR states,
including both obesity and diabetes, reduced MCR; repre-
sents an important mechanism that contributes to the
compensatory hyperinsulinemia in an attempt to maintain
normal glucose homeostasis. In response to glucose inges-
tion, this compensatory response in MCR; is impaired in
individuals with T2DM.
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SUPPLEMENTARY MATERIAL

Insulin model and calculation of total insulin extraction and clearance

We assumed the insulin kinetics to be described by a 1 pool model (1), where the input
is pre-hepatic insulin secretion rate (ISR) estimated from the deconvolution of C-
peptide following the 2-pool model proposed by Van Cauter (2).

The equation that describes insulin kinetics is

aim
dt

X Vins = —K(t) X I(t) X Vs + ISR(t) = —Rdj,s (t) + ISR(1) eq.1
where
e Vs is the volume of distribution of insulin (assumed constant) which was
previously estimated as 141 ml/kg (3-5)
o K(t)=kp+kwi(t) is the fractional insulin extraction that is composed of peripheral

insulin extraction (kp, constant according to (3-5)) and hepatic insulin extraction

(ku(t), that might change over time).

e Calculation of Total Insulin Extraction Rdins(t)
From eq.1 we can estimate insulin extraction (Rdins) as:
Rdms(t) = ISR(t) - dI(t)/dt X Vins eq.2
The total insulin extraction during OGTT can be calculated from the integral from 0 to

120 min (i.e. the end of the test) of eq. 2, as

120
J,*° Rdins(t) dt = AUC Rdins 0-120 = f [ISR(t) — S2x Vins] dt =
0
_ (120 _ 120dI(t) o _ _ )
-fo ISR(t)dt — VimsX fo m dt =AUC ISRo-120 —(I120 - I0) X Vins eq.3



e Calculation of Total Insulin Clearance MCR; (t)

MCR! (t)= K(t) X Vins = [kp+KL(t)] X Vins eq.4
Where kp and ki(t) are the fractional extraction rates in peripheral tissue and liver,
respectively
From eq.1 we can estimate MCRi(t) from eq.1 dividing insulin extraction by insulin
concentrations at each time point, i.e., as Rd(t)/I(t):

dI(t)

MCRi (1) ==&~ =T 106)

X Vins eq.5

The insulin clearance during OGTT can be calculated from the integral from 0 to 120

min of eq.5 (that can be numerically solved calculating the AUC) from ISR and insulin

concentration:
120 120 Rdms(t)
fo MCRi(t) dt = AUC [MCRi] 0-120 = fo Il(t) dt
di(t) dI(t)
_ (120 ISR(Y) - =57X Vins _ (120ISR(Y) . (120 e
= J, — dt = J, 0 dt— [ [Vins X 0 dt eq.6
Thus
ISR(1) 120 &8
— — —dt
AUC [MCR{] 0-120 = AUC| o Vs x e eq.7

The formula previously used by Jung (3) and Smith (6):

AUC ISR0_120 _ (1120 - Io) X Vins

AUC MCRj 0-120 =
10129 = THuce Io—120 AUCIp-120

eq.8

is different from the formula used by us i.e. equation 7 (see eq.11 for the solution of the
integral). We found that the calculation of eq. 8 by Jung (3) and Smith (6) is not correct
since it assumes that the integral of the ratio of 2 functions (i.e., Rd(t) and I(t) in eq.7)

while



flzo RA) [ Rd()dt
o 10 [ 10t

The first part of eq.6 can be calculated as

f120 ISR(t)
0 1(t)

ISR(t)

dt = AUC[ o

The second part of the eq.6 gives as a result

di(t)

Vins X folzo%dt = [In(I120) - In(I0)] X Vins eq.10

AUC ISRg_120

while Jang and Smith calculated the first part of eq.6 as AUCT
0-120

and the second part

L120 = Io) X Vins : 120 Rd
as Qze—lo)XVim 4,0 t5 the erroneous assumption that [f idt]was equal to
AUClo-120 ¢ 1o
[f012° Rd(t)dt ]
S 1mde |

The correct formula that should be used to calculate total MCR1 is

ISR(t)

AUC MCRi 0-120 = AUC[ ~ [In(I120) - In(I0)] X Vins eq.11

10 lo_120

In our cohort, we have compared the results obtained using the model estimations versus

the formula (eq.8) used by Jung (3) and Smith (6). We found that the formula in eq.8
underestimates the MCR in all groups by ~15% in the non-diabetics and be ~5% in T2D,
with a p<0.0001 in all groups (see suppl. Figure 1 below)

It should be noted that, whether one employs the model estimation (as used by us) or the
Jung formula (as used by Smith et al (6)), the difference (5-15%) has little impact on the
qualitative interpretation of the results although the quantitative interpretation will

differ slightly.



0.2 1

“od
c 0.18 -
q? 0.16 1
Kl 0147
-] i
S| & o012
2 E o1
Sleg 008
o § 0.06 -
£
=l 0.04 -
O 0.02 -
=
= 0 -

non-obese, NGT
non-obese, IGT
non-obese, T2D
obese, NGT
obese, IGT
obese, T2D

Supplementary Figure 1: % difference between the estimate of MCR-I during OGTT
estimated by the model (MCRi-model) vs the Jung formula (MCRi-Jung) calculated
as (MCRr-model - MCRi-Jung)/ MCRi-model

References

1. Cobelli C, Pacini G: Insulin secretion and hepatic extraction in humans by minimal
modeling of C-peptide and insulin kinetics. Diabetes 1988;37:223-231

2. Van Cauter E, Mestrez F, Sturis J, Polonsky KS: Estimation of insulin secretion rates from
C-peptide levels. Comparison of individual and standard kinetic parameters for C-peptide
clearance. Diabetes 1992;41:368-377

3. Jung SH, Jung CH, Reaven GM, Kim SH: Adapting to insulin resistance in obesity: role of
insulin secretion and clearance. Diabetologia 2018;61:681-687

4. Polidori DC, Bergman RN, Chung ST, Sumner AE: Hepatic and Extrahepatic Insulin
Clearance Are Differentially Regulated: Results From a Novel Model-Based Analysis of
Intravenous Glucose Tolerance Data. Diabetes 2016;65:1556-1564

5. Hovorka R, Powrie JK, Smith GD, Sonksen PH, Carson ER, Jones RH: Five-compartment
model of insulin kinetics and its use to investigate action of chloroquine in NIDDM. Am J
Physiol 1993;265:E162-175

6. Smith GlI, Polidori DC, Yoshino M, Kearney ML, Patterson BW, Mittendorfer B, Klein S:
Influence of adiposity, insulin resistance, and intrahepatic triglyceride content on insulin
kinetics. J Clin Invest 2020;



