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Abstract

Glucose tolerance is determined by both insulin action and
insulin-independent effects, or “glucose effectiveness,” which
includes glucose-mediated stimulation of glucose uptake
(Ry) and suppression of hepatic glucose output (HGO). De-
spite its importance to tolerance, controversy surrounds ac-
curate assessment of glucose effectiveness. Furthermore, the
relative contributions of glucose’s actions on R; and HGO
under steady state and dynamic conditions are unclear. We
performed hyperglycemic clamps and intravenous glucose
tolerance tests in eight normal dogs, and assessed glucose ef-
fectiveness by two independent methods. During clamps,
glucose was raised to three successive 90-min hyperglyce-
mic plateaus by variable labeled glucose infusion rate; glu-
cose effectiveness (GE) was quantified as the slope of the
dose-response relationship between steady state glucose and
glucose infusion rate (GEcpampotan)s Ra (GEcLampuptake)) OF
HGO (GEcpampmco))- During intravenous glucose tolerance
tests, tritiated glucose (1.2 wCi/kg) was injected with cold
glucose (0.3 g/kg); glucose and tracer dynamics were ana-
lyzed using a two-compartment model of glucose kinetics to
obtain R; and HGO components of glucose effectiveness.
All experiments were performed during somatostatin inhi-
bition of islet secretion, and basal insulin and glucagon re-
placement. During clamps, R, rose from basal (2.54=0.20)
to 3.95+0.54, 6.76+1.21, and 9.48+1.27 mg/min per kg
during stepwise hyperglycemia; conversely, HGO declined to
2.06=0.17, 1.17%0.19, and 0.52+0.33 mg/min per kg. Clamp-
based glucose effectiveness was 0.0451+0.0061, 0.0337=
0.0060, and 0.01020.0009 dl/min per kg for GEcpamp(totar)s
GEcpampuptakeyy aNd GEcpamprco) respectively. Glucose’s
action on R; dominated overall glucose effectiveness (72.2+
3.3% of total), a result virtually identical to that obtained
during intravenous glucose tolerance tests (71.6+6.1% of
total). Both methods yielded similar estimates of glucose ef-
fectiveness. These results provide strong support that glu-
cose effectiveness can be reliably estimated, and that glu-
cose-stimulated R is the dominant component during both
steady state and dynamic conditions. (J. Clin. Invest. 1997.
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Introduction

Impaired glucose tolerance is a hallmark of the prediabetic
state as well as full-blown non-insulin-dependent diabetes
mellitus (NIDDM),! and is a risk factor for increased mortality
due to cardiovascular disease (1). Normalization of glucose
levels after oral or intravenous challenge depends on an ade-
quate B-cell response to hyperglycemia, and sufficient insulin
action to stimulate Ry and inhibit hepatic glucose output
(HGO). An additional factor contributing to glucose tolerance
is glucose effectiveness, defined as the action(s) of glucose per
se, independent of increased insulin, to normalize glucose con-
centration through actions on glucose production and utiliza-
tion (2, 3). Glucose effectiveness may contribute significantly
to the efficient disposition of glucose, especially under condi-
tions of reduced insulin action and prevailing hyperglycemia
(4), and may be an independent risk factor for development of
NIDDM ().

Despite the apparent importance of glucose effectiveness
to glucose tolerance, controversy surrounds the methods by
which it is assessed. Quon et al. (6) have argued that minimal
model-derived glucose effectiveness (Sg)? is overestimated,
and they have suggested that the model attributes some of the
effects of incremental insulin to the effects of glucose itself.
Also, Finegood (7) has argued that reliable estimates for Sg
are obtained only with a blunted insulin response. In contrast,
Vicini and colleagues (8) have reported reliable estimates of
overall Sg when a normal secretory profile was present. Thus,
despite its importance to glucose tolerance in normal and
pathologic states, there remains a fundamental uncertainty as
to the proper methods for reliable estimation of Sg.

Given debate about measuring Sg, limited information is
available about the physiologic mechanisms which determine
glucose effectiveness. Specifically, while it is known that glu-
cose can enhance glucose uptake (Ry) and inhibit HGO, the
relative importance of these actions to glucose effectiveness is
unclear. Glucose clamp studies done by Christopher et al. (9)

1. Abbreviations used in this paper: CV, coefficient of variation; GE,
glucose effectiveness; GINF, glucose infusion rate; HGO, hepatic glu-
cose output; IVGTT, intravenous glucose tolerance test; NIDDM,
non-insulin-dependent diabetes mellitus; Ry, glucose uptake; Sg,
minimal model-derived glucose effectiveness; SRIF, somatostatin.

2. Parameter S will be used only to refer to glucose effectiveness de-
rived from minimal model analysis (or its modifications). Glucose ef-
fectiveness will be used to characterize the estimates obtained in this
study from either the hyperglycemic clamp (GEcpapp) Or the mod-
ified IVGTTS (GEgrr) as described in this study.
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indicate that at basal insulin, glucose effectiveness (= Aglucose
infusion rate (GINF)/Aglucose) is dominated by the uptake
component, which could be further dissected into nearly equal
stimulation of glycogen synthesis and glycolysis. In contrast,
Cobelli and his colleagues (8, 10) have measured S dynami-
cally and reported that the uptake component accounts for
only one-third of total glucose effectiveness, with the remain-
der accounted for by glucose’s effect on HGO. No study has
attempted to dissect the metabolic components of glucose ef-
fectiveness, comparing steady state clamps with dynamic intra-
venous glucose tolerance tests (IVGTT) in the same individu-
als. Therefore, the present study was designed to assess
glucose effectiveness during both steady state and dynamic
conditions, at fixed basal insulin, by two independent method-
ologies without using minimal model analysis. Additionally,
under both conditions, we sought to determine the relative im-
portance of glucose-stimulated Ry versus glucose-suppressed
HGO on overall glucose effectiveness. Glucose effectiveness
was assessed from clamps as the slope of the steady state rela-
tionship between glucose and glucose turnover. Also, we per-
formed IVGTTs, in which tracer was injected along with cold
glucose, and a two-compartment model of glucose kinetics was
applied to both labeled and unlabeled glucose dynamics to dis-
sect out the actions on R; and HGO. Both methods yield simi-
lar estimates of glucose effectiveness, which are consistent
with published minimal model values, providing strong sup-
port that glucose effectiveness can be reliably estimated. Fur-
thermore, during both steady state conditions of the glucose
clamp and after glucose injection, in normal animals, > 70% of
glucose effectiveness is due to glucose’s action on glucose
uptake. The remaining component is due to glucose inhibition
of HGO.

Methods

Animals

Experiments were performed on eight male mongrel dogs (mean:
25.8%1.0 kg) in the conscious, relaxed state. Animals were housed in
the University of Southern California Vivarium under controlled
kennel conditions (12 h light, 12 h dark) and fed standard chow (25%
protein, 9% fat, and 49% carbohydrate: Wayne Dog Chow, Alfred
Mills, Chicago, IL) once per day. Body temperature and weight were
monitored regularly. Dogs were used for experiments only if judged
healthy by general appearance and the above measurements. All pro-
cedures were approved by the University of Southern California In-
stitutional Animal Care and Use Committee.

Surgical preparation

At least 7 d before the first experiment, surgery was performed as
previously described (11) to implant indwelling catheters in the fol-
lowing vessels: (a) carotid artery, for blood sampling; (b) jugular vein,
advanced into the right atrium, for glucose injection; (c) portal vein,
for infusions of insulin and glucagon; and (d) femoral vein, for soma-
tostatin (SRIF) infusion. All catheters were led subcutaneously to the
back of the neck and exteriorized. Catheters were flushed with hep-
arinized saline (100 U/ml) at regular intervals to maintain patency.

Experimental protocols

Each animal underwent two experiments to assess glucose effective-
ness, during which the incremental B-cell response to glucose was
blocked by SRIF: (a) multistep hyperglycemic clamp and (b) an
IVGTT. Experiments were performed in random order, with at least
1 wk between experiments. All experiments were performed in over-
night (15 h) fasted animals; during all tests, dogs were fully conscious,
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rested comfortably in a Pavlov sling, and were given free access to
water.

Hyperglycemic clamps. On the morning of the clamp, one intra-
catheter was inserted in the saphenous vein for infusion of glucose; a
urinary catheter was also inserted for urine collection to account for
glycosuria when plasma glycemia exceeded the renal threshold.
Three basal arterial samples were collected at = —80, —70, and —61
min. At t = —60 min, systemic infusion of SRIF was begun (0.8 g/
min per kg, n = 3; 1.6 wg/min per kg, n = 5), along with intraportal in-
fusions to replace endogenous insulin (0.2 mU/min per kg) and gluca-
gon (0.65 ng/min per kg). (The higher dose of SRIF was used after we
observed early evidence of insulin breakthrough during severe hyper-
glycemia [~ 500 mg/dl; data not used] when using the lower infusion
rate.) Blood sampling was continued at 10-min intervals for 60 min
(“basal replacement period”) to assess the effect of the basal replace-
ment regimen on glycemia and hormone levels.

At time 0, a three-step hyperglycemic clamp was initiated (target
glucose: 150, 225, and 300 mg/dl), with exogenous glucose spiked with
tritiated glucose (desired specific activity of infusate: 2.7 wCi/g; upon
assay: 2.53+0.03 w.Ci/g) to avoid large fluctuations in plasma specific
activity. Blood samples were drawn every 5 min for the first 30 min,
and glucose infusion adjusted manually to achieve target glycemia.
From ¢ = 30-90 min, samples were drawn at 10-min intervals, after
which rapid sampling was repeated beginning at ¢ = 90 min to facili-
tate attainment of the second hyperglycemic plateau. At ¢ = 180 min,
the third hyperglycemic level was begun and continued to 270 min.
Samples were assayed for glucose (on-line), insulin, FFA, and
[*H]glucose. Additional 3-ml samples were drawn at the following
times for determination of plasma glucagon: t = —80, —61, —20, —1,
60, 90, 150, 180, 240, and 270 min. A total of 36 blood samples were
drawn during the clamp. Urine was collected at 10-min intervals from
0 to 270 min, total volume recorded, and an aliquot removed and
stored at 20°C for subsequent assay of glucose.

Intravenous glucose tolerance test. Three basal arterial samples were
collected at t = —80, —70, and —61 min. At = —60 min, systemic in-
fusions of SRIF with intraportal insulin and glucagon were initiated.
Blood sampling was continued as described for hyperglycemic
clamps. At time 0, glucose (0.3 g/kg), with added tracer (desired: 1.2
wCi/kg; upon assay: 1.08+0.01 nCi/kg) was injected over 30 s via the
right atrial catheter, and blood samples were drawn at 2, 3, 4, and 5
min, every 2 min from 6 to 16 min, every 3 min from 19 to 25 min, ev-
ery 10 min from 30 to 120 min, and at 140, 160, and 180 min. These
samples were assayed for glucose, insulin, and [*H]glucose. An addi-
tional 3 ml were drawn at the following times for determination of
plasma glucagon: t = —80, —61, —20, —1, 140, 160, and 180 min. A to-
tal of 35 blood samples were drawn during the IVGTT.

Control experiments

To account for possible time-dependent changes in glucose, glucose
turnover, and other measured variables during the 360-min hypergly-
cemic clamp, we performed a series of experiments on an additional
set of dogs (n = 3). In these studies, tracer, SRIF, insulin, and gluca-
gon were administered as described for hyperglycemic clamps (gluca-
gon infusion rate: 0.65 ng/min per kg), but no exogenous glucose was
infused.

Blood sampling

Blood samples were collected in tubes containing heparin and NaF
and stored on ice until centrifugation. Samples for FFA determina-
tion were collected in tubes containing paraoxan and EDTA, and
samples for glucagon assay were collected into chilled tubes contain-
ing Trasylol (aprotinin, 500 U/ml blood; FBA Pharmaceuticals, New
York) as well as heparin/NaF mixture. After separation, samples
were stored at —20°C until assayed for glucose, insulin, FFA, and
[*H]glucose, or at —70°C until assayed for glucagon.

Assays

Plasma glucose was assayed in duplicate by the glucose oxidase tech-
nique on an automated analyzer (model 23A, Yellow Springs Instru-



ments, Yellow Springs, OH). Intraassay coefficient of variation (CV)
of the glucose assay was *=1%. Urine glucose was assayed in duplicate
with the STATZYME colorimetric assay (Sigma Chemical Co., St.
Louis, MO). Plasma insulin was measured in duplicate by the highly
specific sandwich ELISA (12), rather than the polyclonal antibody ra-
dioimmunoassay which is known to cross-react to varying degrees
with proinsulin and insulin split products. The ELISA uses two mu-
rine mAbs which bind to distinct epitopes on the insulin molecule;
antibody HUI-018 binds to the A-chain, and antibody OXI-005 tar-
gets the COOH terminus of the B-chain. The insulin assay was estab-
lished in our laboratory with the kind assistance of B. Dinesin of
Novo-Nordisk (Copenhagen, Denmark). Limit of detection in the
ELISA is 5 pM, with intra- and interassay CV of 3+1% and 5+1%,
respectively.

For the determination of [3-*H]glucose, samples were deprotein-
ized with Zn,SO, and BaOH, (13). The supernatant was then dried at
70°C, redissolved in water, and counted in ReadySafe scintillation
fluid (Beckman Instruments Inc., Fullerton, CA) on a liquid scintilla-
tion counter (Beckman Instruments, Inc.) with a two-channel dual-label
automatic quench correction program. Glucagon was assayed from
plasma by radioimmunoassay with minimal cross-reactivity to enteric
glucagon (< 0.1%). Because of technical difficulties, glucagon assays
were only performed on a subset of IVGTT experiments (n = 3).
Glucagon was assayed from control experiments with the LINCO as-
say, run against standards provided by Novo-Nordisk (intra-assay
CV:6£1%).

Materials

Cyclic somatostatin was purchased from Bachem, California (Tor-
rance, CA). Insulin (regular purified pork for injection) was pur-
chased from Novo-Nordisk, and glucagon (purified pork) was pur-
chased from Sigma Chemical Co. HPLC-purified d-[3-*H]glucose was
bought from Dupont-NEN (Boston, MA). Dextrose (50%) was pur-
chased from Kendall McGaw (Irvine, CA). Murine mAbs and the ca-
nine insulin standard for ELISA were kindly donated by B. Dinesen
of Novo-Nordisk.

Calculation of glucose effectiveness

Hyperglycemic clamps. Glucose effectiveness represents the com-
bined actions of hyperglycemia, independent of an increase in insulin,
to accelerate Ry and inhibit HGO. During hyperglycemic clamps in
which B-cell secretion is blocked by SRIF, and insulin is replaced, the
amount of glucose infused to attain each of the three hyperglycemic
plateaus represents the combined actions of hyperglycemia per se on
Ry and HGO at each glucose level. Thus, total glucose effectiveness
(GE) from the clamp (GEcpamp(ota)) Was estimated for each animal
as the slope of the relationship between steady state glucose and glu-
cose infusion rate, assuming the relationship is linear (see Results).
Similarly, the component of glucose effectiveness describing the stimu-
latory effects of hyperglycemia on Ry (GEcpampuptake)) Was calculated
for each dog as the slope of glucose versus Ry, after correction for urinary
loss. Finally, the actions of hyperglycemia to inhibit HGO (GEcampmco))
was calculated as the absolute value of the (negative) slope of glucose
versus HGO during the clamp.

IVGTTs

Compartmental analysis. To quantify glucose effectiveness from the
IVGTT, and to distinguish and quantify the distinct effects of glucose
on Ry and HGO, we used the simplest mathematical model that could
adequately describe dynamics of labeled and unlabeled glucose after
injection. Model development is described in detail (see Appendix).
The model for simultaneous assessment of glucose’s actions on Ry
and HGO during the IVGTT is the two-compartment representation
shown in Fig. 1.

Compartment 1 (“fast compartment”) consists of plasma and tis-
sues that equilibrate rapidly with plasma. This compartment presum-
ably includes plasma water, the interstitial space of liver, spleen, and
bone marrow, the central nervous system, and interstitial space of the
endocrine and splanchnic organs (14). Compartment 2 represents the
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Figure 1. Two-compartment model of glucose kinetics. Compart-
ment 1 represents the accessible (plasma) pool, into which glucose
and tracer are injected, and HGO enters. Glucose disappearance
from this compartment is considered to be independent of insulin,
and includes uptake by tissues such as central nervous system and
liver. The second compartment represents the remote, interstitial
compartment, and is considered the primary site of insulin-stimulated
glucose uptake.

pool that equilibrates slowly with plasma (“slow compartment”), pre-
sumably including the interstitial space of striated muscle, adipose tis-
sue, and smooth muscle of some organs (14). It has been suggested
that glucose uptake from compartment 1 is non-insulin mediated,
whereas uptake from the second compartment is sensitive to insulin
(15). This model is characterized by the following equations:

For unlabeled glucose:

dg, (t
qdlt( ) = HGO() + 1)~ Lo * ol 03(1:0,(0) = g (12)
da,(t
qc?t( ) = K0 (1) — [Koz + Kyol G,(1); 05(0) = 0o (b)
t
gl(t) = q;l/—(l) (1C)

where q; and q, are the masses of unlabeled glucose in compartments
1 and 2, respectively. Variable g; is the concentration of unlabeled
glucose in compartment 1, and V, represents the distribution volume
of that compartment. Kinetic parameters (k;’s) represent fractional
transfer or disappearance rate constants between compartments.
HGO is hepatic glucose output, which is time dependent during the
IVGTT.
Similarly, for labeled glucose:

da;(t
qét( ) = Ky,05(t) = [K oy + Kyy]0;(1); @3 (0) = DOSE;, (2a)
dos(t
q;t( ) = k21q;(t)_ [k02+ klZ] q;(t),q;(o) =0 (2b)
(t
(1) = qi/(l) )

where qf and g5 are the tracer masses in compartments 1 and 2, re-
spectively, and variable gf is the concentration of labeled glucose in
compartment 1. DOSE#, is the total dose of labeled glucose in-
jected at time 0. All the kinetic parameters in Eqs. 2a and 2b (kg;, kg,
k,; and k;,) are assumed to be equivalent to those in Egs. 1a and 1b,
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i.e., we assume no isotope discrimination under the conditions of
these experiments.

Since the parameters of this model cannot be estimated a priori
from a single IVGTT (16), one additional assumption is necessary to
identify the model. In this study, we assumed uptake from the insulin-
sensitive second compartment to be negligible, i.e., ky, = 0 (17, 18).
While this assumption can be scrutinized, modeling demonstrated
that the calculation of relative contributions of R, versus HGO to glu-
cose effectiveness is independent of the value of kg, (see Appendix).

Since labeled glucose is not produced in vivo, tracer dynamics are
affected by glucose disappearance only, while unlabeled glucose dy-
namics are affected by both HGO and R,. As a result, Egs. 2a and 2b
have fewer parameters than Eqs. 1a and 1b. The strategy to identify
the full model for both unlabeled and labeled glucose dynamics is as
follows. First, we fit Egs. 2a, 2b, and 2c to labeled glucose dynamics to
determine ky;, k;,, k;;, and the distribution volume (V;). Unlabeled
glucose dynamics were then used to determine the kinetics of hepatic
glucose output. Given that HGO is believed to be negatively corre-
lated with plasma glucose concentration during glucose clamps (see
Results) or the IVGTT (19), the relationship between HGO and glu-
cose mass in plasma (q;) was represented by the following relation:

HGO(t) = HGO,—k, x q,(t) 3)

where HGO, is the extrapolated rate of glucose production as plasma
glucose mass approaches zero, and k; is the parameter describing the
effect of plasma glucose on HGO. Egs. 1a, 1b, and 1c were used to fit
unlabeled glucose dynamics to determine the initial glucose concen-
tration (g;o) and k; .

Definition of glucose effectiveness from the model. The uptake com-
ponent of glucose effectiveness (GEvgrr(upuake)) iS the increase of Ry
per unit increase of glucose at basal insulin, independent of an insulin
response.’ The elevation in glycemia will increase Ry and conse-
quently accelerate the normalization of the plasma glucose. Similarly,
the HGO component of glucose effectiveness is the decrease of HGO
per unit increase of glucose, again at basal insulin; this reduction in
HGO will also aid in the normalization of plasma glucose after a glu-
cose load. GEygrruptakey Was determined from labeled glucose dy-
namics which reflect only the kinetics of Ry, while GEygrrnco) was
determined from the dynamics of cold glucose, which reflect both up-
take and production. The peripheral component of glucose effective-
ness is defined as follows:

A( Rd)TotaJ

Accessible Pool

GE

WOTTwpka) = A(Glucose mass)

A(Kg, 07 + Ky,05
- 200t * Kog) - o) Koy if Koy = 0. “)
A(ap)
The component of glucose effectiveness which describes glucose’s
actions to suppress HGO is defined as follows:

_A(HGO)TotaI - _A(HGO)TotaI —k
A(G|UCOS€ mass)AccbIePool A(ql) L (5)

GE verrHeo) =

Data analysis and calculations

Steady state during clamps was defined as the final 30 min of each pe-
riod.* From IVGTT data, glucose tolerance (K) was calculated as

3. Alternatively, glucose effectiveness can be defined relative to the
size of the glucose pool (compartments 1 and 2) rather than to the ac-
cessible (= plasma) glucose pool only. However, to facilitate compari-
son of our estimates of glucose effectiveness with those of other mod-
els (10, 51), including clamps in which only plasma measurements are
available, we have chosen to define glucose effectiveness from the
two-compartment model relative to the size of compartment 1 only.
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Figure 2. Time course of glucose, specific activity, and insulin during
hyperglycemic clamps. Somatostatin, with intraportal insulin and glu-
cagon, was infused from ¢t = —60 to 270 min.

the negative slope of the natural log of glucose versus time from 10 to
40 min. Glucose-stimulated first-phase insulin release was calculated
as the integrated plasma insulin response above preinjection levels
from 0 to 10 min. Modeling analysis was carried out by MLAB imple-
mented on an IBM-compatible computer (Civilized Software, Bethesda,
MD). Parameters of all compartmental models were identified by
weighted nonlinear least-squares fitting using a Marquardt-Leven-
burg algorithm with inverse variance weights.

All statistics (¢ tests and ANOVA) were performed using
MINITAB statistical software. Data are reported as mean*SE. Sta-
tistical significance was set at P =< 0.05.

Results

Basal replacement

During hyperglycemic clamps, basal glucose averaged 98*1
mg/dl (Table I), and remained stable despite insulin underre-
placement (7=1 vs 18+3 pU/ml; P = 0.003). Plasma FFA and
lactate were unchanged during the basal replacement period.
Before the IVGTTs, glucose rose modestly from basal
(1096 vs 962 mg/dl; P = 0.053) because of insulin underre-
placement (7%1 vs 162 pU/ml; P = 0.0009), since glucagon
was unchanged during this period (Table I). Despite modestly

4. Since glucose infusion rates were abruptly increased at ¢ = 90 and
180 min to rapidly achieve hyperglycemic levels, steady state for glu-
cose infusion and turnover rates was calculated from 60-80 min, 150-
170 min, and 240-260 min.



Table I. Plasma Metabolite and Hormone Concentrations during Clamps and IVGTTs

Basal* SRIF SS-1 SS-2 SS-3
Hyperglycemic clamps
Glucose* 98+1 95+3 155+3 228+4 3024
Insulin 18+3 71 8=*1 11x2 14x2
Glucagon* — — — — —
FFA 0.46+0.07 0.44x0.06 0.31+0.05 0.18+0.03 0.13+0.03
Lactate 5.45+1.43 5.32+1.05 8.41+1.52 10.27+1.51 10.81+1.94
Control experiments!
Glucose 93x2 85*5 74+6 69+4 63+1
Insulin 143 7+1 6=*1 7+1 6=1
Glucagon 89+15 66+5 63+6 65+4 74+£3
FFA 0.90+0.28 0.82+0.25 0.83+0.22 0.72+0.25 0.63+0.14
Lactate 4.76x0.90 5.79+1.12 7.44x1.72 9.57+3.98 9.94+4.44
IVGTTs
Glucose 96+2 109%6 — — —
Insulin 162 7x1 — — —
Glucagon (35£3) (38+8) — — —

*Basal denotes mean of samples drawn before initiation of combined SRIF, insulin, and glucagon infusions. SRIF represents mean of samples drawn
at —20, —10, —1 min, before initiation of experiment at # = 0 min. SS-1, SS-2, and SS-3 represent steady state target glycemia of 150, 225, and 300 mg/
dl during hyperglycemic clamps. *Units are as follows: glucose, mg/dl; insulin, pU/ml; glucagon, pg/ml; FFA, mmol/liter; lactate, mg/dl. *Glucagon val-
ues are only available for IVGTTs performed on three dogs (see Methods). |Control experiments are identical to hyperglycemic clamps, except no

glucose is infused (see Methods).

higher glucose during this period compared with basal, glucose
levels were stable before glucose injection at time 0 (CV (=20
to —1 min) = =3%). Plasma insulin remained stable for = 40
min before the initiation of hyperglycemia during both clamps
and IVGTTs.

Hyperglycemic clamp

Glucose and glucose infusion rates. Plasma glucose attained lev-
els of 155+3, 227+4, and 3014 mg/dl within ~ 40 min of the
start of each hyperglycemic phase; levels were stable during
the final 30 min of each period (CV: 4*1,4+1, and 3+1%, re-
spectively: Fig. 2). Despite high dose SRIF (1.6 pg/min per kg),
we observed small increments in plasma insulin with increas-
ing glucose (8*1, 11*2, and 14+2 pU/ml; P = 0.008), al-
though concentrations remained below ambient, pre-SRIF
levels (18=3 wU/ml). Stepwise hyperglycemia resulted in a pro-
gressive decrease in plasma FFA (P < 0.0001 by ANOVA),
while plasma lactate levels increased (P < 0.001 by ANOVA,;
Table I). Changes in FFA and lactate may be due in part to a
time effect or the actions of SRIF per se (20) (see below).

In the absence of infused glucose, infusions of SRIF, insu-
lin, and glucagon caused a steady decline in glucose because of
prolongation of the fasted state (Table I). This occurred de-
spite an insulin underreplacement (7£1 vs 14*3 pU/ml; P <
0.001) of similar degree as observed in hyperglycemic clamps.
Glucagon was slightly, but not significantly underreplaced
(665 vs 8915 pg/ml; P = 0.18), and remained stable for the
entire experimental period. Despite insulin underreplacement,
FFA exhibited a tendency to decline over time (Table I), al-
though neither this trend nor the upward trend in lactate was
statistically significant (P = 0.505 and 0.333, respectively, by
ANOVA).

During hyperglycemic clamps, glucose infusion rates re-
quired to attain each level of hyperglycemia were 2.09=0.62,
5.60+0.96, and 9.42+1.32 mg/min per kg (C.V.: 18+9, 10+5,
and 13+4%; Table II). Since exogenously infused glucose was
spiked with [*H]glucose, plasma specific activity remained sta-
ble throughout the clamp (Fig. 2).

Dose response effects of stepwise hyperglycemia on glucose
turnover. Glucose uptake tended to decrease slightly during

Table II. Glucose Infusion Rates and Glucose Turnover during Hyperglycemic Clamps

Basal SRIF SS-1 SS-2 SS-3
Hyperglycemic clamps
Glucose infusion* — — 2.09+0.62 5.60+0.96 9.42+1.32
Ry 2.54£0.20 2.35+0.27 3.95+0.54 6.76+1.21 9.48+1.27
HGO 2.54£0.20 2.68£0.15 2.06x0.17 1.17%0.19 0.52+0.33
Control experiments*
Glucose infusion — — — — —
Ry 2.25+0.02 2.36+0.08 2.15+0.04 2.42+0.24 2.52+0.30
HGO 2.25%0.02 2.12+0.20 2.07%+0.04 2.29+0.20 2.43+0.27
*Data are expressed in milligrams per minute per kilogram. * Control experiments were performed as described in Table I and Methods.
Glucose Effectiveness Assessed under Steady State and Dynamic Conditions ~ 1191
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Figure 3. Time course of glucose uptake and HGO during hypergly-
cemic clamps. Note the rapid attainment of stable Ry and HGO
within each 90-min hyperglycemic period. Insets reveal the strong lin-
ear dose response relationship between glucose and both Ry (fop)
and HGO (bottom) at steady state.

the basal replacement period (2.35+0.27 vs 2.54+0.20 mg/min
per kg; P = 0.2). Hyperglycemia caused a rapid, dose-depen-
dent increase in Ry (Table II), in which uptake rates within
10% of steady state values were attained within 20-40 min of
hyperglycemia (Fig. 3). Similar rapid dynamics were observed
for hyperglycemia-mediated suppression of HGO, i.e., hepatic
glucose autoregulation (Fig. 3). After a slight increase in HGO
during the basal replacement period (2.68%=0.15 vs 2.54+0.20
mg/min per kg; P = 0.23), HGO exhibited a dose-dependent
decrease during progressive hyperglycemia (Table II).

There were no time-dependent changes observed in either
HGO (P = 0.472) or glucose utilization (P = 0.468) during
control experiments (Table IT).

Linearity of the glucose dose response relationship. The re-
lationship between glucose and both R; and HGO was linear
throughout the range of glucose examined (mean r value, vs Ry
0.970£0.008, range: 0.937-0.995; mean, vs HGO: 0.959+0.014,
range: 0.869-0.993; Fig. 3, insets). Furthermore, in the relation-
ship between glucose and Ry, we observed no positive inter-
cept on the ordinate, in contrast to previous reports (e.g., 21,
22). The explanation for this discrepancy may be because of
differences in tracer methods used for assessment of glucose
uptake (see Discussion).

Glucose effectiveness from the hyperglycemic clamp. The com-
bined actions of hyperglycemia to increase R, and suppress
HGO independent of elevated insulin levels were quantified
from hyperglycemic clamps as total glucose effectiveness, or
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Table I11. Individual Values of Total Glucose Effectiveness,
and Its Uptake and HGO Components, Calculated from
Hyperglycemic Clamps for Each Animal

Dog GEcLame (total) GEcLamr (uptake) GEcpamp (HGO)
dl/min per kg dl/min perkg % Total  dl/minperkg % Total
1 0.0387 0.0258 66.67 0.0116 29.97
2 0.0715 0.0639 89.37 0.0083 11.61
3 0.0303 0.0189 62.38 0.0084 27.72
4 0.0355 0.0275 77.46 0.0077 21.69
5 0.0597 0.0420 70.28 0.0157 26.30
6 0.0642 0.0512 79.75 0.0110 17.13
7 0.0351 0.0239 68.09 0.0089 25.36
8 0.0256 0.0162 63.28 0.0098 38.28
Mean 0.0451 0.0337 72.16 0.0102 24.76
SE 0.0061 0.0060 3.29 0.0009 2.87

Glucose effectiveness was calculated from hyperglycemic clamps as the
slope of the relationship between steady state glucose and glucose infu-
sion rate (GECLAMP(mtal))’ Rd(GECLAMP(uptake))’ or HGO (GECLAMP(HGO))~

GEcrampota This parameter averaged 0.0451+0.0061 dl/min
per kg (Table III), but exhibited a nearly threefold range
across this sample of normal dogs. The uptake component of
clamp-based glucose effectiveness (GEcpampuptake) averaged
0.0337=0.0060 dl/min per kg, (range: 0.0162-0.0639) and dom-
inated total glucose effectiveness (72.2+3.3% of GEcpamp(totar)-
Hyperglycemia-mediated suppression of HGO (GEc ampico))
represented a quantitatively smaller component of total glu-
cose effectiveness (0.0102+0.0009 dl/min per kg; 24.8+2.9% of
GEcpamp(iota))s, but may contribute as much as 38% to total
glucose effectiveness in some animals (compare dog 8).

Intravenous glucose tolerance test

Glucose peaked at 299+10 mg/dl within 2 min. With SRIF, the
acute insulin response was not different from zero (5.9+3.4
pU/ml per 10 min; P = 0.13; Table IV). Total glucose-stimu-
lated insulin response was mostly blocked by SRIF (incremen-

Table IV. Glucose-stimulated Insulin Release and Glucose
Tolerance during IVGTTs with Somatostatin Infusion

Integrated insulin*

Dog Acute Total Kgt
1 2 638.5 1.11
2 22.5 253.5 0.77
3 7.5 —-11.5 0.87
4 2 169 0.41
5 -1.5 —43.5 1.17
6 18.5 165 0.76
7 1 65 0.73
8 —4.5 -35 1.21
Mean*=SE 5.9+3.48 150.1+79.6} 0.88+0.10

*Integrated insulin is defined as area above preinjection insulin from 0-10
min (acute) or 0-180 min (total), in units of wU/ml. *Glucose tolerance
is defined by the K, the negative slope of the natural log of glucose ver-
sus time from 10 to 40 min. Units of K are percent/min~'. $Not statisti-
cally different from zero (P > 0.1).
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Figure 4. Model fit of (fop) labeled and (bottom) unlabeled glucose,
with corresponding residuals, during the IVGTT. Symbols represent
average data (n = 8), and solid line the average fit with standard er-
ror. Residuals are calculated at each data point as the difference be-
tween experiment data and model fit.

tal insulin: 150.1+79.6 wU/ml per 180 min; P = 0.10 vs zero).
In the absence of a significant dynamic insulin response, glu-
cose tolerance was impaired (K;=0.88 %/min~!), although
glucose was renormalized by the end of the test. After an ini-
tial rapid phase, tracer concentration steadily declined, but was
still above zero at 180 min (1352+241 dpm/ml; P = 0.0009).

Two-compartment model results. The two-compartment model
in Fig. 1 was applied to the labeled and unlabeled IVGTT data
collected from each animal. Overall precision in parameter es-
timates was satisfactory (Table V), with mean fractional SD
ranging from 4.8 to 21.7%. Among kinetic parameters, k;; av-
eraged 0.0267+0.0014 min~!. Parameters k,; and k;, averaged
0.111+0.023 and 0.123%+0.029 min!, respectively. These pa-
rameters, which represent the distribution kinetics between
the fast and slow compartments, were an order of magnitude
larger than the disappearance parameter, kj;. The effect of glu-
cose on HGO (parameter k; ) averaged 0.0092:+0.0024 min .
Mean distribution volume of the first compartment (V,) was
3.32+0.23 liters. Average model fits, with residuals, for both
labeled and unlabeled glucose are shown in Fig. 4. The two-
compartment model described both labeled and unlabeled glu-
cose kinetics satisfactorily over the entire experimental dura-
tion, with no significant residual runs. Only a slight deviation
of the model fit to raw data was observed for unlabeled glu-
cose at the end of the experiment.

Dissection of glucose effectiveness from the IVGTT. From
two-compartment analysis of labeled and unlabeled glucose
dynamics during the IVGTT, we obtained quantitative esti-
mates in each animal of the contribution of glucose-stimulated
glucose uptake (GEcrrupake)) and glucose-mediated sup-
pression of HGO (GEygrraco)) to overall glucose effective-
ness (Table VI). Overall, GE\ygrrupuake) Was over twofold
higher than GEvgrruco) (0.0206+0.0014 vs 0.0092+0.0024
min~'), and constituted the dominant component of total glu-
cose effectiveness from the IVGTT (71.6%6.1 vs 28.4£6.1%).

Comparison of glucose effectiveness from the clamp and IVGTT

The relative contribution of the effects of hyperglycemia per se
on Ry and HGO from the hyperglycemic clamps and IVGTT
are compared in Fig. 5. The relative contributions of uptake ver-
sus HGO effects were remarkably similar between the two in-
dependent approaches. Hyperglycemia-mediated stimulation of
R, comprised 72.2+3.3% and 71.6%£6.1% of total glucose ef-
fectiveness from the clamp and IVGTT, respectively (P =

Table V. Individual Kinetic Parameters of the Two-Compartment Model Identified from Both Labeled and Unlabeled Glucose

Data from the IVGTT
Kinetic parameters Distribution volume HGO sensitivity
Dog Kor* ky ki A4 ki

1 0.0276 0.1051 0.1419 45.3 0.00474
2 0.0177 0.0879 0.1408 342 0.00248
3 0.0207 0.1632 0.1892 24.9 0.01191
4 0.0212 0.2466 0.2542 28.4 0.00482
5 0.0212 0.0669 0.0111 27.7 0.01974
6 0.0216 0.0768 0.0121 33.7 0.00383
7 0.0139 0.0669 0.0978 38.6 0.01896
8 0.0212 0.0702 0.1357 32.8 0.00689
Mean 0.0206 0.1105 0.1229 332 0.00917
SE 0.00137 0.0225 0.0292 2.3 0.00244
% FSD* 5.59*+1.89 16.68+£4.07 9.67x1.21 4.79+1.88 21.68+4.61

* All parameters are in units of min~!; distribution volumes are expressed in deciliters. *The percent fractional standard deviation (% FSD) is defined as:

SD of parameter estimate

100 * -
parameter estimate

Glucose Effectiveness Assessed under Steady State and Dynamic Conditions ~ 1193



Table VI. Individual Values Of GEIVGTT(upmkE) and
GEcrrmco) Obtained by Two-Compartment Analysis of
IVGTTs for Each Animal

GEarr (total) GEgcrr (uptake) GEarr (HGO)
Dog min~! min~! % Total min~! % Total
1 0.0323 0.0276 85.34 0.0047 14.66
2 0.0202 0.0177 87.72 0.0025 12.28
3 0.0326 0.0207 63.49 0.0119 36.51
4 0.0260 0.0212 81.53 0.0048 18.47
5 0.0409 0.0212 51.75 0.0197 48.25
6 0.0254 0.0216 84.94 0.0038 15.06
7 0.0329 0.0139 42.36 0.0190 57.64
8 0.0281 0.0212 75.49 0.0069 24.51
Mean 0.0298 0.0206 71.58 0.0092 28.42
SE 0.0022 0.0014 6.06 0.0024 6.06

GEwerr (uptakey a0d GEvgrr co) are estimated from simultaneous
analysis of labeled and unlabeled glucose after injection (see Methods).
GEGTT (t0tal) 18 the arithmetic sum of the two components.

0.97), and glucose-mediated inhibition of HGO comprised
24.8£2.9% of total glucose effectiveness in the clamp, and
28.4%+6.1% during IVGTTs performed in the absence of incre-
mental insulin. While it may well have been of interest to com-
pare these independent measures of glucose effectiveness
among the individual animals, because of the limited range of
glucose effectiveness, a strong correlation between these vari-
ables cannot be expected, even if both methods measured ef-
fectiveness accurately (see Discussion).

Discussion

Glucose effectiveness is a little understood factor in the regula-
tion of glucose tolerance, the importance of which is becoming
increasingly appreciated. While insulin sensitivity can be easily

120

% Total Glucose Effectiveness

IVGTT

CLAMP

Figure 5. Dissection of glucose effectiveness calculated from the hy-
perglycemic clamp or IVGTT into uptake (hatched bars) and HGO
(solid bars) components. Despite widely varying methodologies and
methods of analysis, the relative contribution of glucose-stimulated
glucose uptake (GEpuke)) to total glucose effectiveness was nearly
identical between protocols (72.2 vs 71.6%).
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manipulated by pharmacologic or physical interventions, glu-
cose effectiveness is similar in many different metabolic states
(23), although it may be reduced in NIDDM (24). In fact, Mar-
tin et al. (5) reported that decreased minimal model-derived
glucose effectiveness (parameter Si) was an independent risk
factor for development of NIDDM in offspring of two diabetic
parents. Henriksen and his colleagues (25) observed higher Sg
in another group of high risk individuals. Furthermore, in
NIDDM, the importance of glucose effectiveness to glucose
tolerance may be substantial. Insulin secretion is suppressed
(26), and insulin resistance is usually profound, such that
within the physiologic concentration range insulin has little
measurable effect to increase Ry (27, 28). Thus it follows that
glucose effectiveness is the primary determinant of R, in the
type 2 diabetic state (29), as confirmed by Alzaid and col-
leagues (27) from meal tolerance studies in which glucose bal-
ance across muscle bed were assessed. Even without diabetes,
glucose effectiveness is important to glucose normalization af-
ter a carbohydrate challenge (29).

Despite its importance to glucose tolerance, controversy
exists as to methods for accurate assessment of glucose effec-
tiveness. Finegood et al. (7) assert that accurate estimation
from the minimal model is possible only if insulin secretion is
suppressed, while Vicini and colleagues (8) have not observed
any interference by secreted insulin. Quon et al. (6) argue that
S is overestimated by the minimal model, while insulin sensi-
tivity is underestimated. Christopher et al. (9) performed ele-
gant studies to assess glucose effectiveness under steady state
conditions of the glucose clamp, but did not examine the dy-
namic state. The present study was designed to help clarify
these different approaches by quantifying glucose effective-
ness under both steady state and dynamic conditions, using
two independent methods—one dynamic and one steady state.
We also examined the partitioning of glucose effectiveness
into its actions on Ry and HGO under both conditions. Our re-
sults indicate that glucose effectiveness measured during the
hyperglycemic clamp and IVGTT at near-basal insulin are
similar, and consistent with published minimal model esti-
mates. Furthermore, partitioning of glucose effectiveness was
nearly identical in clamps and the IVGTT: 72% stimulation of
R, and 28% suppression of HGO, thus providing convincing
support for the physiologic processes underlying glucose effec-
tiveness under both conditions.

Our results by two independent methods confirm the re-
sults of Christopher et al. (9) that the ability of glucose to ac-
celerate R, is the dominant action of glucose to effect its own
normalization, accounting for nearly 72% of glucose effective-
ness. Christopher et al. (9) reported that 79% of glucose effec-
tiveness at basal insulin was due to the actions of glucose per se
on R,. The present study extends the work of Christopher in
two major ways. First, in the present study, all clamps were
performed at three levels of hyperglycemia (150, 225, and 300
mg/dl). This more complete dose response study enabled us to
verify the linearity of glucose’s actions on both R; and HGO,
thus avoiding unnecessary assumptions; glucose effectiveness
could then be reliably calculated as the slope of this linear rela-
tionship. More important, this study is the first to dissect the
relative contributions of Ry versus HGO to glucose effective-
ness during both steady state and dynamic conditions in a sin-
gle set of individuals. Despite completely independent meth-
ods of analysis for clamps and IVGTTs, the partitioning of
glucose effectiveness was remarkably similar (Fig. 5), with glu-



cose’s actions on Ry accounting for an average of 72% of the
overall parameter value, regardless of whether estimates were
based on the steady state relationship between glucose and
glucose turnover or by compartmental analysis of labeled and
unlabeled glucose dynamics after intravenous injection.

In contrast to previous studies, we failed to observe a posi-
tive y-intercept, i.e., “apparent” glucose uptake at zero glucose
(21, 22). While the explanation for the positive intercept has
been controversial (30), its existence was taken to reflect the
saturation of uptake by the brain. While species differences
may contribute to our failure to observe this intercept, another
possible explanation stems from the methods by which R, was
quantified in the present study. Previous clamp studies in
which the intercept was observed were performed in which ex-
ogenous glucose was unlabeled. This methodology has been
found by us and others (19, 31) to be flawed, in that R, (and
HGO) are underestimated because of dilution of the plasma
glucose pool with unlabeled glucose. Underestimation of R is
especially severe under conditions of high glucose turnover. It
is therefore possible that the presence of a positive intercept
on the glucose:R, curve may represent an artifact in the curve
due to underestimation of R, at high glucose, which would ef-
fectively “flatten out” the dose response curve. Consistent
with this explanation are the results of Lund-Andersen (32),
who observed no clear evidence for saturation of central ner-
vous system glucose uptake at fasting glucose, with an appar-
ent K, > 100 mg/dl. Further studies are indeed warranted to
more fully examine this possibility.

Despite high dose SRIF, we observed a slight increase in
insulin during the hyperglycemic clamp (Table I), although
levels remained below pre-SRIF concentrations. To quantify
the effects of this increase on HGO and Ry, we compared our
results to euglycemic insulin dose response studies performed
in our laboratory using GINF “spiked” with labeled glucose
(33, 34). This comparison indicated that during hyperglycemia,
the observed decrement in HGO was four- to sixfold greater
than that seen when comparable elevations in insulin were in-
duced at euglycemia. The increase in Ry was nearly eightfold
greater than at euglycemia. Furthermore, the decrement in
FFA noted during hyperglycemic clamps was 2.4-fold greater
than that seen during euglycemia, although control experi-
ments described herein suggest a possible additional influence
of time (see Results). Thus, we feel comfortable that the strik-
ing changes in HGO and R, observed during hyperglycemic
clamps represent the marked ability of hyperglycemia per se
on glucose fluxes.

The hyperglycemia-mediated increase in R;, which in-
cludes uptake by peripheral tissues and liver, is generally be-
lieved to occur by mass action, via an increase in intracellular
glucose-6-phosphate (35), as well as by activation of key rate-
limiting enzymes such as glucokinase and/or glycogen synthase
(35, 36). Recently, however, evidence has emerged indicating
GLUTH4 translocation to the plasma membrane by glucose it-
self in skeletal muscle (37). Glucose disposal during normoin-
sulinemic hyperglycemia may also occur in splanchnic and he-
patic tissues, but the analyses used in this study do not allow us
to identify specific tissues involved in glucose’s actions to stim-
ulate uptake. However, the present study does confirm that
glucose-stimulated Ry is a major contributor to glucose disap-
pearance after a transient (i.e., IVGTT) or sustained (i.e.,
clamp) hyperglycemic stimulus, and that there are both uptake
and glucose production components to glucose effectiveness.

Glucose Effectiveness Assessed under Steady State and Dynamic Conditions

The importance of glucose effectiveness to intravenous tol-
erance has been estimated from IVGTTs performed in dogs in
the presence of a full-blown B-cell response (4). These previ-
ous results indicate that ~ 50% of the increase in R, during in-
jected glucose was due to glucose effectiveness. If we assume
that glucose-stimulated glucose utilization (i.e., GErarruptake))
represents 72% of total glucose effectiveness, then the com-
bined effects of glucose on HGO and R, during the IVGTT
may account for 0.50 X 0.72 = 0.36, or 36% of glucose normal-
ization. This value in dogs is slightly lower than that observed
by Kahn et al. (38), who reported that in normal subjects,
nearly half of the variability in glucose tolerance could be ex-
plained by variability in glucose effectiveness (i.e., ? = 0.49).
This difference may be due to species differences, or may re-
flect the importance of basal insulin on glucose effectiveness,
since insulin was unintentionally underreplaced in the present
study. Thus, these data indicate that glucose effectiveness con-
tributes significantly to intravenous glucose tolerance even un-
der normal, nondiabetic conditions.

Since both IVGTTs and multistep hyperglycemic clamps
were performed on each animal, it is possible to compare glu-
cose effectiveness derived from intravenous glucose injection
to analogous measures obtained under steady state conditions.
Parameter GE vgrro) T€presents the increase in fractional
net glucose disappearance that would be predicted from a
given increase in plasma glucose, at fixed basal insulin. In this
study, GEyGrrgory = 0.0298 min~' (Table VI); this implies
that increasing the plasma glucose by 100 mg/dl, at basal insu-
lin, will increase net glucose disappearance by 2.98 mg/min per
dl of the glucose pool. When multiplied by the glucose distri-
bution volume (33.2 dl; see Table V), GEvgrrowy = 0.986 dI/
min. This can be compared to GEcy amp(totaly, Which when mul-
tiplied by each animal’s body weight (in kilograms), is ex-
pressed in similar units (deciliters per min). The clamp-derived
measure of total glucose effectiveness is 1.155 dl/min, which is
slightly, but not significantly greater than that obtained from
the IVGTT. Similar comparisons can be made for R; and
HGO components; when expressed in similar units, the mean
value of GE k) (0.690+0.084 vs 0.866+0.162 dl/min) and
GE 1160, (0.297%0.081 vs 0.259+0.017 dl/min) were not differ-
ent between the IVGTT and hyperglycemic clamp (P = 0.38
and 0.63, respectively). However, correlation of clamp-based
versus IVGTT-based measures was minimal (» = 0.22). This is
largely because of the relatively narrow range of glucose effec-
tiveness observed in our sample of normal dogs. In fact, this
r-value was similar to that obtained by simulation analysis. We
assumed the two methods yield identical values of glucose ef-
fectiveness in any individual dog, and 10% random error (e.g.,
due to known day-to-day variability in glucose effectiveness
[39]) was added; the maximum r-value possible was 0.24 [n = 8
simulations]). Thus, validation of glucose effectiveness re-
mains to be performed, and will be aided by newly described
agents which modulate glucose effectiveness in vivo (40).

It is also possible to compare GEcp ampuptake) Calculated in
this study with estimates obtained in the literature. By defining
this parameter as the change in R, for a given increment in glu-
cose, at fixed basal insulin, this working definition can be ap-
plied to the most widely used clamp-based index of glucose ac-
tion, non—insulin-mediated glucose uptake (41-43), defined as
R, during somatostatin-induced insulinopenia. Baron and co-
workers (41) report that in humans, when glucose was raised
from 88 to 220 mg/dl at “zero” insulin in normal subjects, Ry
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rose from 128 to 213 mg/min. Thus, clamp-based GE ey =
0.644 dl/min for non-insulin-mediated glucose uptake data ob-
tained at zero insulin. This value is slightly lower than that ob-
tained from our clamps (0.866 dl/min), and consistent with the
fact that the current study was performed at near-basal insulin.

Given the preponderance of studies in which models of glu-
cose kinetics have been applied to the IVGTT (15, 17, 18, 44—
46), it is valid to question the contribution of the present
model and its application in this study. The uniqueness of the
present study lies not in the model per se, but in its application
to an experimental protocol designed solely to quantify glu-
cose effectiveness and its component factors. Unlike previous
estimates of glucose effectiveness from the IVGTT (2, 10), we
blocked the insulin response with SRIF to create a simpler glu-
cose dynamic in which changes in disappearance depend solely
on glucose itself. The optimal model could then be designed
without needing to account for insulin action, thereby avoiding
any potential interference of insulin on model choice or esti-
mation of glucose effectiveness (7). Finally, adding tracer to
the glucose bolus enabled us to assess the discrete actions of
glucose on uptake and production. With a specific, well-defined
experimental protocol in hand, we determined that the two-
compartment model (Fig. 1) was the best representation of la-
beled glucose dynamics after injection, based on multiple
goodness-of-fit criteria (see Appendix). The chosen model is
structurally similar to those previously proposed (17, 18, 46, 47).

There are two reasons to suggest that values of glucose ef-
fectiveness and its component parts are accurate in the present
study. First, we have previously performed SRIF-suppressed
IVGTTs in normal dogs to measure glucose effectiveness di-
rectly (3), and the results compared with values obtained by
minimal model analysis (since tracer was not injected, only to-
tal S was estimated). From those studies, glucose effective-
ness measured directly was 0.025 min !, and minimal model
estimates obtained from standard and tolbutamide-modified
IVGTTs were 0.033 and 0.028 min™! (3). Thus, all three mea-
sures obtained in dogs (direct estimate in absence of secreted
insulin, and two minimal model parameters) were remarkably
similar to the value of GEyGrr(iotal Obtained from the presum-
ably more accurate two-compartment model approach used in
the present study in dogs (0.0298 min™!; Table VI). Finally,
values of glucose effectiveness calculated from hyperglycemic

clamps in dogs indicate that the relative contribution of
GE (ypiakey and GE 60y is remarkably similar to that obtained
from two-compartmental analysis of the IVGTT with tracer
injection during SRIF. This evidence suggests that certain
prior attempts to quantify glucose effectiveness and its uptake
component may have to be reexamined to further clarify dif-
ferences in results. It appears that the actual value of glucose
effectiveness in dogs is ~ 0.030 min~!, which validates many
studies using the minimal model (4).

Two known IVGTT approaches to study glucose effective-
ness have been widely published. The usual approach to esti-
mation of glucose effectiveness is the minimal model, applied
to the IVGTT with unlabeled glucose injection (2, 3, 48). (In-
sulin secretagogues have been introduced at 20 min after glu-
cose injection to improve accuracy of parameter estimation
[49]). This approach was designed to determine overall Sg,
with both uptake and HGO components, since tracer is not in-
jected to segregate these effects. The second approach is the
use of modified minimal models, applied to IVGTTs in which
labeled glucose is injected along with cold glucose (10, 50, 51).
This latter approach is used to determine both total glucose ef-
fectiveness and its uptake component. Both of these IVGTT
protocols are characterized by an unrestrained glucose-stimu-
lated insulin response. Glucose effectiveness quantified in the
present study can be compared to glucose effectiveness calcu-
lated from these two approaches.

Cobelli et al. (10) have proposed a protocol using the la-
beled IVGTT—glucose plus tracer (radioactive or stable) in-
jection, with a normal insulin response—combined with modi-
fied minimal model analysis to estimate both total glucose
effectiveness, and the uptake component, termed Sg*. They
have reported that Sg* was 0.0092 min~! in normal subjects,
which is only 45% of the GE ygrruptake) Teported here (0.0206
min~!; Table VII). From the same previous study, total S was
estimated at 0.042 min ™!, which is 41% greater than GEpygrrota)
obtained in the present study (0.0298 min~!). Based upon the
previous results, data of Cobelli et al. would suggest that glu-
cose’s effect to suppress HGO would dominate overall glucose
effectiveness, as Sg* represents only 31% of total Sg. (More
recently, this group reported lower values of S;* and Sg in
normal subjects [0.0080 and 0.0255 min~!]; however, the con-
tribution of the uptake component remains 31% [8]). It is pos-

Table VII. Comparison of Glucose Effectiveness Estimates between Two-Compartment Glucose Distribution Analysis and the

Minimal Model (Single Glucose Compartment)

IVGTT Protocol Glucose effectiveness estimates (min ')*
No. glucose
Glucose data analyzed Insulin response? compartments Overall GE GE (R4 only) Reference
Labeled and unlabeled No Two 0.0298+0.0022 0.0206=0.0014 Current study
Labeled and unlabeled Yes One* 0.042=0.009 0.00920.0009 (10)
Labeled and unlabeled Yes One* 0.0255+0.0021 0.00800.0012 (8)
Unlabeled Yes One 0.033+0.004 NAS 3)
Unlabeled Yes One 0.028=0.003 NA @)

#One-compartment model represents the minimal model, modified in references 8 and 10 to analyze both labeled and unlabeled glucose.Data ob-
tained from glucose + tolbutamide IVGTT. *All glucose effectiveness values derived from the minimal model were adjusted for differences in distri-
bution volume to permit comparison between one- and two-compartment representations (see Discussion). There was no statistical difference be-
tween GE parameters representing combined actions of glucose on HGO and R, (overall GE). However, glucose effectiveness for glucose uptake
from Cobelli et al. (=Sg*; [8, 10]) was significantly lower than GEygrruptake) Obtained from the present study (P < 0.005). *Not available. Estimates
of the uptake component of glucose effectiveness cannot be obtained without labeled glucose data.
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sible that a single compartment of glucose kinetics as used by
Cobelli et al. is insufficient to fully account for both cold and
labeled glucose kinetics during the IVGTT. The possible influ-
ence of a full insulin profile, which is elicited in the Cobelli ap-
proach but not in the SRIF-suppressed IVGTTs of the present
study, may also contribute to the disparate answers between
the two approaches. The advantage of the present approach is
that glucose effectiveness can be determined in the absence of
the potentially confounding effect of dynamic insulin. Without
insulin, it was clear that the dominant effect of glucose itself
was on glucose uptake (~ 70%), with only a lesser hepatic
component (~ 30%).

In conclusion, this study provides the first quantitative
analysis of glucose effectiveness and the relative contributions
of glucose-mediated stimulation of glucose disposal and sup-
pression of endogenous glucose production to overall glucose
effectiveness. By using a two-compartment representation of
glucose kinetics, we observed that the dominant action of glu-
cose is to stimulate Ry (GE ypuie) = 72% of total glucose effec-
tiveness). Interestingly, while glucose’s effect to inhibit pro-
duction (GE60)) is quantitatively smaller than GE e
(0.0092 vs 0.0206 min~!, respectively), it is highly variable in
normal animals and may indeed exceed glucose’s actions on
utilization. Thus, it is important to recognize that glucose ef-
fectiveness is not insulin-independent glucose uptake alone,
but rather includes a significant autoregulatory action to sup-
press endogenous glucose supply. Whether the relative contri-
butions of uptake and production, or the tissues involved in
these processes, may vary in pathologic states such as diabetes
remains to be investigated.

Appendix

Determination of optimal model structure. To determine the
optimal model, we sought to develop a model that was struc-
turally simple enough for precise parameter identification
through experiments, yet of sufficient complexity to explain
experiment results without significant bias. In this study, we
determined the minimal number of compartments that were
necessary to describe both unlabeled and labeled glucose dy-
namics when the normal insulin secretory response was sup-
pressed by SRIF. For linear compartmental models, the solu-
tions are well-defined. Generally speaking, the solution to a
model of n number of compartments will be a linear combina-
tion of n exponential terms (16, 52).

We compared one, two, and three exponential fits to the la-
beled glucose data from IVGTTs performed in each of eight
dogs, the kinetics of which are determined by R, alone. Ade-
quacy of model fits was determined by residual time course
and five goodness-of-fit indices (53): unweighted or weighted
residual sum-of-squares (SSQ and SSQ,,), weighted Akaike
Information Criterion (AIG,), and unweighted or weighted
mean percent fractional standard deviation (mean %FSD and
%FSD,,).

The average model fits and residuals of the fits are shown
in Fig. Al. Individual model fits for each dog reveals similar
trends shown in Fig. A1 (data not shown). The monoexponen-
tial function fit poorly to the tracer dynamic over the entire
time scale, as evidenced by significant bias in the time course
of residuals. In contrast, no significant bias was found in either
two or three exponential fits. Statistical comparison of good-
ness-of-fit indices are presented in Table AI. Significant im-
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provement of SSQ and AIC was observed when the exponen-
tial number increased from one to two; the SSQ was reduced
15-fold (22.9 to 1.6), SSQ,, decreased by 90%, and AIC,, re-
duced 39%. No significant improvement in any index was
found by increasing the number of exponentials from two to
three. Finally, mean %FSD were satisfactory for both one and
two exponential fits (< 10% for both), but were unacceptably
large with the fit to three exponentials (> 10,000%).

Thus, the overall precision of parameter estimation for fit-
ting tracer data to three exponentials was inadequate in com-
parison to either one or two exponential fit. We concluded that
with all factors considered, the two-exponential function is the

20000
(L}-') one exponential
O ~ 10000
3 <
5 £
= 0
o8
Tl 5000 e
(V)I 0 2 a
o |
5000 Lt . . .
20000
% two exponential
Q = 10000
QE
o<
~ £
O a 0
I E 5000
ml
™, 0
5000 Ly
30 60 90 120 150 180
20000
% three exponential
O .~ 10000
3=
5 £
= 0
S8
re 5000
) ° T
Boop
0 30 60 80 120 150 180

TIME (minutes)

Figure Al. Exponential analysis of labeled glucose data to determine
the optimal degree of model complexity. Tracer data from each of
eight experiments were fit to one-, two-, and three-compartment
models. Average model fit, with residuals, are shown for each expo-
nential fit. Based upon multiple goodness-of-fit criteria, the two-com-
partment representation was deemed optimal for estimation of glu-
cose effectiveness from available data.
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Table Al. Goodness-of-Fit Indices for Various Model Fits

Model SSQ (10°) SSQ, AIC, Mean %FSD Mean %FSD,,
1 exponential 22.9%+3.0 159.54+18.2 134.47+3.39 5.66+0.14 3.24+0.17
2 exponential 1.57%0.50 19.77£3.74 82.49+4.74 6.68+1.59 9.26*2.62
3 exponential 1.34+0.52 16.16%2.70 82.18+3.86 > 10,000 > 10,000

Data are mean+SE (n = 8 for each model fit). SSQ represents the residual sum-of-squares, and AIC denotes the Akaike information criterion. Mean
%FSD is the fractional standard deviation for any given parameter. Subscript w indicates that inverse variance weighting has been applied for the

model fit.

best representation to describe labeled glucose data after in-
jection.

Finally, in the selected two-compartment model shown in
Fig. 1, HGO is defined as a linear function of plasma glucose
concentration (Eq. 3). While this relationship has been con-
firmed by the glucose clamp results presented in this study, as-
sumption of this linearity under dynamic conditions such as dur-
ing the IVGTT remain to be verified by further investigation.

Assumptions required for identifiability. The two-compart-
ment model in Fig. 1 is a priori unidentifiable by the plasma
glucose and tracer concentration profile alone. For the present
analysis, we assumed that at basal insulin, all glucose disap-
pearance occurs from the first compartment, i.e., ky, = 0 (17,
18). We examined the possible influence of this assumption on
our assessment of the relative contribution of glucose’s effects
on uptake and production to glucose effectiveness. We tested
two alternative assumptions in the calculation of relative con-
tributions of uptake and HGO to overall glucose effectiveness:
(a) that ko, = kg, (17, 44), and (b) that kg/ky, ~ 0.3, i.e., that
uptake from the second compartment is about one-third of
glucose uptake from compartment 1 at basal insulin (15). The
kg/ko; ratio was also varied evenly from 0 to 1.2 to cover the
assumptions listed above.

Relative contribution for each dog under various assump-
tions were calculated, and are shown in Fig. A2. We found that
the contribution of GEjvgrrptake) differed minimally (1.3%
and 3.0%) between the model under our ky, = 0 assumption,
and either the 1:3 partition or the kj, = k,; assumption. Although
initially surprising, we recognized that since GE,ygrruptakey and
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GEcrrmco) under these assumptions were determined by
the identical labeled and unlabeled plasma glucose dynamics,
the combination of all parameters from the model (ky;, kg, K15,
k,1, ki, and V;), under any assumption, must fit the same glu-
cose data. Hence, if GEvgrrwptake) and GEygrrmco) from our
two-compartment model adequately characterize both labeled
and unlabeled glucose dynamics, their relative contributions
should not vary when they are determined from the same glu-
cose and tracer profiles. Our analysis confirmed that the rela-
tive contribution of uptake and HGO to overall glucose effec-
tiveness was determined only by the labeled and unlabeled
glucose dynamics and was not affected by the ky, assumption.
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