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I nsulin secretion and insulin action are
major factors in the determination of
glucose tolerance, and insulinopenia

and insulin resistance cause glucose intol-
erance and/or NIDDM. Because glucose
itself can enhance glucose disposal and
suppress endogenous glucose production
independent of a change in insulin, it is
necessary to consider an additional factor
in determination of glucose tolerance:
glucose effectiveness. This phenomenon
represents the ability of glucose per se,
under basal insulin conditions, to en-
hance glucose disposal and to suppress
endogenous glucose production. Glucose
effectiveness has been measured in many
studies in which glucose disposal and
output have been quantified at basal in-
sulin but with widely varying glycemia.
The effect of glucose on glucose disposal
in humans is such that a 100 mg/dl in-
crease in plasma glucose (at basal insulin)
will increase glucose disposal by 1.63
mg • min ' -kg '. Similarly, the same
100 mg/dl increment in glucose alone will
suppress endogenous glucose output by
0.79 mg • min ' • kg '. Thus, two-thirds
of glucose effectiveness in humans is the
disposal effect [1.63/(1.63 + 0.79)] and
the remaining third is the effect to sup-
press the liver. Having numerical values
for glucose effectiveness makes it possible
to calculate the importance of hypergly-
cemia per se relative to the importance of
insulin to disposition of a glucose load. In
normal individuals, ~50% of the glucose
disposal during an oral glucose tolerance
test (OGTT) is due to glucose effectiveness

and not to the dynamic insulin response.
In the insulin-resistant obese individual,
83% of glucose disposal occurs indepen-
dent of the dynamic insulin response; in
NIDDM, because of severe insulin resis-
tance and relative insulinopenia, 99% of
glucose uptake after a carbohydrate meal
is due to glucose effectiveness. Thus, glu-
cose effectiveness is a component equal to
or greater than insulin itself in the deter-
mination of glucose tolerance. Glucose ef-
fectiveness can be assessed from the intra-
venous glucose tolerance test (IVGTT) by
using the so-called minimal model ap-
proach; the sensitivity parameter that is
calculated, the glucose effectiveness index
(5G) represents the sum, or whole-body,
effect of hyperglycemia to enhance glu-
cose disposal and to suppress endogenous
glucose production. Using the model, SG

has been measured multiple times in hu-
mans: the average from 18 independent
studies is 0.024 min"1. Physical activity
and training almost double SG; states of
glucose intolerance are characterized by
reduced SG. For example, SG is down 33%
in offspring of two parents with NIDDM,
down by 50% in subjects with impaired
glucose tolerance, and reduced as much
as 60% in subjects on a very-low-calorie
diet. A hallmark of states of reduced SG

appears to be the insulinopenic state, al-
though this hypothesis requires further
validation. Whether reduced glucose ef-
fectiveness is a true inheritable defect that
can enhance risk for and contribute to the
onset of NIDDM remains to be investi-
gated. Recent evidence that glucose can
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enhance glucose uptake not only by mass
action and enzyme activation, but also by
transporter recruitment suggests that a
genetic contribution to reduced glucose
effectiveness may be an important herita-
ble cause of NIDDM.

GLUCOSE EFFECTIVENESS,
CONCEPTUAL BASIS
The physiological response to carbohy-
drate administration has long been used
as a probe to classify metabolic disease
(1). Impaired glucose tolerance is consid-
ered a risk factor for macrovascular dis-
ease and represents an increased risk of
further deterioration to diabetes. The
classification of diabetes indicates risk for
microvascular as well as macrovascular
disease. Thus, it is important to under-
stand the physiological mechanisms that
are of significance in the determination of
glucose tolerance so as to focus on a po-
tential cause of a variety of chronic ill-
nesses, including cardiovascular disease,
that are associated with reduced tolerance
to carbohydrate.

Various physiological mecha-
nisms come into play to reestablish basal
glycemia after carbohydrate ingestion.
The role of the gastrointestinal tract in-
cludes absorption of the carbohydrate
load, which determines the ascension rate
of the blood glucose concentration. The
rising glucose contributes to the rapid in-
sulin response, which for normal individ-
uals is central to the renormalization of
the blood glucose concentration. Thus, it
has been generally assumed that the rate
at which glucose is normalized after a car-
bohydrate load is determined by the
amount of insulin secreted in response to
the load, as well as the sensitivity of the
tissues (liver and periphery) to the se-
creted hormone. Glucose intolerance,
then, has been interpreted to be caused by
impaired insulin response and/or insulin
resistance. The relative importance of
each of these factors in the pathogenesis
of NIDDM has been the subject of vigor-
ous debate (2-9).

The question arises as to whether
glucose intolerance can be entirely ac-
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counted for by alterations in the plasma
insulin response and/or tissue sensitivity.
Insulin resistance and/or insulinopenia
may result in both impaired suppression
of endogenous glucose output and im-
pairment in peripheral glucose uptake.
What other mechanisms may be impor-
tant? While alterations in glucose absorp-
tion rate may alter the blood glucose pat-
tern (10), absorption per se has not been
implicated in most forms of glucose intol-
erance. The potentiating effect of the gas-
trointestinal tract on j3-cell secretion may
be impaired in NIDDM (11), but this is
manifest as a secretory impairment. Given
this, it might be assumed that assessment
of insulin response and sensitivity, by
whatever means, will fully account for
variations in glucose tolerance in health
or disease. However, it now appears likely
that an additional factor, glucose effec-
tiveness, also determines whole-body
glucose tolerance, and alterations in glu-
cose effectiveness may contribute to glu-
cose intolerance under certain conditions
(12-14).

What is glucose effectiveness?
Glucose effectiveness is the influence of
glucose at basal insulin to enhance its own
utilization and suppress its own endoge-
nous production (15). In this review, the
term glucose effectiveness is used as a con-
cept, analogous to insulin sensitivity.
Thus, glucose effectiveness can be mea-
sured using various techniques, and the
measure emanating from a specific meth-
odology would have a unique designation
[e g., SG, SG(clamp)].

It has been known since the time
of Soskin et al. (16) that glucose could
influence its own metabolism indepen-
dent of changes in the plasma insulin
level. In fact, in 1971, Vranic et al. (17)
demonstrated this insulin-independent
effect directly in pancreatectomized dogs
tested at basal insulin (plasma glucagon
levels remained normal because of enteric
secretion). Evaluation of this phenome-
non in normal animals and estimation of
its contribution to glucose tolerance was
first performed by Ader et al. (18). They
demonstrated that even when the insulin
response to glucose injection is prevented
pharmacologically (with basal insulin and
glucagon replaced intraportally), hyper-
glycemia is rapidly renormalized to pre-
injection levels, although the rate of nor-
malization is slower than that seen with
the insulin response intact. Thus, there
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Figure 1—Glucose uptake rates at different glucose levels and matched insulin concentrations based
on data from 15 individual studies (19-33). In most studies, insulin levels are fixed by infusion of
somatostatin and exogenous insulin, and the desired glucose level is achieved by infusion of dextrose
using the glucose clamp technique. Glucagon was not replaced in any study. Glucose uptake is usually
calculated from turnover of radiolabeled glucose. Regression lines relate ability of glucose to enhance
glucose uptake at fixed insulin. At subbasal insulin (<5 ^U/ml), the increase of glucose uptake with
hyperglycemia is very limited. The effect ofhyperglycemia increases with increasing insulin concentra-
tion so that at high insulin (>100 ixU/ml), glucose uptake increases almost threefold with similar
hyperglycemia.

must exist mechanisms to enhance the
utilization of glucose and/or to suppress
glucose output that are not dependent on
the stimulation of/3-cell release of insulin.

EVIDENCE FOR GLUCOSE
EFFECTIVENESS
Studies of glucose effectiveness in hu-
mans: glucose disposal
One approach to quantitation of glucose's
role independent of hyperinsulinemia is
the glucose clamp method. By the use of
somatostatin as an islet-suppressing
agent, it has been possible to examine glu-
cose uptake under steady-state conditions
at different insulin and glucose levels. Us-
ing the glucose clamp approach, many
different groups have confirmed the rela-
tionship among glucose, insulin, and glu-
cose uptake reported by Best et al. (19) in
1981. Data from 15 of these laboratories
are summarized in Fig. 1 (19-33).

With islet suppression and with-
out insulin replacement (i.e., at insulin
indistinguishable from zero), glucose
alone can enhance glucose utilization
(Fig. LA). In fact, the slope of the best-fit
line garnered from available data was

0.005 inin""1. (Note that the term 1.69
times the glucose is included so that glu-
cose effectiveness and insulin sensitivity
can be expressed in terms of the fractional
change of the glucose pool, in units of
min"1.) At insulin near basal fasting lev-
els, this slope increases to 0.012 min '
(Fig. IB). This latter slope represents the
effect of glucose itself to enhance glucose
disposal at basal insulin and is therefore a
measure of the component of glucose ef-
fectiveness related to glucose disposal. We
refer to the slope of Fig. IB as Scilxt:i AMin.
SG is used as the generic terminology for
glucose effectiveness defined at basal in-
sulin. The letter D refers to disposal of
glucose, and the word damp delineates
the value calculated from a clamp study.
By analogy, the term referring to the effect
of glucose per se to suppress glucose ap-
pearance (i.e., endogenous glucose pro-
duction) we have delineated St;Au-lAMI^,
for which A delineates appearance of glu-
cose. The total effect of glucose to enhance
glucose disposal and suppress glucose ap-
pearance during a glucose clamp experi-
ment done at basal insulin is whole-body
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Table 1—Relative contribution of glucose
effectiveness to total glucose uptake (%
total)

GDR - 1.03 +

Insulin
(juU/ml)

12
40
80

120

80

60
36
29
26

Glucose level

120

69
40
31
28

(mg/dl)

160

75
41
32
29

glucose effectiveness, represented as SG-
ICIAMP1.

With increased insulin, as ex-
pected, the slope of the glucose uptake
versus glucose concentration relationship
increases substantially, to a near-maximal
value of 0.045 min"1 (Fig. ID), or four
times the glucose uptake component of
glucose effectiveness [~ 4 X SGIXClAMP)].
It is convenient to express the relation-
ships among glucose, insulin, and glucose
uptake shown in Fig. 1 with a simple al-
gebraic equation (Eqs. 1 and 2, below). In
these equations, GDR is glucose disposal
rate, and Rd(0) is the intercept on the y-
axis, that is, the apparent glucose uptake
at zero glucose concentration. [Of course,
there can be no glucose uptake at zero
glucose. Rather, Rd(0) represents that sat-
urable component of glucose uptake that
would be added to uptake rate at all glu-
cose levels.] Disposal glucose effective-
ness [St;ixt iAMP)\ represents the effect of
glucose to enhance glucose disposal at
basal fasting insulin; under such a condi-
tion, the increment in insulin above basal
is 0 (Ainsulin = 0). Above basal insulin
(Ainsulin > 0), the slope of the relation-
ship between glucose concentration and
glucose uptake increases with insulin; the
rate of increase of glucose disposal with
insulin is represented by the insulin sen-

0.012 + 0.038
A insulin

I Ainsulin + 55
• 1.69 • glucose (3)

sitivity in Eq. 1. This latter insulin sensi-
tivity index was previously denned as
SIP(CLAMP) (34)- "̂ he effect of insulin to in-
crease the slope has a tendency to satu-
rate; this saturation is accounted for by
Michaelis-Menten parameter Km.

The actual best-fit equation de-
scribing all the glucose clamp data col-
lated from the many laboratories is shown
above (Eq. 3). In this equation, glucose
represents the plasma glucose concentra-
tion, insulin is in microunits per milliliter,
glucose effectiveness is in units of recipro-
cal minutes, and GDR is represented in
milligrams per minute per kilogram. Note
that Eq. 3 allows the estimation of glucose
utilization for the overall population of
normal individuals studied in the many
experiments. This uptake value can be
calculated at any fasting and/or elevated
steady-state plasma insulin and glucose
concentration.

Baron et al. (25) have previously
examined the physiological and patho-
physiological regulation of non-insulin-
mediated glucose uptake (NIMGU).
However, NIMGU and glucose effective-
ness are different concepts. NIMGU is the
truly insulin-independent glucose up-
take. It is usually determined at fasting
glucose, but can be determined at hyper-
glycemia. At fasting glucose, NIMGU is
approximately equal to Rd(0) (1.03
mg'tnin"1 'kg"1)- Disposal glucose ef-
fectiveness, however, is the change in glu-
cose uptake with increasing glucose level,
calculated at basal insulin. Disposal glu-
cose effectiveness [SGD(CLAMP)] can be cal-
culated from clamps by taking the differ-
ence between glucose uptake at basal
insulin and hyperglycemia minus glucose

GDR - Rd(0) +
glucose

effectiveness
insulin / A insulin

sensitivity I Ainsulin + Km
• glucose • Vd (D

GDR " Rd(0) +
I Ainsulin

VICLAMP) I A i n s U | i n + K( i
• glucose • Vd (2)

uptake at basal insulin and euglycemia.
Thus, unlike NIMGU, which is approxi-
mately equal to Rd(0), SGD(CLAMP) is inde-
pendent of Rd(0).

Components of disposal glucose
utilization
Expressing all glucose uptake data in Eq.
2 allows one to calculate the contributions
to glucose disposal of three components:
1) Rd(0), or the component that is inde-
pendent of glucose and insulin; 2) the
contribution of glucose effectiveness; and
3) the additional contribution of incre-
mental plasma insulin. The Rd(0) compo-
nent is constant at 1.03 mg • min~] • kg"'.
However, the relative contribution of glu-
cose effectiveness to glucose uptake
changes substantially at steady state with
increasing insulin (Table 1).

At basal, fully 60% of glucose up-
take is due to glucose effectiveness; this
proportion reduces to <30% with insulin
in excess of 100 /xU/ml. During the nor-
mal glucose tolerance test, glucose may
reach 160 mg/dl and insulin frequently
reaches 80 /u-U/ml; under this condition,
if steady state were to be reached, it could
be estimated that ~70% of the glucose
uptake would be due to the insulin com-
ponent and Rd(0) and that only ~30%
could be ascribed to glucose effectiveness.
However, as we shall see, this estimate of
the minor contribution of glucose effec-
tiveness is an underestimate, and glucose
effectiveness is more important in dis-
posal of carbohydrate than is indicated by
Table 1.

Dynamic effects: disposal glucose
effectiveness
When carbohydrate is taken by mouth or
injected by vein, steady-state conditions
do not apply; that is, both glucose and
insulin are changing during the period af-
ter carbohydrate administration. Because
they are changing, the contribution of
glucose effectiveness to glucose disposal is
considerably greater than is indicated in
Table 1. It is now abundantly clear that
insulin acts slowly in vivo to enhance glu-
cose utilization (35,36). This sluggishness
is in contrast to the rapid onset of insulin
action in vitro. In recent years, the cause
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Figure 2—Dynamics of glucose uptake due to isolated effects of hyperglycemia or hyperinsulinemia in
dogs. A: effects of glucose per se. Glucose clamps were performed during somatostatin and basal insulin
andglucagon replacement at glucose levels of 100 ( •) , 150 (O), 225 ( •) , or 300 (O) mg/dl. B: Effects
of insulin per se. Euglycemic clamps were performed at insulin levels of 15 (O), 35 ( •) , 53 (O), or 131
(•) [xU/ml. While the stimulatoiy effects of hyperglycemia are quite rapid, insulin's action to increase
glucose uptake is delayed because of relatively slow movement of insulin across the capillary endothelial
barrier. From Bergman et al. (41).

of this phenomenon has been delineated:
it is due to the relatively slow movement
of the insulin molecule across the capil-
lary endothelium of most insulin-
sensitive tissues, including muscle and
adipose tissue. In contrast to what hap-
pens when insulin changes, when glucose
increases (Fig. 2), glucose uptake is en-
hanced almost instantaneously, even in
vivo. Glucose readily crosses the capillary
because of its small size and uncharged
status; thus, it can readily enter the cell
through specific transporter molecules
and be stored or catabolized. In contrast
to transendothelial movement of glucose,
the slowness with which insulin reaches
the insulin-sensitive tissues such as mus-
cle and fat limits the overall influence of
insulin to enhance glucose uptake after a
carbohydrate meal or glucose injection.

We have measured the time
course of interstitial fluid insulin during
glucose clamps in dogs (37-39) as well as
in humans (40). As expected, despite a
rapid increment in plasma insulin, inter-

stitial fluid insulin (as reflected by insulin
in lymph exiting the leg) rises slowly, with
a half-time of —41 min (39). In addition,
insulin concentration in lymph, even at
steady state, is little more than half the
concentration in plasma. Thus, there is
both an attenuation and a retardation of
the insulin signal as it crosses from the
blood to the interstitium. This alteration
in the insulin signal has important impli-
cations for the relative importance of glu-
cose eifectiveness versus insulin action in
stimulation of glucose utilization.

As stated previously, during a glu-
cose clamp, interstitial insulin increases
slowly to a steady state over a 3-h period.
While the time course of interstitial insu-
lin during the OGTT has not been mea-
sured, computer simulation allows us to
predict the insulin concentration in inter-
stitial fluid (i.e., at the site of insulin ac-
tion) during the OGTT and compare it to
that during the clamp (Fig. 3). Because of
the changing plasma insulin during the
OGTT and the attenuation/retardation

phenomenon discussed above, the peak
level of insulin reached at the insulin-
sensitive tissues themselves in normal in-
dividuals is <50% of that achieved at the
end of a 3-h clamp (cf. Fig. 3/\ and B).
During a clamp in which plasma insulin is
100 /LtU/ml, the increment in interstitial
insulin is ~50 ju,U/ml. During the OGTT,
plasma insulin peaks at ~100 jall/ml,
equaling the maximal plasma insulin dur-
ing the clamp. However, because of the
slow dynamics of insulin transport, it is
predicted that interstitial insulin peaks at
just 24 ju,U/ml above basal (total, — 30
jwU/ml). Additionally, mean insulin dur-
ing the 3-h test is but 15 /LLlI/ml above
basal (mean total, ~21 jaU/ml). More im-
portant, the total increase in the amount of
insulin appearing in the interstitial com
partment during the OGTT is predicted to
be only 40% of the extra amount that has
been measured to appear in the intersti-
tium during a clamp. Similar differences
are predicted between the glucose clamp
and interstitial insulin during the OGTT
for individuals with impaired glucose tol-
erance (Fig. 3C).

That insulin does not achieve
steady state during the OGTT limits its
total effect on glucose uptake (41). In fact,
glucose effectiveness in normal individu-
als can be calculated to account for an
equivalent amount of glucose uptake as
insulin action after a glucose load (.Fig.
4A). The relative importance of glucose
effectiveness is even greater in insulin-
resistant states when the time to achieve
insulin action is increased compared with
normal states (half-time ~7.c> min [42])
and the overall effect of insulin is reduced
because of cellular insulin resistance. In
fact, in the insulin-resistant obese individ-
ual, the estimated contribution ol glucose
effectiveness compared to that of insulin
action is 83% compared with just 17%
(Fig. 4B).

Thus, it appears that glucose ef-
fectiveness has significance equal to and
possibly greater than the influence of in-
sulin itself to enhance glucose uptake af-
ter a glucose load, and that the impor-
tance of glucose effectiveness is even
greater in insulin-resistant states such as
obesity.

Appearance versus disposal
components of glucose effectiveness
Even at basal insulin, the effect of glucose
infusion can include not only glucose en-
hancement of its own disposal, but also
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Figure 3—Concentrations oj insulin in plasma (actual) and interstitial fluid (predicted) during the
hyperinsulinemic-euglycemic clamps (A), OGTTs in normal subjects (B), and OGTTs in subjects with
impaired glucose tolerance (C). Plasma insulin is shown in solid symbols, and interstitial insulin in open
symbols. To simulate the interstitial insulin profile from the time course of plasma insulin, the half-time
for appearance of insulin in the interstitial space was assumed to be 45 min in normal and 74 min in
subjects with impaired glucose tolerance (39). The ratio of insulin concentrations between plasma and
interstitial fluid is assumed to be 2.0 in normal subjects (39) and 2.2 in subjects with impaired glucose
tolerance (40). Plasma insulin data from clamps and OGTTs were obtained from Castillo et al. (40) and
Rcaven and Miller (100), respectively.

suppression of endogenous glucose pro-
duction (primarily from liver) (27,43,44).
The overall effect of hyperglycemia to alter
glucose economy is the sum of the in-
crease in glucose disposal and the de-
crease in glucose production. During glu-
cose clamps, the sum of these two effects
is equal to the requisite glucose infusion
rate to maintain target glycemia. We may
extend our definition of glucose effective-
ness from just the disposal component
[Sc;iX( IAMP)] to also include the effect of
glucose to suppress endogenous glucose
appearance [SGA(c;uxMP)]. Thus, we define
whole-body glucose effectiveness from
the glucose clamp [SG(CIAMP)] as the rela-
tionship between glycemia and the rate of
glucose infusion required to maintain that
glycemia. Therefore,

^GA(CLAMP)

(4)

For example, let us assume that at basal
glucose (95 mg/dl), hepatic glucose out-
put equaled 2.5 mg • min"1 • kg"1 and
that clamping glucose at 175 mg/dl, at
basal insulin, suppressed endogenous he-
patic glucose output (HGO) by 1.0
mg • min"x • kg" l and increased disposal
by 2.0 mg • kg"1 • min"1. The overall ef-
fect of glucose would be 1.0 + 2.0 = 3.0
mg • kg"1 • min"1 and would equal the
requisite glucose infusion rate. Whole-
body glucose effectiveness, then, would
be equal to the requisite glucose infusion
rate divided by the glucose increment:

•SG(CLAMP)

and

SG(CLAMP)

A HGO + A

A glucose
(5)

1.0 + 2.0

175 - 95

= 0.0375 dl- min"1 • kg"1

(6)

Note that this definition of whole-body
glucose effectiveness will exceed periph-
eral glucose effectiveness by the degree to
which glucose suppresses hepatic glucose
output. [In this example, SGD(CLAMP)

would have been 2.0/(175 - 95) = 0.025
dl • min"1 • kg"1.] We shall return to a
discussion of whole-body glucose effec-
tiveness below, after discussion of the cal-
culation of glucose effectiveness from the
minimal model.

Glucose injection
The concept that glucose effectiveness is
as important as incremental insulin action
to enhance glucose disposal, demon-
strated for clamps and the OGTT, has also
been demonstrated for the IVGTT. In par-
ticular, the glucose effectiveness concept
was incorporated into the minimal model
(15). This model was the simplest math-
ematical construct that could account for
intravenous glucose dynamics. It was not
possible to account for glucose dynamics
without including glucose effectiveness,
further evidence for the importance of
this concept.

Equations 7 and 8 comprise the
minimal model:

dG(t)

dt
= - [SG + X(t)] • G(t)

+ (7)

dt
= -P2X(t) + p3l(t) (8)

1(0 and G(t) are plasma insulin and glu-
cose, respectively, after glucose injection.
X(t) represents the "remote" insulin com-
partment, now identified as interstitial in-
sulin (37,38). Ib and Gb are insulin and
glucose at basal, before glucose injection,
and SG is the glucose effectiveness index.
(In all previous literature, parameter SG

has been referred to as glucose effective-
ness because the latter had not been mea-
sured other ways. However, now that the
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Figure 4—Relative contribution ojglucose effectiveness and insulin action during the OGTTjor nor-
mal subjects (A) or subjects with impaired glucose tolerance (B). Glucose kinetics were characterized by
a two-compartment distribution model, with insulin action affecting glucose uptake from the slow com-
partment (41). OGTTdata were obtained from Reaven and Miller (100). Half-time for insulin action is
4!i minfor normal subjects and 74 minfor subjects with impaired glucose tolerance (42).

glucose clamp and the minimal model ap-
proach are being used to assess the effec-
tiveness concept [50,101], we refer to SG

as the glucose effectiveness index, analo-
gous to the insulin sensitivity index, S,.)
Parameters SG, p2, and p3 are characteris-
tic of individual subjects and are calcu-
lated from the performance of a fre-
quently sampled 1VGTT.

The minimal model partitions the
return of plasma glucose after glucose in-
jection into two individual components:
one that depends on the dynamic insulin
response (incremental insulin action) and
a second that depends on glucose per se,
at basal insulin (glucose effectiveness).
The former component is quantitated as
the product of the dynamic insulin re-
sponse and the insulin sensitivity [J(l(0

lh)dt'S\}. The latter component is
quantified as SG. This parameter has the
same theoretical definition as whole-body
glucose effectiveness discussed earlier. Of
course, since 5G(CIAMP) and SG are calcu-

lated from different techniques (the clamp
versus the minimal model), it remains to
be proven that they are, in fact, equivalent.

In principle, the value of SG from
the minimal model should be equivalent
to the SG value determined from the
IVGTT where the dynamic insulin re-
sponse is suppressed. This can be under-
stood by examination of Eqs. 7 and 8. At
basal insulin, X (which represents any in-
crement in interstitial insulin associated
with a dynamic insulin response) is de-
fined as zero.

Under this condition, Eq. 7 re-
duces to Eq. 9

dGjt)

dt
= -SG[G(t) - Gb] (9)

and Eq. 10

G(0) = Gb + AG (10)

G(t) is plasma glucose, G(0) is the pre-
dicted glucose concentration immedi-

ately after glucose injection, Gh is the pre-
injection glucose concentration, and 5G is
a rate constant defining the decline in
plasma glucose. (Parameter 5G was origi-
nally termed pL, but was renamed to es-
tablish its similarity to the insulin sensi-
tivity index, S,. The terminology 5G will
be used throughout this review.)

The solution to Eq. 9 is Eq. 11:

G(t) = Gh + kGe SJ (11)

According to Eq. 11, when the dynamic
insulin response is suppressed and basal
insulin is maintained, the minimal model
predicts that the response to glucose in-
jection should be approximately expo-
nential, with a time constant equal to 5G.
In other words, the half-time for glucose
to return to its preinjection basal value
(after initial mixing in the extracellular
fluid) should be 0.693/SG. Thus, for ex-
ample, if SG = 0.025, the half-time for
glucose disappearance, if the dynamic in-
sulin response is inhibited, would be 27.7
min (0.693/0.025).

Ader et al. (18) examined the re-
sponse to glucose injection at basal insu-
lin. They used normal dogs, with soma-
tostatin suppression of endogenous
insulin, and basal insulin replacement. As
predicted from the minimal model, with
constant basal insulinemia, after glucose
injection, the rate of decline of plasma
glucose followed a single exponential.
Glucose effectiveness, quantitated as the
time constant of the renormalization of
glucose, averaged 0.025 ± 0.004 min '
in their experiments.

Note that glucose effectiveness
from Ader's analysis exceeds the 5G1XC, ANin

value of 0.012 min ' presented above for
human volunteers. There are several pos-
sible explanations for this difference.
First, the value of whole-body glucose ef-
fectiveness from Ader's analysis repre-
sents the effect of glucose to enhance net
glucose disappearance. This includes two
components: the glucose effect to increase
glucose disposal (disposal component)
and the effect of glucose to suppress en-
dogenous glucose output (endogenous
appearance component). The data pre-
sented above for humans represented the
disposal component only. Second, the
possibility must be considered that glu-
cose effectiveness in dogs exceeds that in
humans.

The measure of glucose effective-
ness derived from the minimal model
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Table 2—Calculation of glucose effectiveness from glucose clamp studies in dogs

Glucose
(mg/dl) Glucose effectiveness (dl • min * • kg *)

Disposal Whole-body Difference

MV
Basal Elevated

127 213
92 227
99 234
98 270

104 ± 8 236 ± 12
per unit distribution volume (min"1)

0.0273
0.0219
0.0309
0.0228

0.026 ± 0.002
0.015 ± 0.001 (67%)

0.0451
0.0352
0.0336
0.0438

0.039 ± 0.003
0.023 ± 0.002 (100%)

0.0178
0.0133
0.0270
0.0210

0.013 ± 0.004
0.008 ± 0.002 (33%)

Data from individual animals are shown. Based on data from Cherrington et al. (47).

analysis of IVGTT data includes glucose's
effects to enhance utilization and to sup-
press glucose output. Therefore, the min-
imal model definition of glucose effective-
ness is analogous to the definition of
whole-body glucose effectiveness from
glucose clamps at basal insulin. The min-
imal model parameter SG is the fractional
increase in glucose utilization, normal-
ized to the glucose pool, and expressed in
units of reciprocal minutes. Clamp-based
glucose effectiveness at basal insulin can
be converted to a value equivalent to SG

by dividing by the glucose space; that is,
Eq. 12:

SG = glucose effectiveness from
clamps/distribution volume

(12)

Assuming a glucose distribution volume
of 0.65 X 2.6 dl/kg (45,46), we have

SG = clamp glucose effectiveness
at basal insulin/1.69 (13)

Table 2 shows data from glucose
clamp studies in dogs, with whole-body
and disposal glucose effectiveness values
calculated at basal insulin (16 jLtU/ml), ex-
tracted from a study by Cherrington et al.
(47). Converting to minimal model units,
SG is 0.023 ± 0.002 mirr1 (corrected for
glucose space, bottom of 4th column in
Table 2). Cherrington used tracer dilution
to calculate peripheral glucose uptake, al-
lowing for additional calculation of the
peripheral component of glucose effec-
tiveness from their data. Note that whole-
body effectiveness (0.039 dl • min"1 •
kg" l, 0.023 min~l after correction to glu-
cose space) can be separated into the dis-

posal component (0.026 dl • min"1 •
kg"1, 0.015 min"1 after correction, 67%)
and the remainder (0.013 dl • min"1 •
kg"1, 0.008 min"1, 33%), which is pre-
sumably the effect of glucose at basal in-
sulin to suppress hepatic glucose output
(the appearance component of glucose ef-
fectiveness). These data in Table 2 indi-
cate that, based on tracer dilution mea-
surements, at basal insulin, about two-
thirds of the effect of glucose to enhance
net glucose uptake is due to the disposal
effect, with the remainder apparently ac-
counted for by an effect of glucose to
suppress the liver. This proportion—two-
thirds disposal and one-third produc-
tion—is very similar to results calculated
from human data (Table 3) except that
whole-body glucose effectiveness in the
dog appears to be somewhat greater than
that reported for humans (0.039 com-
pared to 0.024 dl • min"1 • kg"1).

Assigning a full third of the effect
of glucose on net glucose disappearance
to suppression of hepatic glucose output
is consistent with reports of glucose's ef-
fect on glucose output. Sacca et al. (43)
reported a 35-40% suppression of he-
patic glucose output in normal subjects at
basal insulin when glycemia increased to
183 mg/dl (43); the ratio of suppression
of production to increment in glucose
concentration in their study was 0.95
mg • min"1 • kg-1 per 94 mg/dl = 0.010
dl • min"1 • kg"1. This is similar to the
prediction from human data (Table 3)
that the hepatic component of glucose ef-
fectiveness would be 0.008 dl • min"1 •
kg"1. Similarly, Adkins et al. (48) as-
sessed the effect of peripheral glycemia on

net hepatic glucose balance in dogs, mea-
sured by arteriovenous difference and
tracer methods. Glucose effectiveness
from their data was [(3.50 -1 .29
mg • min-1 • kg" 0/(200 -100 mg/dl)] =
0.022 dl • min"1 • kg"1, confirming that
the hepatic component of glucose effec-
tiveness in dogs exceeds that in humans in
absolute value and that it accounts for at
least one-third of the total effect of ele-
vated glycemia to alter net glucose dispo-
sition when plasma insulin is at a basal
fasting level.

Recently, Ader and colleagues
(49) used tracer modeling as well as glu-
cose clamps to separate glucose effective-
ness into its two components. They report
that in dogs about two-thirds of glucose
effectiveness is due to disposal and one-
third is due to glucose suppression of the
liver (49). Christopher et al. (50) have
also reported a predominance of the dis-
posal effect in dogs. Thus, it is clear that
the value of glucose effectiveness in dogs
(18) exceeded the estimated value in hu-
mans for at least two reasons: the liver
component contributes an additional
one-third factor to whole-body glucose
effectiveness, and the peripheral glucose
effectiveness component appears to be
greater in dogs than in humans.

GLUCOSE EFFECTIVENESS
IN DIFFERENT STATES

5G from the minimal model
Measuring glucose effectiveness directly,
whether by glucose clamp or by the intra-
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Table 3—Calculation of glucose effectiveness from clamps in subjects with normal
glucose tolerance

Basal

100

Glucose
(mg/dl)

Elevated

309

Mean insulin
(/j,U/ml)

11

Disposal

0.016 ± 0.004
(67%)

Glucose effectiveness
(dl-min~l -kg"1)

Whole-body

0.024 ± 0.005
(100%)

Difference

0.008 ± 0.001
(33%)

Data are summarized from six data sets (24,27,29-32).

venous protocol introduced by Ader et al.
(18), is a time-consuming and labor-
intensive process. An alternative is the di-
rect use of the minimal model itself. A
stereotypical protocol is used in which
glucose (usually 300 mg/kg) is injected,
followed by either tolbutamide or insulin
20 min later. Samples are taken over 3 h,
and glucose and insulin measurements
are used to estimate the parameters of the
minimal model (Eqs. 7 and 8). From this
analysis emerges the insulin sensitivity in-
dex, S,, as well as the glucose effectiveness
index, SG. The great preponderance of
data on glucose effectiveness is based on
estimates emerging from minimal model
usage.

Glucose effectiveness has been
measured using the minimal model in
over 50 individual studies in the recent
past. Some of these studies are summa-
rized in Table 4, in which we have listed
only the mean normal SG value from 18
studies, and values of SG from all studies
that deviated measurably from the nor-
mal value. While individual values of
insulin sensitivity (S{) varied widely
among individual studies (coefficient of
variation 58%, data not shown), the SG in
18 studies (average value 0.024 min"1)
varied much less (coefficient of variation
32%). Also, SG is reduced in certain spe-
cific subject groups, ranging from a minor
reduction in polycystic ovarian disease
(SG = 0.018 min~') to a substantial re-
duction in subjects on a very-low-calorie
diet (SG = 0.010 min"1)- Note that 5G is
reduced in IDDM as well as NIDDM
patients.

In three groups, a substantial in-
crease in SG was noted: with acute exer-
cise, with glucagon-like peptide I treat-
ment, and with physical training,
although the training effect on SG has not
been universally observed (51).

Commonality in groups with SG

reduction
A common thread in many but certainly
not all groups with reduced SG is reduced
insulin secretion and/or hypoinsuline-
mia. Thus, reduced insulin response is ex-
pected in pancreas transplant subjects
and subjects treated with octreotide, as
well as in NIDDM and IDDM patients and
in patients on a very-low-calorie diet.
Two possibilities may be considered: first,
that insulin itself, on a chronic basis, is a
regulator of glucose effectiveness. Consis-
tent with this notion are studies in ani-
mals reporting reduced SG with experi-
mental /3-cell damage (83,84). A second
possibility must also be considered,
namely, that SG estimation from the min-
imal model may be distorted in subjects
with reduced insulin response. Finegood
and Tzur (85) have suggested this latter
possibility based on animal experiments.
Clearly, clarification of whether a bias in
the Sr estimate exists based on insulin re-

sponse deserves further attention, and re-
duced SG in diabetic states awaits further
analysis.

Importance of glucose effectiveness
in NIDDM
Regardless of the exact value of glucose
effectiveness, it is an important factor in
the glucose regulation of NIDDM pa-
tients. As discussed earlier, there are three
components that determine glucose dis-
position: Rd(0), glucose effectiveness, and
secreted insulin acting through the insu-
lin action cascade. However, NIDDM
subjects are highly insulin resistant (4,7);
in addition, NIDDM patients have se-
verely depressed insulin secretion (6,e)),
especially for their degree of insulin resis-
tance. The combination of these two de-
fects results in insulin itself making little if
any contribution to the increase in glu-
cose disposal after carbohydrate inges-
tion. Rd(0) does not increase with glyce-
mia; therefore, it is only the glucose
effectiveness that can account for glucose
utilization increasing after carbohydrate
ingestion in the NIDDM patient. It is glu-
cose effectiveness, then, that represents
the last resort for glucose regulation in
these patients. Given this, it is important
to understand the regulation of glucose
effectiveness in diabetic patients because
the value of this parameter may well in-
fluence the mortality and morbidity re-
lated to lack of glucose regulation in such
patients.

Table 4—Glucose effectiveness index for human subjects

Condition St:(min Reference

Acute exercise
Physical training
Glucagon-like peptide 1
Normal subjects
Polycystic ovarian disease
Pancreas transplant
Offspring of 2 NIDDM parents
NIDDM
Anorexia nervosa
Impaired glucose tolerance
IDDM
High-dose oral contraceptive
Octreotide treatment (7 days)
Very-low-calorie diet

0.044
0.030
0.027
0.024
0.018
0.016
0.016
0.015
0.015
0.015
0.013
0.011
0.010
0.010

52
53
54

55-72
56
73
74

75-77
78

70,80
63,70

81
66
82

Value of SG for normal subjects represents mean of control values published in 18 separate studies Oi-VVA
In all studies, SG obtained from the test conditions was statistically different from that of their respective
control conditions.
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MECHANISMS

Given the present observations that glu-
cose effectiveness contributes substan-
tially to carbohydrate disposal and is re-
duced in diabetic states, it is of interest to
consider the underlying mechanisms that
are responsible for glucose uptake at basal
insulin. It will also be of interest to study
the alterations in these mechanisms in
pathological states.

Peripheral component
The most obvious contributor to glucose
effectiveness is the mass-action effect of
glucose itself. At basal insulin, there are
finite populations of insulin-independent
glucose transporters GLUT1 and GLUT2
on the cell membrane and presumably a
small number of so-called insulin-
dependent transporters, GLUT4 (86-88).
Thus, it is straightforward that hypergly-
cemia, even at basal insulin, will, by the
law of mass action, enhance the flux of
glucose across the capillary endothelium
and into cells. This flux should be large
for liver, which is replete with GLUT2
transporters. Interestingly, since glucose
effectiveness is the increase in glucose up-
take with hyperglycemia, the central ner-
vous system contributes little or nothing
because glucose uptake by the brain is sat-
urated at the fasting glucose level (89,90).
Additionally, it is to be expected that in-
creased uptake with hyperglycemia
would occur in muscle, which not only
has GLUT1 transporters on the mem-
brane but accounts for 50% of body mass.

I lowever, it is not likely that mass
action is the only contributing factor to
glucose effectiveness. It has long been
known that certain rate-limiting enzymes,
particularly in the liver, are allosterically
activated by glucose. For example, glu-
cokinase, rate limiting for hepatic glucose
uptake and therefore glycogen synthesis,
is a glucose-dependent enzyme (91,92).
Thus, glucose should enhance glycogen
synthesis in liver beyond the mere mass-
action uptake of the hexose. There is both
a "push" and a "pull" enhancement of gly-
cogen synthesis in the liver, and these
mechanisms will contribute to whole-
body glucose disappearance independent
of a change in insulin.

Finally, exciting new results indi-
cate that glucose itself may mimic insulin
by directly enhancing recruitment of
GLUT4 glucose transporters to the sur-
face of skeletal muscle. In fact, Galante et

Basal SRIF 150 225 300

Figure 5—Suppression of plasma free fatty acid
(FFA) and HGO by hyperglycemia alone. Step-
wise hyperglycemic clamps (three levels per
clamp) were performed in normal dogs during so-
matostatin and fixed basal insulin and glucagon.
Data were obtained at basal, during euglycemic
basal insulin and glucagon (SRIF), and at glucose
levels of 150, 225, and 300 mg/dl, and are pre-
sented as percentages of respective basal values.
There was clear similarity in the degree of sup-
pression of free fatty acid and HGO by hypergly-
cemia, consistent with the possibility that glucose
autoregulation may occur through indirect actions
on the adipocyte to suppress lipolysis. Data were
obtained from Ader and Bergman (102).

al. (93) reported that in vitro and in vivo
glucose transporter abundance at the cell
membrane could be doubled by hyper-
glycemia without hyperinsulinemia. Also
Nolte et al. (94) demonstrated that the
glucose-dependent activation of glucose
transport is mechanistically distinct from
the insulin-dependent mechanism. Glu-
cose acts via a Ca2+-dependent mecha-
nism, whereas the insulin mechanism is
mediated via phosphatidylinositol 3-ki-
nase. This recent report of glucose-
stimulated transporter recruitment, if
confirmed, should lead to continued in-
vestigation of the mechanism by which
glucose acts to increase cellular metabo-
lism independent of a change in insulin.

What is interesting about the
three mechanisms by which glucose can
accelerate glucose utilization—mass ac-
tion, enzyme activation, and transporter
recruitment—is that these mechanisms
are synergistic. Thus, increased mass ac-
tion coupled with increased transporter
recruitment will have a multiplicative ef-
fect to increase the utilization of glucose.
It is apparent that exciting work regarding
the mechanism of glucose effectiveness
lies in the near future.

Hepatic suppression component
Classically, it has been known that glu-
cose has an autoregulatory effect to sup-
press glucose output (43,44,95,96).
However, evidence indicates that while

glucose suppresses the net rate of glucose
output in in vitro systems, the appearance
of newly formed glucose (e.g., from glu-
coneogenesis and glycogen breakdown)
is not influenced by glucose (97). In vivo,
however, it is very clear that the appear-
ance of newly formed glucose is inhibited
by hyperglycemia.

Recent data has emanated from
our laboratory that can explain the he-
patic suppression component of glucose
effectiveness: the dose-dependent reduc-
tion in hepatic glucose output that can be
seen in vivo. We have reported that insu-
lin has only a minor direct effect to sup-
press hepatic glucose production (98); in
fact, the primary mechanism by which
liver glucose output is regulated by insu-
lin is at the adipocyte. Thus, insulin sup-
presses lipolysis, and this, in turn, lowers
the liver glucose production (99). Figure
5 reports preliminary data from Ader
and Bergman (102) in which a dose-
dependent reduction in plasma free fatty
acids was stimulated by hyperglycemia,
despite maintaining plasma insulin at
basal. Thus, glucose, as well as insulin,
may suppress hepatic glucose production
by an indirect mechanism: Glucose acts to
suppress lipolysis (possibly by enhance-
ment of reesterification); this in turn re-
duces the free fatty acid signal to the liver,
and glucose production falls. The ability
of glucose to suppress lipolysis and lower
plasma free fatty acids may determine the
value of the hepatic suppression compo-
nent of glucose effectiveness. Future stud-
ies will be designed to investigate this pos-
sibility further.

It is apparent that glucose effec-
tiveness may be the summed effect of
many separate physiological mecha-
nisms, acting at the liver as well as the
periphery to enhance glucose utilization
and suppress glucose output and to help
regulate the blood glucose concentration.
At this time little is known, but more
should be delineated, regarding alter-
ations in these mechanisms in the predi-
abetic and diabetic states.

FINAL COMMENTS

Understanding the role of insulin secre-
tion and insulin sensitivity in the ability to
dispose of carbohydrate is relatively
straightforward. It is considerably more
difficult to comprehend what glucose ef-
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Table 5—Glossary

Concept or parameter Name Definition

"Glucose effectiveness"
(the concept)

-\;A(C:IAMP)

,(C;IAMP)

Disposal glucose
effectiveness

Appearance glucose
effectiveness

Whole-body glucose
effectiveness

Glucose effectiveness
index

The ability of glucose per se to increase
glucose disposal and to inhibit
endogenous glucose appearance.

The effect of increased glucose per se,
at basal insulin, to enhance glucose
disposal during a glucose clamp.

The effect of increased glucose per se,
at basal insulin, to suppress
endogenous glucose appearance
during a glucose clamp.

The total effect of increased glucose, at
basal insulin, to enhance glucose
disposal and to suppress
endogenous glucose appearance
during a glucose clamp.

The effect of glucose per se to enhance
disposal and suppress endogenous
glucose appearance during an
IVGTT.

fcctiveness is and to understand its possi-
ble role in glucose intolerance and diabe-
tes.

Glucose effectiveness is an impor-
tant and previously underappreciated
contributor to glucose tolerance in vivo. It
appears to be an equal contributor, along
with insulin action, to the degree of glu-
cose tolerance in normal individuals un-
der a variety of circumstances. Glucose
action is similar among many different
subject groups, and it represents a last line
of defense, providing glucose disposal
even when insulin action is compro-
mised. However, glucose effectiveness has
been shown to be reduced in states of glu-
cose intolerance, including diabetes, al-
though whether it is causal or a result of
the diabetic state requires further investi-
gation.

Thus, glucose effectiveness is the
hidden conspirator in the glucose toler-
ance regulating system. Its quantitative
importance will inevitably lead to further
study of the factors that determine it and
of whether it has a separable genetic de-
termination from insulin secretion and in-
sulin sensitivity. If the latter is found to be
so, then we may look to the proteins that
regulate insulin-independent glucose uti-
lization for additional candidate genes
that may lead to inherited states of re-
duced glucose tolerance and diabetes.
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APPENDIX

A glossary is presented in Table 5.
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