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Abstract

We reevaluated the concept that the in vivo glucose disposal rate
in man is determined by the activity of the glucose transport
system. Rates of glucose disposal were determined in whole body
and across forearm at four insulin levels (~ 9, ~ 50, ~ 160,
and ~ 1700 xU/ml) and at each insulin level at four glucose
levels (~ 90, ~ 160, ~ 250, and ~ 400 mg/dl). At the lowest
insulin level, the Michaelis constants (K,:s) for glucose disposal
in whole body (8.7+1.1 mM) and across forearm (7.4+1.4) mM)
were compatible with a K, determined in vitro for the transport
system. At higher insulin levels, the apparent K, increased sig-
nificantly in whole body (16.2-37.7 mM) and across forearm
(20.7-31.2 mM). We interpret the apparent increase of K, by
insulin to reflect a shift in the rate-limiting step from glucose
transport to some step beyond transport.

Introduction

At present considerable controversy still exists regarding the rate-
limiting steps for glucose disposal’ in man. It has generally been
recognized that muscle is the major site of glucose disposal under
hyperinsulinemic conditions (1). In muscle, insulin activates both
glucose transport into the cell and its conversion to glycogen
(2). It has been assumed that glucose transport is the rate-limiting
step for glucose disposal by the muscle and that insulin regulation
of this process is responsible for insulin’s ability to increase glu-
cose disposal. In isolated muscle, glucose transport has been
shown to follow Michaelis-Menten kinetics (3, 4). In addition,
the preponderance of data indicate that insulin’s effect is to in-
crease the maximum transport rate (¥ ), probably by increasing
the number of functional transporters in the cell membrane
without changing the affinity of the transporter for glucose (K;)
(4). Gottesman et al. (5) showed that both basal and insulin-
stimulated rates of glucose disposal in vivo could be described
using Michaelis-Menten kinetics with a constant K, (§-12 mM)
similar to that determined in isolated muscle. This data suggested
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1. The term “disposal” is used throughout the text to describe the dis-
appearance of glucose from plasma, but this does not necessarily imply
intracellular glucose utilization, i.e., metabolism (see reference 6).
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that the assumption that glucose transport was the rate-limiting
step for glucose disposal was well founded. However, kinetic
analysis was performed over a range of glucose concentrations
(60-160 mg/dl) in which demonstration of saturation could not
be expected. Thus, any number of other models of glucose dis-
posal could have been fitted to the data (Fig. 1).

In an in vivo study in man, Ferrannini et al. (6) recently
showed that glucose distribution volume increases during insulin
stimulation and suggested that this was due to accumulation of
free intracellular glucose in insulin-dependent tissues. On the
other hand, attempts to demonstrate an increase in intracellular
free glucose by direct measurements in skeletal muscle have not
been successful (7, 8). These measurements, however, depend
upon the assumption that glucose is uniformly distributed
throughout the cell (7, 8). Studies in adipocytes (9) and smooth
muscle (10) suggest that there may be compartmentalization of
the cell with regard to sugars and sugar phosphates. Thus, the
fundamental assumption that free glucose must be demonstrated
intracellularly for steps other than transport to be rate limiting
may not be valid.

Recently we demonstrated that under hyperglycemic or hy-
perinsulinemic conditions glucose transport is not the rate-lim-
iting step for glucose disposal in the rat hindlimb (11). It might
be possible therefore that a similar limitation of the capacity of
muscle to metabolize glucose may exist in man.

In the present study we wanted to reevaluate the concept
that whole body glucose disposal follows saturation kinetics of
the Michaelis-Menten type with a K, characteristic of glucose
transport. This was done by measuring rates of glucose disposal
over a wide range of glucose and insulin concentrations. To
allow direct analysis of the role of muscle in determining the
rate of whole-body glucose disposal under various hyperglycemic
and/or hyperinsulinemic conditions, we made the glucose dis-
posal measurements across forearm muscle simultaneously with
those in the whole body. The results indicate that if high plasma
glucose concentrations are included, during insulin stimulation
glucose disposal cannot be described by saturation kinetics of
the Michaelis-Menten type with a K, characteristic of the glucose
transport system.

Methods

Subjects and study protocol. 22 male Caucasian volunteers were admitted
to the metabolic ward of Clinical Diabetes and Nutrition Section for
study. The subjects resided at the research ward throughout a 15-d study
period. After written informed consent was obtained, all subjects were
physically examined and a 12-lead electrocardiogram recorded. After an
overnight fast, blood was drawn for complete blood count, liver function
tests, blood-urea nitrogen, creatinine, electrolytes, calcium, total protein,
and albumin. None of the subjects was taking any medications and all
had a normal physical examination, electrocardiogram, and blood tests.
After 3 d on a weight-maintaining diet containing at least 200 g of car-
bohydrate per day, a 3-h oral glucose tolerance test (12) was performed.
The percent body fat of each volunteer was determined by underwater
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weighing with correction for the simultaneously measured residual lung
volume by helium dilution (13).

A total of 88 glucose disposal measurements were performed at four
different glucose concentrations on separate days (days 5, 8, 11, and 14
from admission) in the 22 subjects. Thus, each subject participated in
four studies. In all four studies, each subject received the same insulin
dose but plasma glucose was maintained at either 90, 160, 250, or 400
mg/dl (Fig. 2). The order of studies at the different glucose levels was
randomized. The subjects were divided into four groups, which received
insulin at infusion rates of 0 (n = 6), 20 (n = 5), 60 (n = 6), or 400 (n
= 5) mU/m?- min. The subgroups differing with respect to the insulin
infusion rate were matched for age, body weight, and composition, and
for glucose and insulin levels during the oral glucose tolerance test (Table
I). Each subject had normal glucose tolerance.

Glucose disposal measurements. Following an overnight fast three
catheters were inserted. Catheter 1 was placed in an antecubital vein for
infusion of glucose, somatostatin, [3-H*]glucose and insulin. Catheter
2 was inserted in an ipsilateral heated dorsal hand vein for sampling of
arterialized venous blood (14). The use of a heated superficial hand vein
as a replacement for an artery has been previously validated for mea-
surement of glucose kinetics in man (14, 15). Catheter 3 was threaded
into the contralateral arm in the deep branch of the median cubital vein
for sampling of blood draining the forearm muscle (16). The protocol
for the infusions and infusion rates used to measure glucose disposal at
different glucose and insulin levels is diagrammed in Fig. 2. The insulin
infusions (porcine monocomponent insulin, Nordisk-USA, Bethesda,
MD) were given in a primed continuous manner as previously described
(2, 17). Somatostatin (Sigma Chemical Co., St. Louis, MO) was infused

Glucose
goal {mg/dl)

90 (ne6)
180 (n=6)
250 (n=6)
400 (n=6)
90 (ne5)
160 (n=3)
250 (n=5)
400 (ns5)
90 (n=6)
160 (n=6)
250 (n=6)
400 (n=6)

Insulin infusion
rates

GLUCOSE INFUSION

[3-H3)-GLUCOSE INFUSION
(30uCi, 0.3uCi/min)

SOMATOSTATIN INFUSION
(500ug/h)

INSULIN INFUSION

400 mU/m2. min 90 (n=5)
160 (n=85)
-
DN 20 (et
L— 1 J
[ 90 120
TIME (min)

Figure 2. Design of the study. Hatched area denotes the time period
for the blood flow measurements.
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Table I. Characteristics of Subjects

Insulin infusion rate (mU/m? - min)

0 20 60 400

n 6 5 6 5
Age yr 27+2 28+2 29+2 28+2
Body mass index

kg/m? 23.1+1.4 23.8+1.1 21.7£1.1 21.2+1.0
Fat % 15+4 17+£3 1743 14+3
Fasting glucose

mg/dl 91+2 86+4 90+2 9242
2 h. glucose

mg/dl 106+14 1067 94+9 109+5
Fasting insulin

wU/ml 16+2 14+1 15+2 18+2
2 h insulin

wU/ml 78+12 68+30 3749 60+13

Results are expressed as means+SEM.

in all studies to suppress endogenous insulin secretion (Fig. 2). Plasma
glucose was adjusted to the desired level within 0-30 min from start of
the insulin infusion with a variable rate infusion of glucose based on
plasma glucose determinations (18) every 2.5-5 min (17). Plasma insulin
concentrations were measured by radioimmunoassay using Herbert’s
modification (19) in arterialized venous blood samples taken at 0, 30,
60, 90, and 120 min. The [3-H>]glucose infusion was given as a bolus
(30 uCi) followed by 0.3 uCi/min. The mean plasma glucose and insulin
concentrations attained in the different studies are shown in Table II.

Whole-body glucose disposal. The appearance rate of glucose (R,) in
the plasma was calculated from the plasma [3-H*]glucose specific activities
using Steele’s equations (20, 21). Steady-state values over the last 30 min
of each study were used for statistical analyses. In the group that received
no insulin but only somatostatin and glucose, endogenous R, was sup-
pressed by 2249, 40+11, 47+5, and 83+6% at glucose levels of 90, 160,
250, and 400 mg/dl, respectively. Complete suppression of endogenous
R, was found at the second lowest insulin infusion rate (20 mU/m? - min)
at all glucose levels. At this insulin level, the rates of glucose disappearance
(Rg:s)’ for glucose were comparable regardless of whether they were de-
termined from the infusion rate of exogenous glucose or from glucose
specific activities using Steele’s steady-state (20) or non—steady-state (pool
fraction, 0.65; reference 21) equations (3.1+0.3 vs. 2.8+0.3 vs. 2.7+0.6
mg/kg body wt/min at 90 mg/dl, 5.3+0.5 vs. 4.7+0.5 vs. 4.9+0.5 at 160
mg/dl, 5.8+0.7 vs. 5.0+£0.4 vs. 5.1+0.7 mg/kg body wt/min at 250 mg/
dl and 8.2+2.0 vs. 8.8+1.1 vs. 7.8+1.0 at 400 mg/dl, for R4:s calculated
from glucose infusion rates, steady vs. non-steady-state equations, re-
spectively). However, at higher rates of glucose disposal, the isotopically
determined R,:s became negative, in keeping with the findings of Fer-
rannini et al. (6) and Bergman et al. (22). To avoid underestimation of
R4, we used the actual glucose infusion rate as the measure of total Ry
in all groups that received an insulin infusion. Total R4 was then corrected
for urinary glucose loss to reflect the actual R4 by tissues.

Forearm glucose disposal. Total forearm glucose disposal (mg/dl
forearm tissue - min) was determined by multiplying total forearm blood
flow (ml/dl forearm - min) with the arterialized-venous-blood—deep-ve-
nous-blood difference (mg/ml) for glucose. Forearm blood flow was
measured using capacitance plethysmography (model 2560, UFI, Morro
Bay, CA). The change in voltage induced by venous occlusion was com-
pared with the voltage induced by injection of a standard volume into
the forearm. Forearm volume was determined by water displacement.
Arterialized venous and deep venous blood samples for measurement

2. Abbreviation used in this paper: Ry:s, rate of glucose disappearance.



Table II. Plasma Glucose and Insulin Concentrations, and
Blood Flow Rates across the Forearm during the Studies

Insulin infusion rate (mU/m?- min)

Glucose goal 0 20 60 400
90 mg/dl
SSPG mg/dl 91+2 90+1 89+1 90+1
SSPG-CV* % 3+1 2+1 3+1 2+1
SSPI uU/ml 7+2 45+1 17014  1,710%251
SSPI-CV* % 15+6 4+1 9+3 3+1
Flow ml/dl-min  2.6£0.3 2.6£0.4 3.1+0.3 3.0+0.3
160 mg/dl
SSPG mg/dl 160+2 159+2 15743 1611
SSPG-CV % 3+1 3+l 4+1 2+1
SSPI pU/ml 7+1 4742 165+9 2,018+184
SSPI-CV % 20+5 7+3 10+3 242
Flow ml/dl-min  3.0+£0.2 2.4+0.1 3.4%0.2 3.1+0.4
250 mg/dl
SSPG mg/dl 259+3 2534 247+4 255+3
SSPG-CV % 2+1 2+1 2+1 3+1
SSPI pU/ml 10+2 48+4 16210  1,800%+241
SSPI-CV % 7+5 10+4 15+4 4+1
Flow ml/dl-min  2.840.2 2.4+0.2 3.0+0.2 3.5+0.6
400 mg/dl
SSPG mgy/dl 402+5 431+6 405+11 42410
SSPG-CV % 2+1 2+1 2+1 4+1
SSPI uU/ml 10+2 48+4 169+10  1,731+285
SSPI-CV % 28+6 5+2 10+2 8+1
Flow ml/dl-min  3.3£0.2 3.5+0.5 3.2+0.2 3.4+0.6

* Coefficient of variation of plasma glucose.
# Coefficient of variation of serum insulin (mean+SEM of 30, 60, 90,

and 120-min values).

of plasma glucose and glucose specific activities (23) were obtained si-
multaneously and at 90, 100, 110, and 120 min in each study. Plasma
glucose values were converted to whole blood values by multiplying the
plasma value with 1-0.30 X hematocrit (24). Before and during blood
sampling, blood flow to the hand was interrupted for 2 min by a pediatric
blood pressure cuff inflated to 250 mmHg. Blood flow was measured
immediately after blood withdrawal.

The amount of glucose taken up by forearm muscle was calculated
based on the following experiments and assumptions.

(a) Muscle mass. In six separate subjects, the percent muscle by vol-
ume in forearm was determined by computerized planimetry (Hipad
Digitalizer, Houston Instrument Co., Austin, TX) from serial nuclear
magnetic resonance (NMR) scans covering the section of the forearm
between the blood pressure cuffs. The percent muscle in forearm was
related to the percent fat-free mass (100 — % fat [underwater weighing])
as follows: % muscle in forearm = —4.090 + 0.745 X (% fat-free mass)
(r =0.79, P < 0.05). In the 22 subjects with a mean percent fat of 14.5%
(range, 5.0-29.0%) the mean of the predicted percent muscle in forearm
was 59.6% (range, 48.7-66.7%).

(b) Flow. The blood flow in forearm muscle follows the function:
muscle flow = 0.47 X total forearm flow + 0.83 (25).

Data analysis. The dose-response curves for Ry vs. glucose were fitted
to a four-parameter logistic equation using a least mean square iterative
routine (26): Ry = (@ — Vmax)/(1 + [G/K,]®) + Vimax, Where a = response
at 0 glucose, V. = response at an infinite glucose concentration, K,
= the 50% maximally efficient dose. b = slope factor and G = plasma
glucose concentration. If b = 1, the above equation equals the Michaelis-
Menten equation: Ry = (Vo) X (G)/((K, + [G]).

Before searching for the best fit for the observed means, nonuniformity
of the variance of the response was estimated by a weighing fiinction
(26). Groups of dose-response pairs (glucose concentration followed by
individual values for rates of glucose disposal) were then entered to obtain
the best fit at each insulin concentration. Goodness of fit was evaluated
on the basis of residual variance, by the use of the extra sum of squares
principle. Deviations of observed responses from predicted responses
was tested by the number of “runs” of positive or negative residuals (26).
For each observed best fit, the data points were randomly distributed
(i.e., “runs” test > 0.05) around the fitted curve, indicating appropri-
ateness of the model. The program described by DeLean et al. for si-
multaneously fitting several dose-response curves based on the four-pa-
rameter logistic equation allows rigid statistical analysis of shared pa-
rameters for several curves without having to predefine any of the
parameters (26). We did, however, assume a to be zero, i.e., glucose
disposal to be zero in the absence of glucose. Comparison of means was
done by the paired or unpaired Student’s ¢ test after one-way analysis of
variance or analysis of variance for repeated measures, respectively.

Results

Whole-body glucose disposal

Insulin ~ 9 uU/ml. At the lowest insulin level, the best fit for
whole-body Rjg:s over the glucose range 90-400 mg/dl was com-
patible with the Michaelis-Menten equation. The predicted K,
and V., were 8.7+1.1 mM and 6.4+0.5 mg/kg - min (Fig. 3).

Insulin ~ 50 pU/ml. The K, and V., averaged 19.8+9 mM
and 17.0+5.8 mg/kg- min, respectively (Fig. 3). As shown in
Fig. 3, the observed increase in R4 as a function of plasma glucose
was less than expected, assuming a Vp,, of 17.0 mg/kg - min and
an unchanged KX; similar to that observed at the lowest insulin
level (8.7 mM). The goodness of fit for the data assuming a K,
of 8.7 mM instead of the observed K; of 19.8 mM differed almost
significantly from the best fit (P = 0.06, Table III).

Insulin ~ 160 uU/ml. The K, (24.8+7.4 mM) at this insulin
level was significantly (P < 0.05) higher than that found at the
lowest insulin level. Consequently, the observed Rg4:s were lower
than what would be predicted for an unchanged K; (Fig. 3). The
best fit for the data was different (P < 0.02) from the fit where
K, was constrained to 8.7 mM and V,,,, was constrained to the
predicted 43.3+8.1 mg/kg - min (Table III).

WHOLE BODY Ry vs. GLUCOSE

8

(mg/kg -min)

Rate of glucose disposal
3

o “—200 300 600
Plasma glucose (mg/dl)

Figure 3. Whole-body glucose disposal vs. plasma glucose at different
insulin levels. (v), (@), (a), (8) Mean rates of glucose disposal at insulin
levels of ~ 9, ~ 50, ~ 160 and ~ 1,700 pU/ml, respectively. Solid
lines depict the best fits for the data; dashed lines depict fits for the
data assuming a constant K, similar to that found at the lowest insulin

level (8.7 mM).

Glucose Disposal in Man 1715



Table III. Tests for Goodness of Fits of Rates
of Whole-Body Glucose Disposal vs. Plasma Glucose
Using a Four-Parameter Logistic Function at Insulin
Levels of ~ 50, ~ 160, and ~ 1,700 pU/ml

Whole body R,
' Significance
Insulin Fit Parameters F test* vs. best fit
50 pU/ml A at=0 _
b= 1.1
B a=0 0.44 NS
b=10
K, = 19.8 mM
Vmax = 17.0 mg/kg - min
C a=0 154 P<0.1
b=10 '
K, = 8.7 mM
Vinax = 17.0 mg/kg - min
~ 160 pU/ml A a=0 _
b=09
B =0 64 NS
b=1.0
K, = 24.8 mM
Vmax = 43.3 mg/kg - min
C a=0 798 P<0.02
b=10
K, = 8.7 mM
Vmex = 43.3 mg/kg - min
~ 1,700 pU/ml A a=0
b=1.0
B a=0 0 NS
b=10
K, =259 mM
Vmax = 59.6 mg/kg - min
C a=0 419.2 P <0.005
b=10
K, = 8.7 mM

Best fit (4) is compared with a fit that follows Michaelis-Menten kinet-
ics, i.e., b = 1, with the observed K, (B) or with a K, similar to that
observed at the lowest insulin concentration (C). Unconstrained curve
fitting or fitting assuming only a = O resulted in inappropriate fits as
judged from the randomness of residuals tested by the “runs” test (26)
of positive or negative residuals. Therefore, the best fit for the least’
constrained curve (a and b constrained) was used as a basis for the F
tests. *F ratio reflects gain in the number of degrees of freedom vs.
gain in the number of the sum of squares of residuals. A small F (~ 1)
indicates appropriateness of the constraints (a, b, K;, Vi)

* a = rate of glucose disposal at the plasma glucose concentration 0
mg/dl.

¥ b = slope factor (if b = 1, the four-parameter equation becomes the
Michaelis-Menten equation). ’ )

Insulin ~ 1700 pU/ml. The apparent K, for glucose disposal
averaged 25.9+5 mM, which was significantly (P < 0.01) higher
than that observed at the lowest insulin level (Fig. 3). Also, the

1716  H. Yki-Jirvinen, A. A. Young, C Lamkin, and J. E. Foley

best fit for the data was different (P < 0.005) from the fit assuming
an unchanged K; (Table III). The predicted V. was 59.6+7.5
mg/kg - min.

Forearm glucose disposal

Glucose disposal by the forearm followed in general the same
pattern as at the level of the whole body (Fig. 4). Thus, in the
basal state the K; (7.4+1.4 mM) was compatible with a K, for
the transport system. At higher insulin levels, the process deter-
mining the rate of glucose disposal had a lower apparent affinity
for glucose (Ky:s 18.1%7.5, 16.2+9.2, 37.7+20.7 mM at insulin
levels of ~ 50, 160, and 1,700 pU/ml, P < 0.05 vs. basal) than
what would have been predicted if glucose disposal followed
Michaelis-Menten kinetics with an unchanged K (Fig. 4, Table
IV). Neither insulin nor glucose changed the rate of blood flow
across the forearm (Table II).

The fraction of total glucose Ry attributable to total body
muscle tissue extrapolated from forearm muscle averaged 33+6%
at the lowest insulin and glucose level. At the next glucose level
(160 mg/dl) at the lowest insulin level, this fraction was 70+10%.
At all higher glucose or insulin levels, this fraction remained
constant and averaged 68+3%. The correlation coefficient be-
tween total body glucose disposal and forearm glucose disposal
was 0.87 (P < 0.001; Fig. 5). ’

Discussion

Study of glucose kinetics in the whole body is complicated by
several methodological problems. First, neither very low nor
maximal glucose disposal rates can be accurately determined
because only a narrow range of glucose concentrations can be
used in vivo. Second, initial rates of glucose disposal are difficult
to measure because of the time required for glucose and insulin
to reach the insulin-sensitive tissues and for insulin to exert its
action. Even so, concentrations of insulin and glucose at the
tissue level may not reflect those in plasma. Finally, glucose
kinetics in whole body represents the kinetic behavior of several
rather than one tissue. Despite these limitations, Gottesman et
al. (5) proposed that whole-bady glucose disposal both in the
basal state and during insulin stimulation follows saturation ki-
netics of the Michaelis-Menten type and has a K characteristic
of the glucose transport system (6-12 mM, 5, 27-29). However,
in the study of Gottesman et al. (5), saturation could not be
demonstrated. The way glucose disposal was predicted to ap-
proach saturation beyond the glucose range studied is shown in
Fig. 1. In the present study, when measured over a wide range
of glucose and insulin concentrations, glucose disposal rates did

Forearm Rq vs. Glucose

Figure 4. Glucose disposal by
forearm vs. plasma glucose. (v),
(@), (a), (w) Mean glucose dis-
posal rates at insulin levels of
~ 9, ~ 50, ~ 160, and

~ 1,700 pU/ml, respectively.
Lines depict the best fit for the
glucose disposal rates at various
insulin levels.
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Table IV. Tests for Goodness of Fits for Rates of
Forearm Glucose Disposal vs. Plasma Glucose at Insulin
Levels of ~ 50, ~ 160, and ~ 1,700 upU/ml

Forearm Ry
Significance
Insulin Fit  Parameters Ftest vs. best fit
~ 50 pU/ml A a=0
b=14
B a=0 22 NS
b=1.0
K, = 18.1 mM
Vnax = 2.79 mg/dl - min
C a=0 11.3 P<0.1
b=1.0
K = 7.4 mM
Vnax = 2.79 mg/dl - min
~ 160 xU/ml A a=0
b=1.1
B a=0 0.1 NS
b=1.0
K, =16.2 mM
Vemax = 5.26 mg/dl - min
C a=0 83 P<0.1
b=10
K, =74 mM
Vnax = 5.26 mg/dl - min
~§L,700pU/ml A a=0
b=1.0
B a=0 0 NS
b=10
K, = 37.7mM
Vimax = 13.4 mg/dl - min
C a=0 373 P<0.05
b=1.0
K,=74mM
Vax = 13.4 mg/dl - min

For explanation of abbreviations see Table III.

not follow the Michaelis-Menten equation with a constant K,
in the range proposed by Gottesman et al. (5) except in the
presence of a low insulin level (9 xU/ml) and at low rates of
glucose disposal (2-5 mg/kg- min). At the higher insulin levels
and rates of glucose disposal, the apparent K, increased signifi-
cantly, a finding which clearly contradicts the prediction of a
constant K, by Gottesman et al. (5). Recently, Fink et al. (27)
examined the effect of hyperglycemia on in vivo glucose disposal
in elderly and young subjects at an insulin concentration of
~ 100 pU/ml. The mean rate of glucose disposal at 250 mg/dl
was not significantly different from that at a glucose concentra-
tion of 350 mg/dl (27). Based on this lack of difference in the
mean rates of glucose disposal, Fink et al. (27) then assumed
that glucose disposal was maximal at 350 mg/dl and obtained
K.:s of 100 mg/dl by calculating the concentration of glucose

Rgq Whole Body vs. Forearm
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required to stimulate glucose disposal 50% of the rate found at
the glucose concentration of 350 mg/dl. When Fink et al. (27)
analyzed their data more rigorously, i.e., by not assuming that
glucose disposal was maximal at 350 mg/dl and by using Eadie-
Hofstee plots, the Kys were ~ 300 mg/dl (17 mM) in both
groups. These K, values are approximately twofold higher than
those predicted by Gottesman et al. (5) using lower glucose con-
centrations but comparable with those found in the present
study (20 and 25 mM at insulin concentrations of 50 and 160
uU/ml).

To avoid some of the problems associated with measurement
of glucose kinetics at the level of the whole body, we also de-
termined glucose disposal rates across the forearm. This tech-
nique has been used to measure substrate fluxes across a muscle
bed. Extrapolation from forearm glucose uptake to total muscle
uptake is based on several assumptions including the estimation
of blood flow distribution in forearm tissues and the determi-
nation of muscle mass in both the forearm and the whole body.
Errors in these estimations lead to imprecise estimates of glucose
disposal rates. The use of arterialized venous blood as a substitute
for true arterial blood has become widely accepted although the
arterial glucose concentration has been found to be ~ 0.5-2%
(14, 15) higher than the glucose concentration in arterialized
venous blood at a glucose concentration of ~ 90 mg/dl (14, 15).
In the study of McGuire et al. (15), the fractional loss of glucose
(~ 2%) was found to be unaffected by hyperglycemia (hyper-
glycemic clamp; glucose, 220 ‘mg/dl). If our results are recal-
culated assuming that the heated vein glucose concentration was
2% lower than the arterial glucose concentration over the whole
range of glucose concentrations, the K;:s at the lowest and highest
insulin concentration would be 9.9 and 26.4 mM, respectively,
i.e., not different from the estimates obtained using the measured
heated vein glucose concentrations of 8.7 and 25.8 mM. Thus,
the effect of the difference in the glucose concentration between
arterial and arterialized venous blood on our results seems to
be small, however, it should be noted that there are no data of
the magnitude of the difference above the glucose concentration
220 mg/dl.

Regarding the possible error in muscle mass estimation, in
addition to determining fat-free mass by underwater weighing,
we determined the muscle content of the forearm in six subjects
by sequential NMR scanning to obtain an equation that would
allow us to correct for individual variations in forearm muscle
content instead of using a fixed value. Our estimate of the mean
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fraction of forearm made up of muscle tissue (0.60) is similar
to the value found in dissection studies of five forearms by Cooper
et al. (0.63) (25). Although leg muscle might be more represen-
tative of whole body muscle than forearm muscle because of its
larger mass, it was ethically impossible to perform repeated fem-
oral vein catheterization measurements in our volunteers. Fur-
thermore, when the amount of glucose taken up by forearm
muscle was extrapolated to total body muscle, muscle tissue
accounted for 70% of total body glucose disposal, an estimate
slightly lower but relatively close to that (85%) found by De-
Fronzo et al. (1) from leg vs. whole-body glucose disposal mea-
surements. When the kinetic constants were estimated across
the forearm, they corresponded to those seen in the whole body.
At all insulin levels except the basal, glucose disposal increased
almost linearly with increasing glucose concentration and thus
did not follow the expected Michaelis-Menten equation (Fig. 7).

Qur finding of a K, characteristic of the glucose transport
system in muscle (6-11 mM; 28-30) at low rates of glucose
disposal is compatible with glucose transport being rate-limiting
for glucose disposal. The apparent increase in the K; at higher
rates of glucose disposal could be due to a decrease in the affinity
of the glucose transport system for glucose. However, in in vitro
studies in muscle (3, 4) as well as other tissues (31), the stimu-
lation of glucose transport activity by insulin has been shown
to occur through an increase of the maximum transport velocity
rather than a change in the apparent affinity of the carrier for
glucose. In a few studies in adipocytes (32) and muscle (33),
insulin has been reported to both increase the apparent affinity
(decrease the K;) of the transporter for glucose and increase the
maximum velocity. Thus, it is unlikely that the increase in the
apparent K, observed in the present study reflects a change in
the affinity of the glucose transport system. Rather we would
suggest that the apparent increase in the K, reflects a shift in the
rate-limiting step from glucose transport to some step beyond
transport.

Our conclusion that glucose transport cannot be rate limiting
under hyperinsulinemic conditions is in agreement with the early
studies of Morgan et al. (30, 34, 35) in the perfused rat heart
and the more recent findings in the rat hindlimb (11). In the
studies of Morgan et al. (30, 34, 35), glucose disposal in the
absence of insulin reached a plateau above 300 mg/dl perfusate
concentrations and had a K, of 9 mmol/liter. Under these con-
ditions, only very low levels of intracellular free glucose were
present. During insulin stimulation, glucose disposal showed less
of a tendency to reach a plateau at high concentrations of glucose,
and the K; increased about threefold to 25 mmol/liter due to a
shift on the rate-limiting step from transport to phosphorylation.
Recently, a shift in the rate-limiting step was also demonstrated
in rat skeletal muscle (6) using a kinetic approach to resolve the
rate-limiting step for glucose disposal. In the perfused rat hind-
limb, glucose disposal plateaued rapidly in the absence of insulin
ata glucose level of ~ 140 mg/dl. At submaximally or maximally
stimulating insulin concentrations, however, glucose disposal
had not reached its maximum at 400 mg/dl (11). These findings
are almost identical to those found in the present study across
the forearm: a plateau in glucose disposal in the basal state was
reached at glucose levels of ~ 160-200 mg/dl, whereas at sub-
maximal or at maximal insulin levels glucose disposal showed
no tendency to saturate even at 400 mg/dl (Fig. 4). Because
saturation should occur at the same glucose level and K, should
be constant at each insulin level if glucose disposal followed
Michaelis-Menten kinetics, these data obviously are incompatible
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with the view of glucose transport is rate limiting during hyper-
insulinemic conditions. We cannot, however, exclude the pos-
sibility that some step beyond transport is rate limiting already
at the lowest insulin level over the range of glucose concentrations
used to determine glucose disposal. In the rat hindlimb, where
initial glucose transport rates could be determined both in the
absence and presence of insulin, glucose transport was not rate
limiting in the absence of insulin under hyperglycemic conditions
(glucose > 160 mg/dl) (11). Because it is not possible to measure
glucose disposal rates at low glucose concentrations in man, we
cannot be sure whether saturation of glucose disposal at the
lowest insulin level was due to saturation of glucose transport
or some intracellular pathway.

A change in the rate-limiting step for glucose disposal is also
in agreement with the recent findings of Ferrannini et al. (6),
who used a physiological compartmental model to describe ki-
netics of glucose in normal man in the basal state and under
steady-state conditions of euglycemic hyperinsulinemia. The
distribution space of glucose in the slow pool reflecting insulin-
sensitive tissues was found to be rate dependent; at high (> 6
mg/kg - min) rates of glucose disposal the exchangeable mass of
glucose was markedly increased, suggesting the accumulation of
free intracellular glucose. However, in vitro studies in rat muscle
and measurements of intracellular glucose during insulin stim-
ulation have yielded conflicting results. When the glucose space
has been calculated from the ratio of glucose in plasma water
vs. muscle tissue, no increase has been found (7, 8). On the other
hand, the question of whether the possible increase in intracel-
lular glucose actually is measurable with this approach has not
been addressed in these studies (7, 8). For example, the intra-
cellular water available for glucose distribution in muscle has
not been determined (7, 8). In adipocytes, an intracellular dif-
fusion barrier seems to exist between the transport site and the
site of phosphorylation (9, 36), but whether similar compart-
mentalization exists in muscle is unknown. In the perfused rat
heart (35), insulin increased the muscle glucose space. Whether
the difference in the type of muscle, its capillary supply, or the
methods used to determine the glucose space in the muscle cell
or some other factor(s) account for these divergent findings re-
garding accumulation of intracellular glucose has not been re-
solved.

In summary, glucose disposal in the basal state could be
described with saturation kinetics of the Michaelis-Menten type
with a K, similar to that characterizing the glucose transport
system in many mammalian cells. During insulin stimulation,
the K; for glucose utilization increases. Because at present there
is no evidence suggesting that insulin increases the K; of the
glucose transport system, we interpret the apparent increase in
K; to reflect a shift in the rate-limiting step from glucose transport
to some step beyond transport.
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