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The kinetics of insulin-mediated glucose uptake (IMGU)
and non-insulin-mediated glucose uptake (NIMGU) in
humans have not been well defined. We used the
glucose-clamp technique to measure rates of whole-
body and leg muscle glucose uptake in six healthy
lean men during hyperinsulinemia (-460 pM) to study
IMGU and during somatostatin-induced insulinopenia
to study NIMGU at four glucose levels (4.5, 9,12, and
21 mM). To measure leg glucose uptake, the femoral
artery and vein were catheterized, and blood flow was
measured by thermodilution (leg glucose uptake =
arteriovenous glucose difference [A-VG] x blood
flow). With this approach, we found that, during
hyperinsulinemia, both whole-body and leg glucose
uptake increased in a curvilinear fashion at every
glucose level, the highest glucose uptake values
obtained being 139 ± 17 junol • k g 1 • min-1 and
3656 ± 931 jxmol • mirr1 • leg1 , respectively. Leg
blood flow increased twofold from 6.0 ± 1.7 to 11.7 ±
3.1 dl/min (P < 0.01) over the range of glucose and
was correlated with whole-body glucose uptake (r =
0.55, P < 0.005). Leg muscle glucose extraction,
independent of changes in blood flow, which is
reflected by the A-VG, saturated over the range of
glucose (1.28 ± 0.12, 2.22 ± 0.30, 2.92 ± 0.42,
3.02 ± 0.41 mM, NS between last 2 values) with a half-
maximal effective glucose concentration (EGS0) of
5.3 ± 0.4 mM. During insulinopenia, both whole-body
and leg glucose uptake increased in a near-linear
fashion; however, glucose uptake remained
significantly lower than that seen with insulin
stimulation, the highest glucose uptake values
obtained being 22 ± 2 ^mol • k g 1 • mirr1 and 260 ±
34 itmol • mirr1 • leg1 , respectively. Leg blood flow
was unchanged from the basal value (4.15 ± 0.63
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dl/min) over the range of glucose studied, and A-VG

increased at all glucose levels: 0.094 ± 0.010, 0.28 ±
0.03, 0.38 ± 0.04, and 0.59 ± 0.03 mM (P < 0.05
between any 2 consecutive values), with an EGS0 of
10.0 ± 0.4 mM (P < 0.001 vs. IMGU). We conclude that
1) insulin increases the capacity for muscle A-VQ

approximately fivefold; 2) muscle IMGU, independent
of blood flow, displays an EGS0 similar to the Km

characteristic of the glucose-transport system (~5-6
mM); 3) in contrast, NIMGU is a low-affinity glucose-
uptake system; and 4) blood flow to insulin-sensitive
tissue increases with insulin and glucose infusions
and is an important determinant of the rate of in vivo
glucose uptake. Diabetes 39:955-64,1990

One of the major in vivo effects of insulin is to stim-
ulate overall glucose disposal. This is accom-
plished by a marked 5- to 10-fold increase in
overall whole-body glucose disposal rates (1-3).

However, the mechanisms underlying this effect are poorly
understood. For example, it is not known whether insulin
increases the Vmax of glucose disposal, decreases the Km, or
both. In vitro studies of insulin's effect on glucose uptake
have largely focused on the glucose-transport step. Thus,
several studies have shown that insulin leads to an increase
in Vmax with no change in Km of glucose transport in adipose
(4-9) and muscle (10-12) tissues. However, more recent
studies have shown that, in addition to increasing Vmax, insulin
also lowers the Km for glucose transport (13-16). Whether
these in vitro data can be directly extrapolated to the intact
in vivo situation is unclear.

Gottesman et al. (17) reported that insulin stimulates
whole-body glucose uptake by increasing Vmax without a
change in the Km for glucose uptake. However, glucose up-
take was studied over a relatively narrow range of serum
glucose concentrations (3.3-8.9 mM), over which saturation
of the glucose-uptake system was not approached. Yki-Jar-
vinen et al. (18) measured rates of glucose uptake over a
wide range of glucose and insulin concentrations in the
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whole body and across forearm muscle. At low insulin levels
(65 pM), they reported that glucose uptake follows Michaelis-
Menten kinetics with a Km characteristic of the glucose-trans-
port system (~5-6 mM). However, at higher insulin con-
centrations (>356 pM), they reported an increase in both
Vmax and Km and interpreted these data to represent a change
in the rate-limiting step for glucose uptake from transport at
low insulin concentrations to a step distal to the glucose-
transport system at higher insulin concentrations. These in
vivo data are conflicting in part because in vivo studies of
the kinetics of whole-body glucose uptake represent the net
contribution of several tissues, only some of which are insulin
sensitive. Glucose uptake occurs via two mechanisms: in-
sulin-mediated glucose uptake (IMGU), which occurs only
in insulin-sensitive tissues (i.e., muscle and adipocytes), and
non-insulin-mediated glucose uptake (NIMGU), which oc-
curs in both insulin-sensitive and non-insulin-sensitive tis-
sues (i.e., brain, blood cells, nerve, etc.). Previous data from
our laboratory indicate that NIMGU and IMGU are separately
regulated and functionally distinct glucose-uptake systems
(19,20). In the light of these data, we reasoned that these
two glucose-uptake systems might also display different ki-
netic characteristics.

This study was designed to examine insulin's effect on the
capacity and affinity of the in vivo glucose-uptake system.
Using in part the data presented in this article, we previously
reported that in vivo IMGU is largely accounted for by skel-
etal muscle (21). Therefore, we addressed this issue by as-
sessing the kinetic parameters of glucose uptake {Vmax and
Km) in the whole body and across leg muscle in six lean
healthy men. Studies were done over a wide range of serum
glucose concentrations with the glucose-clamp technique
combined with femoral arterial and venous catheterization.
Measurements were performed during a 40-mU • nv2 • min~1

insulin infusion to assess the kinetics of IMGU and during
somatostatin (SRIF)-induced insulinopenia to assess the ki-
netics of NIMGU.

RESEARCH DESIGN AND METHODS
Pork monocomponent insulin was generously supplied by
Lilly (Indianapolis, IN); 125l-labeled insulin and [3-3H]glucose
(sp act 13.5 Ci/nmol) were purchased from Du Pont-NEN
(Boston, MA); bovine serum albumin (fraction V) was ob-
tained from Armour (Chicago, IL); guinea pig anti-insulin
antibody was kindly supplied by E. Arquilla (Univ. of Cali-
fornia, Irvine, CA); and SRIF (cyclic form) was purchased
from Bachem (Torrance, CA).

The study group for studies 1 and 2 consisted of six healthy
nonobese men; study 3 consisted of five healthy nonobese
men. All had a normal oral glucose tolerance test (75-g glu-
cose load) as defined by the criteria of the National Diabetes
Data Group (22). The combined mean ± SD age and weight
of the groups for studies 1 and 2 were 31.5 ± 6.1 yr and
68.6 ± 3.9 kg and for study 3 were 36.2 ± 5.2 yr and
69.1 ± 4.3 kg. All subjects were admitted to the Veterans
Administration Medical Center Special Diagnostic and Treat-
ment Unit (La Jolla, CA). While hospitalized, they remained
active to approximate their prehospital exercise level. All
subjects were chemically euthyroid and normotensive, and
no subject had a concurrent disease or was ingesting phar-
macological agents known to affect carbohydrate or insulin

metabolism or the cardiovascular system. Studies were ap-
proved by the Human Subjects Research Review Commit-
tee, and all subjects gave written informed consent.

All subjects were fed a weight-maintenance diet (-32
cal • kg"1 body wt • day ' ) , with three divided feedings
containing 20, 40, and 40% of the total daily calories given
at 0800, 1200, and 1700, respectively. The calorie content
of the diet was 50% carbohydrate, 20% fat, and 30% protein.
All subjects ate this diet for at least 48 h before any studies
were performed.

Details of the study protocol are shown in Fig. 1. Each
subject underwent two randomly sequenced studies, each
performed ~1 mo apart after an overnight fast. Study 1 was
designed to measure basal whole-body glucose turnover
with [3-3H]glucose and basal leg glucose uptake (arter-
iovenous femoral catheterization technique). In addition,
whole-body and leg NIMGU were measured at euglycemia
and over a wide range of glucose concentrations to char-
acterize the Km and Vmax of NIMGU. Glucose-turnover data
measured at basal and the first and third glycemic plateaus
in these subjects have been previously published (21). To
measure turnover, [3-3H]glucose was infused through a cath-
eter placed into an antecubital vein starting at 0630. At
-0800, catheters were inserted into the right femoral artery
and vein (see technique below). At least 40 min after the
femoral catheters were inserted, arterial blood was obtained
at 5-min intervals over 20 min to determine basal serum
glucose; plasma glucose specific activity; and serum insulin,
C-peptide, epinephrine, and free-fatty acid (FFA) levels. Si-
multaneously, femoral venous blood was obtained to deter-
mine serum glucose levels. Basal leg blood flow was also
determined (see technique below). After the basal measure-
ments were obtained, an infusion of SRIF (0.16 |xg • kg"1 •
min"1) was started at time 0 to suppress endogenous insulin
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FIG. 1. Study design. On separate days, non-insulin-mediated glucose
uptake (somatostatin, no insulin replacement, and [3-3H]glucose)
and insulin-mediated glucose uptake (somatostatin and insulin
replacement) were measured in 6 subjects at 4 sequential glucose
plateaus (~5, 9,12, 21 mM, solid lines) in whole body and in leg with
glucose-clamp and limb-balance techniques. Arrows indicate when
blood for hormone and metabolic data were collected and when leg
blood-flow measurements were made. Dashed lines represent time
interval necessary to raise serum glucose level to next glycemic
plateau. Somatostatin was infused in stepwise fashion to inhibit
breakthrough of endogenous insulin secretion (see text for details).
AV, arteriovenous.
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secretion, and the arterial serum glucose level was held at
the basal level with the glucose-clamp technique. Because
the biological effect of insulin to stimulate glucose-uptake
decays with an apparent half-time of 40 min (23), it follows
that, after 120 min of severe SRIF-induced insulinopenia,
isotopically determined glucose uptake and leg glucose up-
take represent NIMGU. Therefore, NIMGU at euglycemia
(4.9 mM) was measured after 120 min of SRIF infusion. Sub-
sequently, the glucose level was raised and clamped at three
additional plateaus (9.2, 11.9, and 20.5 mM). Each glucose
plateau period lasted ~40 min. The SRIF infusion rate was
increased to 0.24, 0.29, and 0.32 ^g • kg"1 • min"1 at the
respective glucose plateaus to prevent breakthrough of en-
dogenous insulin secretion. During each plateau period, leg
balance was determined as previously described (21).

Study 2 was designed to assess the kinetics of whole-
body and leg IMGU. To accomplish this, insulin (40 mU •
rrr2 • min-1) was infused to achieve physiological hyperin-
sulinemia (-460 pM) starting at 0700 through a catheter
inserted into an antecubital vein. The serum glucose level
was clamped at the basal value by use of arterialized venous
blood obtained from a catheter inserted retrogradely into a
distal dorsal hand vein and the hand placed in a warming
device until the femoral catheters were inserted (-0800), at
which time the arterial serum glucose concentration was
clamped, and the hand catheter was removed. All subjects
achieved steady-state insulin action after 160 min of insulin
infusion (24). Therefore, glucose-turnover data were ob-
tained from 160 to 200 min at euglycemia (4.5 mM) and over
40 min at glucose plateaus of 8.7, 12.1, and 21.0 mM,
respectively. Glucose-turnover data obtained at the first
and third glycemic plateaus in these subjects have been
previously published (21). In this condition, infusion of
[3-3H]glucose was not necessary, because hepatic glucose
production is completely suppressed during the combination
of hyperinsulinemia and SRIF-induced glucagon deficiency
(25). Thus, the whole-body glucose disposal rate was taken
as the exogenous glucose infusion rate corrected for the
change in glucose mass in a distribution volume of 19% body
weight. Rates of IMGU were calculated as the difference
between the insulin-stimulated glucose disposal rate (GDR)
and the rate of NIMGU measured at the same serum glucose
level; i.e., IMGU = GDR - NIMGU. Leg glucose uptake
was estimated by the leg-balance technique (21).

Because it is possible that the rates of glucose uptake
obtained during the stepped glycemic protocol used in this
study could be different than if the rates of glucose uptake
were obtained during clamps performed at a single glucose
level on separate days, we performed the following separate
studies to validate our protocol. In study 3, we performed
paired glucose-clamp studies in five lean subjects (not stud-
ied in study 1 or 2) during the coinfusion of SRIF (0.16
ixg • kg"1 • min"1) and insulin (120 mU • m~2 • min"1). The
glucose-clamp studies differed such that one was carried
out at hyperglycemia (14.7 ± 0.4 mM) over 5 h (nonstepped)
and the other at euglycemia (4.5 ± 0.1 mM) for 3 h and at
a glucose level of 14.5 ± 0.3 mM for the subsequent 2 h
(stepped). At comparable prevailing insulin concentrations,
the rates of glucose uptake during the last 40 min of each
5-h study were 151 ± 7 and 154 ± 17 ixmol • kg"1 • min"1

during nonstepped and stepped studies, respectively (NS).

Thus, when insulin action is allowed to be fully expressed
(i.e., after - 3 h of insulin infusion), rates of glucose uptake
are similar at a given prevailing glucose concentration re-
gardless of how that glucose level is achieved, thus vali-
dating our experimental design.

The leg glucose-balance technique was performed as fol-
lows. Catheters were inserted into the femoral artery and
vein with the modified Seldinger technique, and leg venous
blood flow was measured by thermodilution, as previously
validated (26,27) and described (21). Leg glucose uptake
was calculated by the Fick principle (28) as the product of
the arteriovenous glucose difference (A-VG) and leg blood
flow; blood glucose = plasma glucose x [1 - (0.3 x
Hct)](18).

Measurements of blood flow (5 determinations) were per-
formed at the beginning and end of the euglycemic and
hyperglycemic plateaus. The mean of 10 flow measurements
at each glycemic plateau was taken as the representative
value. The hematocrit was determined at each glycemic pla-
teau.

Rates of glucose appearance (fta) and disappearance (ftd)
were measured in the basal state and during each of the
NIMGU clamp studies by infusion of [3-3H]glucose in a
primed continuous manner. With this technique, 60 |iCi of
tracer was injected as a bolus dose, followed by a continuous
infusion at a rate of 0.60 fiCi/min. The tracer was allowed
to label the glucose pool for 120 min, and glucose specific
activity was measured for the subsequent 20 min at 5- to
10-min intervals. Ra and ftd were calculated with the Steele
equations (29) assuming steady-state conditions. During the
clamp studies (NIMGU studies only), blood samples were
obtained at 10-min intervals to determine serum glucose
concentration and plasma specific activity. fta and R6 were
calculated with the Steele equations in their modified deriv-
ative form, because the tracer exhibits non-steady-state ki-
netics under these conditions (30). We assumed a pool
fraction of 0.65. Because the studies were performed at a
serum glucose level above —11 mM, the values for ftd were
corrected for urinary glucose loss to reflect the actual rate
of endogenous glucose disposal.

The isotope-dilution technique has been criticized be-
cause it tends to underestimate glucose Ra and thus ftd.
Although the reasons for this have not been resolved (model-
ing error versus isotope impurity or both), the underestimate
of Ra is greatest at high turnover rates in non-steady-state
conditions. Turnover rates during insulinopenia are low and
were measured under virtual steady-state conditions and
therefore are not likely to be greatly affected by modeling
error. The tracer was >99% pure and all from the same lot.
Furthermore, we recently showed no difference in arterio-
venous glucose specific activity with [3-3H]glucose across
the leg at high glucose turnover rates (31); therefore, it is
unlikely that a tracer impurity existed!

For serum glucose determinations, blood was drawn, put
in untreated polypropylene tubes, and centrifuged with an
Eppendorf microcentrifuge (Brinkman, Westbury, NY). The
glucose concentration of the supernatant was then mea-
sured by the glucose oxidase method with a glucose ana-
lyzer (YSI, Yellow Springs, OH). Blood for determination of
serum insulin levels and plasma glucose specific activity was
collected in untreated and treated tubes, respectively. The
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specimens were spun, and the supernatant was removed
and stored at -20°C. Serum insulin levels were measured
by double-antibody radioimmunoassay (34); the lower de-
tection limit of the insulin assay was 29 pM. All values re-
ported as <29 pM were treated as representing 29 pM.
Blood for determination of plasma C-peptide levels was col-
lected in tubes containing EDTA and aprotinin (500 KlU/ml)
and chilled, and the plasma was separated and frozen. C-
peptide was measured by radioimmunoassay (35), and
plasma FFA levels were measured by the method of Itaya
and Vi (36). Plasma epinephrine levels were assayed by the
isotope-derivative method (37).

All calculations and analyses were performed with the
CLINFO data-base management and analysis program (Bolt,
Beranek, and Newman, Cambridge, MA) operational at the
University of California, San Diego, General Clinical Re-
search Center. The data are presented as means ± SE un-
less otherwise indicated. Statistical analysis was done with
Student's two-tailed t test for paired and unpaired data as
indicated. The kinetic analysis of the data was performed by
curve fitting (Fit Function routine, RS/1, BBN, Software Prod-
ucts, Cambridge, MA). This program performs a least-
squares fit to the data. The data were assumed to follow the
Michaelis-Menten equation V = Vmax x [G]/{Km + [G]),
where V is whole-body glucose uptake, leg glucose uptake,
or A-VG; [G] is plasma glucose concentration; Vmax is re-
sponse at an infinite glucose concentration; and Km is glu-
cose concentration at half-maximum response. The only
assumption in the analysis was that V = 0 at 0 glucose. At
least five iterations were performed, and a value of 0.001
was used for convergence criterion to determine when to
stop the fitting process. The unweighted group means of V
and [G] were used in the analysis. The RS/1 program as-
sesses the validity of the fitted curve by analysis of variance.
If the P value of the F statistic was <0.01, the fitted curve
was assumed to fit the Michaelis-Menten equation. The es-
timates for Km and Vmax were defined to be accurate if the P
values for the estimates (the final value of the estimate di-
vided by its SE) was <0.20.

RESULTS

HORMONE AND METABOLIC DATA
NIMGU studies. The basal serum glucose level was 5.3 ±
0.1 mM. During SRIF-induced insulinopenia, the glucose
level was clamped during each plateau period at 4.9 ± 0.1,
9.2 ± 0.2, 11.9 ± 0.3, and 20.5 ± 0.2 mM, respectively, with
a coefficient of variation of <4% for all glucose plateaus.
The basal serum insulin level was 45 ± 7 pM and fell during
SRIF infusion to below detection limits of the assay (<29 pM,
Fig. 2/\, lower curve). Similarly, the basal C-peptide con-
centration was 360 ± 40 pM and was suppressed during
SRIF infusion by -85% of the basal value to steady-state
levels of 37 ± 2, 29 ± 2, 30 ± 3, and 59 ± 7 pM at glucose
plateaus of 4.9, 9.2, 11.9, and 20.5 mM, respectively (Fig.
26). FFA levels rose from 0.115 ± 0.008 g/L in the basal
state to 0.215 ± 0.021, 0.217 ± 0.021, 0.200 ± 0.015, and
0.207 ± 0.013 g/L during SRIF-induced insulinopenia at
each respective glucose plateau (P < 0.01 basal vs. all other
values). Thus, SRIF induced a profound and sustained state
of insulin deficiency in the peripheral circulation throughout
the NIMGU studies.

The basal epinephrine level was 370 ± 103 pM and during
SRIF-induced insulinopenia was unchanged at each re-
spective glucose plateau (220 ± 22, 210 ± 16, 170 ± 16,
and 280 ± 71 pM, NS between all values).
IMGU studies. During insulin infusion, the glucose level was
clamped sequentially at plateaus of 4.5 ± 0.1, 8.7 ± 0.1,
12.1 ± 0.5, and 21.0 ± 0.4 mM with a coefficient of variation
of <4% for all glucose plateaus. Basal measurements were
not obtained during the IMGU studies. During insulin infusion
(40 mU • rrr2 • min~1), the serum insulin level remained con-
stant throughout all glucose plateaus (502 ± 29, 466 ± 29,
496 ± 21, and 409 ± 57 pM, respectively, NS between all
values; Fig. 2A), and the C-peptide levels were suppressed
to a similar degree as in the NIMGU studies (Fig. 28). During
insulin infusion, the FFA levels were suppressed by 85% of
the basal value.

The epinephrine levels remained unchanged throughout
the period of insulin infusion at each respective glucose
plateau (260 ± 16, 207 ± 38, 260 ± 49, and 210 ± 16 pM;
NS between all values). In addition, the epinephrine levels
throughout the IMGU studies were not different from those
obtained during the NIMGU studies (NS between all values).

WHOLE-BODY GLUCOSE UPTAKE
NIMGU studies. During SRIF-induced insulinopenia, the rate
of whole-body glucose uptake fell from a basal value of 11.2
± 0.5 to 9.4 ± 0.3 ixrnol • kg"1 • min~1 at the first glucose
plateau of 4.9 mM and subsequently increased to 14.0 ±
0.8,16.2 ± 0.4, and 22.3 ± 2.4 |xmol • kg-1 • min"1 at glucose
plateaus of 9.2, 11.9, and 20.5 mM, respectively (P < 0.05
between any 2 consecutive values; Fig. 3). Corresponding

5 10 15 20

Serum Glucose (mmol/L)
25

FIG. 2. Serum insulin {A) and C-peptide (B) levels during somatostatin
infusion and constant insulin infusion of 40 mU • m~2 • min~1 (insulin-
mediated glucose uptake; • ) or saline and somatostatin infusions
(non-insulin-mediated glucose uptake; O) at glucose concentrations
of ~5, 9,12, and 21 mM. Detection limit of insulin assay was 29 pM.
Values are means ± SE.
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FIG. 3. Whole-body glucose uptake as function of prevailing serum
glucose concentration. Whole-body rates of insulin-mediated glucose
uptake (IMGU; • ) and non-insulin-mediated glucose uptake (NIMGU;
O) were measured at glucose concentrations of ~5, 9,12, and 21 mM.
IMGU = glucose disposal rate - NIMGU. Solid lines depict fit based
on Michael is-Menten equation. Values are means ± SE.

whole-body NIMGU rates (|imol/min) were 810 ± 33 (basal
value), 677 ± 28, 960 ± 50, 1110 ± 39, and 1532 ± 166,
respectively. The basal rate of hepatic glucose output was
11.6 ± 0.11 mM • kg"1 • mirr1, and fell during hypoin-
sulinemia to 8.1 ± 0.5, 5.0 ± 1.5, 3.8 ± 1, and -7 .8 ± 2
ixmol • kg"1 • min ~1 at each successive glycemic plateau.
IMGU studies. Overall, whole-body GDRs increased three-
fold in a curvilinear fashion throughout the range of glu-
cose studied from 50 ± 5 fxmol • kg"1 • min"1 at the first
glucose plateau of 4.5 mM to 93 ± 10, 121 ± 12, and
163 ± 16 ixmol • kg-1 • min-1 at glucose plateaus of 8.7,
12.1, and 21.0 mM, respectively (P < 0.01 between any 2
consecutive values; Fig. 3). Corresponding whole-body
GDRs were 3441 ± 350, 6363 ± 627, 8254 ± 815, and
11,152 ± 1104 |xmol/min, respectively. Because GDR in-
cludes a non-insulin-mediated component, the NIMGU com-
ponent was subtracted from the GDR at each glycemic
plateau to obtain true rates of IMGU; i.e., IMGU = GDR -
NIMGU. The rates of IMGU closely paralleled the GDR over
the range of glucose studied (41 ± 4, 79 ± 10, 104 ± 13,
and 141 ± 17 ujnol • kg-1 • min"1 or 2764 ± 322, 5401 ±
655, 7150 ± 838, and 9625 ±1121 (xmol/min at each re-
spective glucose plateau; P < 0.01 between any 2 consec-
utive values; Fig. 3).

Kinetic analysis. Curve fitting the data for whole-body glu-
cose uptake resulted in an apparent Vmax of 40 ± 5 and
359 ± 59 ixmol • kg-1 • min~1 in the absence and presence
of insulin, respectively. Thus, insulin increased the apparent
Vma* for whole-body glucose uptake approximately ninefold.
The apparent Km values were estimated at 17 ± 4 and
31 ± 7 mM for whole-body NIMGU and IMGU, respectively.

LEG GLUCOSE UPTAKE
NIMGU studies. The basal A-VG across the leg was 0.12 ±
0.02 mM and fell during SRIF-induced insulinopenia to
0.09 ± 0.02 mM at the first glucose plateau of 4.9 mM and

subsequently increased to 0.28 ± 0.03, 0.38 ± 0.05, and
0.59 ± 0.03 mM at glucose plateaus of 9.2, 11.9, and 20.5
mM, respectively (P < 0.05 between any 2 consecutive val-
ues excluding the basal measurement; Fig. 4A). Basal blood
flow was 4.15 ± 0.63 dl/min and remained unchanged dur-
ing SRIF infusion at each respective glucose plateau (Fig.
46). Basal leg glucose uptake was 52 ± 15 fimol • min-1 •
leg"1 and fell during SRIF-induced insulinopenia to 36 ± 9
fxmol • min"1 • leg "1 at the first glucose plateau of 4.9 mM
and subsequently increased in a near-linear fashion to
118 ± 15, 156 ± 17, and 260 ± 34 nmol • min"1 • leg-1 at
each subsequent glucose plateau (P < 0.05 between any 2
consecutive values; Fig 4C).

IMGU studies. During insulin infusion, the A-VG increased
through the first three glucose plateaus (1.22 ± 0.11,
2.42 ± 0.26, and 3.00 ± 0.36 mM, respectively; P < 0.01
between each value) and did not significantly increase at the
fourth and highest glycemic plateau (3.31 ± 0.36 mM, NS
vs. the value at the 3rd glucose plateau). The NIMGU com-
ponent was subtracted from the overall A-VG during insulin
infusion to obtain the A-VG due only to insulin stimulation.
The insulin-mediated A-VG increased through the first three
glucose plateaus but did not increase further despite the
fact that the prevailing serum glucose concentration was
raised to 21 mM at the highest glycemic plateau (Fig. 4A).
In marked contrast to the results seen under insulinopenic
conditions, during insulin infusion, leg blood flow increased
twofold in a near-linear fashion over the range of glucose
concentrations studied (from 6.0 ± 1.7 to 11.7 ± 3.1 dl/min,
P < 0.01; Fig. 48). Leg blood flow was higher during insulin
infusion versus insulinopenia at the third and fourth glycemic
plateaus only (P < 0.05). During insulin infusion, leg glucose
uptake increased at every glucose plateau in a curvilinear
fashion (774 ± 270, 1543 ± 545, 2451 ± 610, and 3656 ±
931 iimol -min"1 • leg-1; P < 0.05 between any 2 consecutive
values). Because rates of leg NIMGU are relatively small,
the rates of leg IMGU (IMGU = GDR - NIMGU) closely
paralleled the rates of overall leg glucose disposal (Fig. AC).
This curvilinear increase in leg IMGU is similar to the whole-
body IMGU curve (Fig. 3).
Kinetic analysis. Although the data for leg glucose uptake
fit the Michaelis-Menten equation, the estimates of Km and
Vma* were inaccurate due to the large error observed and
better fit a linear function.

IMGU is a function of the serum insulin concentration, the
prevailing serum glucose concentration, and blood flow (glu-
cose delivery) to tissues. Changes in blood flow were ob-
served over the range of glucose concentrations in the
presence of insulin and thus confound the kinetic analysis
of tissue glucose uptake. Therefore, the effect of glucose
concentration on IMGU, independent of blood flow, is more
accurately represented by the A-VG (or glucose extraction)
across the leg than by leg glucose uptake (which includes
the component of leg blood flow). The A-VG data were fitted
to the Michaelis-Menten equation, and this analysis resulted
in a good fit for the A-VG data obtained during insulin infusion
with a Vmax of 4.2 ± 1 mM and an apparent Km of 9.1 ± 6
mM. In contrast, although the A-VG data obtained in the ab-
sence of insulin fit Michaelis-Menten kinetics, the estimates
of the kinetic parameters (Km > 200 mM and Vmax near infinity)
were highly inaccurate due to the large error observed.
These data were found to better fit a linear function. There-
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FIG. 4. Femoral arteriovenous glucose difference (A-VG), blood flow,
and leg glucose uptake as function of prevailing serum glucose
concentration. A: femoral A-VG during constant hyperinsulinemia
(insulin-mediated glucose uptake [IMGU]; • ) and during insulinopenia
(non-insulin-mediated glucose uptake [NIMGU]; O). B: leg plasma flow
during constant hyperinsulinemia (IMGU; • ) and during insulinopenia
(NIMGU; O). C: leg glucose uptake rates during hyperinsulinemia
(IMGU; • ) and during insulinopenia (NIMGU; O) at glucose
concentrations of ~5, 9,12, and 21 mM. Leg IMGU = leg glucose
disposal rate - leg NIMGU. Solid lines (A and C) depict fit based on
Michaelis-Menten equation. Values are means ± SE.

fore, to better appreciate the kinetic parameters over the
physiological range of serum glucose concentrations ac-
tually studied, we obtained the individual glucose concen-
trations at which one-half of the highest A-VG was achieved,
and these values were designated as the half-maximal ef-
fective glucose concentration (EG50). The mean EG50 values
for glucose extraction across leg muscle were 10.0 ± 0.4
and 5.3 ± 0.1 mM in the absence and presence of insulin,
respectively (P < 0.01), and the maximal A-VG values (ob-
tained at - 2 0 mM glucose) were 0.59 ± 0.03 and 2.72 ±
0.3 mM, respectively. Therefore, it is apparent that insulin
increased the capacity approximately fivefold and the affinity
approximately twofold of muscle glucose extraction over the
range of glucose concentrations studied.

DISCUSSION
This study was performed to examine the effect of insulin on
the capacity and affinity of in vivo glucose uptake in skeletal
muscle. The results indicate an effect of insulin to increase
both the capacity and affinity of muscle glucose uptake.

Relatively few studies have examined the kinetics of in
vivo glucose uptake in humans. Gottesman et al. (17) studied

whole-body insulin-stimulated GDRs and interpreted their
data on the basis of the glucose-transport model as sug-
gested by Cushman et al. (38) and Suzuki et al. (39). They
found an increase in Vmax without a change in Km and con-
cluded that insulin stimulates glucose uptake by increasing
the number of glucose-transport sites on the plasma mem-
brane and that these transport sites have the same affinity
for glucose as those present in the basal state. However,
during these studies, glucose uptake was measured over a
relatively narrow range of serum glucose concentrations
(3.3-8.9 mM) over which saturation of the glucose-uptake
system was not approached; therefore, the Km could not be
ascertained. Fink et al. (40) measured rates of whole-body
glucose uptake over a wide range of glucose concentrations
during constant hyperinsulinemia (-718 pM) and deter-
mined that whole-body glucose uptake did not follow Mi-
chaelis-Menten kinetics. There are several possible reasons
for this. 7) Whole-body glucose uptake represents a com-
posite of various individual tissues that likely display different
kinetic (KJVmax) characteristics (41-43). 2) In vivo glucose
uptake occurs via two distinct mechanisms, i.e., IMGU,
which occurs by definition only in insulin-sensitive tissues,
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and NIMGU, which occurs in insulin-sensitive and insulin-
insensitive tissues (19,20,44). Although at euglycemia, most
NIMGU occurs in the central nervous system (45-48), at
higher glucose concentrations, an increasing proportion of
NIMGU occurs, by a mass action effect, in non-central ner-
vous system tissues. This is evident from our data demon-
strating a significant rise in leg NIMGU as glucose
concentration was increased (Fig. 4C). To specifically ana-
lyze the IMGU system, the NIMGU component should be
factored out; NIMGU was not directly measured during pre-
vious kinetic studies (17,18,40). 3) As shown by our results,
blood flow can change at different levels of IMGU, confound-
ing the kinetic analysis of tissue glucose uptake per se.

Yki-Jarvinen et al. (18) carried out forearm-balance studies
to examine the kinetics of insulin-stimulated glucose disposal
in skeletal muscle. Their findings in forearm skeletal muscle
mirrored their findings for the whole body, i.e., at higher
insulin concentrations, insulin-stimulated glucose disposal
did not saturate over the range of glucose concentrations
studied. Similarly, we noted that, during insulin stimulation,
leg muscle and whole-body glucose disposal rates did not
saturate over the range of glucose concentrations studied.
The similarity of these findings, however, is not as straight-
forward as it appears. Yki-Jarvinen et al. reported no sig-
nificant change in forearm blood flow measured by
capacitance plethysmography during insulin and glucose
infusions, suggesting that A-VG markedly increased at all
glucose concentrations, because forearm glucose uptake
(A-VG x flow) did not saturate. In contrast, we observed a
linear increase in leg blood flow with increments in the pre-
vailing serum glucose concentration during constant hyper-
insulinemia (Fig. 46) and noted saturation of glucose
extraction as determined by the lack of change in A-VG be-
tween glucose concentrations of 12.1 and 21.0 mM (Fig.
A A). Because A-VG was unchanged, it follows that the incre-
ment in leg blood flow between glucose concentrations of
12.1 and 21.0 mM was responsible for the significant in-
crease in leg glucose uptake between these two glucose
concentrations. Therefore, the increment in blood flow was
responsible for the apparent lack of saturation of in vivo leg
glucose uptake.

The differences between our findings and those of Yki-
Jarvinen could be the result of different experimental tech-
niques. Although the forearm-balance technique, as used in
their study, has yielded valuable data, it has several draw-
backs: 1) The forearm drains in a venous plexus (49), making
it difficult to ensure the reproducibility of venous sampling
during studies requiring repeated catheterizations; 2) mea-
surement of forearm blood flow requires the exclusion of
hand flow, which can modulate the distribution of forearm
flow and venous drainage (50); 3) heating the hand to obtain
arterialized venous blood results in redistribution of blood
flow in the contralateral forearm, which can lead to erroneous
A-VG data and flow measurements (51).

We found a highly significant correlation between leg
blood flow rates and rates of whole-body IMGU (r = 0.55,
P < 0.005), suggesting that leg blood flow reflects blood
flow to other body muscle beds and is an important deter-
minant of overall rates of IMGU in the whole body. At first
glance, we might infer that this increment in flow impacts on
the kinetic characteristics of tissue glucose extraction

(A-VG). This, however, is not the case. For an increase in flow
to decrease A-VG, it must decrease the mean intravascular
transit time (tvasc) for glucose through the limb (28). That is,
the time a glucose molecule spends in the capillary must
decrease, or the velocity of a glucose molecule through the
capillary network must increase. Furthermore, the decrease
in ~tvasc

 must approach the diffusion time for glucose to go
from the intravascular space to the intercellular space (~0.1
s; 52). Recent data from our laboratory (this issue, p. 965)
indicate that the %asc for glucose was unchanged at low and
high flow rates (~1.4 s). The tvasc is equal to the intravascular
volume of distribution (Vd) of glucose in the leg divided by
the blood flow (tvasc = Vd/blood flow; 53), and because we
found no change in the fvasc for glucose over the observed
range of plasma flow, it follows that increases in leg blood
flow during insulin stimulation were accompanied by cor-
responding increases in the intravascular volume of distri-
bution of glucose. These data are in agreement with those
of Ferrannini et al. (43), who also reported an effect of insulin
to increase the volume of distribution of glucose. Overall, the
results are consistent with the formulation that increases in
the glucose volume of distribution represent recruitment of
previously unperfused or underperfused capillary beds lead-
ing to increases in leg muscle mass available for IMGU. This
increment in flow does not, however, alter A-VG, because
each increment in extraction capacity (tissue recruitment) is
matched by a corresponding increase in glucose delivery
(blood flow); i.e., Vd/blood flow remains constant. Therefore,
to ascertain the Vmax and Km of tissue glucose uptake inde-
pendent of changes in blood flow, we analyzed A-VG (glu-
cose extraction) across leg muscle.

The maximal capacity for leg muscle insulin-mediated glu-
cose extraction was achieved at a glucose concentration of
~12 mM, indicating saturation of glucose-extraction mech-
anisms. In contrast, during insulin deficiency, A-VG increased
linearly at all glucose concentrations (Fig. 4/\), suggesting
no saturation of leg muscle NIMGU over the range of glucose
concentrations studied. Nevertheless, by comparing the
femoral A-VG obtained at the highest glucose concentration
in the absence and presence of insulin, it is apparent that
insulin had the effect of increasing this value approximately
fivefold. To compare the functional forms of the kinetic
curves, we expressed the A-VG at each glycemic plateau as
a percentage of the maximal value (Fig. 5). By this analysis,
the glucose concentration at which leg muscle glucose ex-
traction was one-half of the maximal value (EG50) was 5.3 ±
0.4 mM during insulin infusion and 10.0 ± 0.4 during insu-
linopenia (P < 0.01). Therefore, the NIMGU system is char-
acterized by an EG50 for muscle glucose uptake that is at
least twice as high as the EG50 for the IMGU system.

Because blood flow did not change during measurements
of NIMGU, leg NIMGU or whole-body NIMGU can provide
estimates of the tissue kinetic parameters. Note that, by this
analysis, we found that the EG50 for whole-body NIMGU was
significantly lower than that obtained for leg muscle NIMGU
(6.2 ± 0.4 vs. 9.78 ± 0.90 mM, P < 0.02). Therefore, NIMGU
in body tissues other than those participating in leg
NIMGU are characterized as a whole by an EG50 markedly
lower than the EG50 for leg NIMGU. This is consistent with
the notion that the brain has a low Km for glucose uptake,
which has been estimated in dogs to be ~2 mM (54).
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FIG. 5. Kinetics analysis of insulin-mediated (IMGU) and non-insulin-
mediated (NIMGU) leg glucose uptake. Femoral arteriovenous glucose
difference (A-VG) is expressed as percentage of maximal A-VG as
function of prevailing serum glucose concentrations during
hyperinsulinemia (IMGU; • ) and insulinopenia (NIMGU; O).

With respect to IMGU, it is interesting that extrapolation
from leg to whole-body rates of skeletal muscle glucose
uptake, in some cases, gave rise to estimates that exceeded
whole-body glucose turnover rates. This is in contrast to our
previous study, in which similar calculations were performed
with plasma flow rates (-40% lower than rates of blood flow;
21). The reason for this is probably multifactorial and could
be due to overestimation of leg muscle blood flow and/or
glucose uptake, underestimation of whole-body glucose up-
take, wrong assumptions about leg and body muscle mass,
the distribution of cardiac output to various muscle groups,
or the contribution of erythrocyte glucose to tissue glucose
uptake.

Several reports have documented an effect of insulin to
increase blood flow to skeletal muscle. Liang et al. (55),
using the radioactive-microsphere method, demonstrated a
2.7-fold increase above basal level of skeletal muscle blood
flow in dogs during euglycemic-hyperinsulinemic glucose-
clamp studies. These authors also documented increased
cardiac output and decreased peripheral vascular resis-
tance in response to insulin. Note that both blood pressure
and heart rate were unchanged from basal levels during any
of our studies at all leg flow rates, also supporting an effect
of insulin to decrease peripheral vascular resistance. Gel-
fand et al. (56), using the dye-dilution technique, and
Creager et al. (57), using strain-gauge plethysmography,
recently reported 25 and 50% increases, respectively, in
forearm blood flow during an intrabrachial artery infusion of
insulin without changes in arterial pressure. More recently,
Richter et al. (58), using the thermodilution technique, de-
scribed the effect of insulin given systemically to increase
thigh blood flow in humans. We recently described an effect
of insulin to increase leg blood flow —2-fold from baseline
in a dose-dependent fashion with an ED50 of -250 pM in
lean subjects (59). These data suggest a role for insulin to
mediate increases in blood flow to skeletal muscle by in-

creasing cardiac output and through peripheral vasodilation.
Ours is the first report of an effect of the prevailing serum
glucose concentration to modulate blood flow during hyper-
insulinemia.

Note also that other investigators observed small but in-
significant increases in leg blood flow rates with the dye-
dilution technique (46). Other limb-balance studies with
plethysmographic techniques to measure flow rates did not
report an increase in blood flow rates during hyperinsuli-
nemic glucose-clamp studies (18,60,61). The reasons for
these discrepancies are not clear, but they are likely the
result of the different techniques used.

To assess the impact of increases in blood flow on IMGU,
we can calculate what leg glucose uptake would be if the
blood flow were fixed by multiplying the A-VG obtained at
each glycemic level by the blood flow rate obtained at the
first glycemic plateau (4.1 dl/min). In this hypothetical situ-
ation, leg glucose uptake at the highest glycemic plateau
would be -50% lower than the actual value when leg blood
flow was 11.7 dl/min. In support of a role for blood flow to
modulate IMGU, Schultz et al. (62,63) showed that in the
perfused rat hindlimb, glucose delivery (blood flow) is an
important modulator and is directly correlated with glucose
uptake. Previous studies of glucose uptake in vivo (1,17),
including those from our group (2,40), ignored potential
changes in blood flow to insulin-sensitive tissues and im-
plicitly assumed that the flow component was fixed. Changes
in blood flow may have important implications for the inter-
pretation of tissue insulin sensitivity as assessed by mea-
surements of rates of whole-body IMGU.

The most widely accepted model for cellular glucose
transport suggests that, on insulin stimulation, intracellular
glucose transporters are translocated to the plasma mem-
brame where they are also activated, resulting in an increase
in the Vmax (38,39). If the rate-limiting step for in vivo glucose
uptake is the glucose-transport system, our results, in ac-
cordance with this model, are most consistent with an effect
of insulin to increase glucose uptake by increasing the num-
ber and/or activity of glucose transporters and by increasing
the overall affinity of the transporters for glucose. NIMGU
could represent a low-affinity glucose-uptake system in skel-
etal muscle, NIMGU into nonskeletal muscle tissues in the
leg (e.g., endothelial cells, erythrocytes, neural tissue) via a
low-affinity system, or both. Insulin's effect to decrease the
apparent Km for glucose uptake could occur by 1) trans-
forming the low-affinity NIMGU systems into a high-affinity
IMGU system or 2) making available a high-affinity IMGU
system that functionally dominates the constitutive low-affin-
ity NIMGU system. The finding by James et al. (64) of the
presence of both insulin-stimulable and insulin-unstimulable
glucose transporters within insulin target cells and data from
our laboratory demonstrating that IMGU and NIMGU are
separately regulated in vivo glucose-uptake systems sup-
ports this latter construct. Regardless of the cellular basis,
the uptake system responsible for muscle NIMGU displays
very different kinetic characteristics from those of the IMGU
system. The IMGU system displays an EG50 ( -5 mM) con-
sistent with the Km of the glucose-transport system as mea-
sured in vitro, supporting the view that glucose transport is
rate limiting for in vivo glucose uptake during insulin stim-
ulation at all glucose disposal rates.
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