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Figure 12. Activation of glycogen synthase in
vastus lateralis by insulin at four different steady-
state ‘plasma glucose concentrations during eu-
glycemic and hyperglycemic, hyperinsulinemic
clamps (glucose concentrations 90, 160, 250, and
400 mg/dl) (from Yki-Jarvinen et al.).

after glycogen-depleting exercise, the rate of glu-
cose uptake and storage was correlated with the
proportion of active enzyme present prior to insu-
lin-glucose infusion.” We subsequently showed
that in a group of normal and diabetic subjects
without exercise, glucose uptake and storage were
correlated with muscle glycogen synthase activity
after insulin stimulation and with the change in
muscle glycogen synthase activity during insulin
stimulation.”® We then measured the effect of the
induction of insulin resistance by overfeeding on
glycogen synthase. Overfeeding produced a re-
duction in the percent of active glycogen syn-
thase.®

Taken together, these data indicate an impor-
tant relationship between the regulation of glyco-
gen synthase enzyme and in vivo insulin action.
Further studies have indicated that glucose-6-
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phosphate levels in muscle fall rather than rise
with the activation of glycogen synthase, and that
increasing glucose uptake by increasing plasma
glucose concentrations does not in itself increase
glycogen synthase.®"! These studies indicate that
activation of glycogen synthase is dependent on
insulin stimulation, rather than glucose uptake per
se. Future work, aimed at determining the bio-
chemical step at which defects in activation of
glycogen synthase occur, will help to determine
the specific biochemical defects in insulin resis-
tance. Given that glucose uptake at supraphysio-
logical insulin concentrations is highly familial®
and the major role of glucose storage and glycogen
synthase activation at these insulin concentrations,
it seems possible that a specific genetic defect that
determines insulin resistance in many individuals
may be located at a step between the insulin
receptor and glycogen synthase activation.

D. Insulin Action and Muscle Fiber Type

There is good evidence for a relationship be-
tween insulin action and muscle fiber type in
animals. Fibers that differ by staining and contrac-
tile properties (twitch speed) show differences in
oxidative capacity, capillary supply, tyrosine ki-
nase activity, and insulin stimulated glucose up-
take.%% In animals, fibers of different twitch char-
acteristics differ in their insulin sensitivity and
responsiveness, although the mechanism is un-
known. We have demonstrated a correlation of
fiber type and glucose uptake at physiological and
supraphysiological insulin concentrations (for per-
cent type I fibers: r = 0.29, p < 0.02, r = 0.29, p <
0.03, respectively; for IIB fibers: r = —0.38, p <
0.003, r = —0.32, p < 0.01, respectively) (Figure
13).! Whether this is a direct effect, or an effect of
an association with obesity or capillary density, is
not certain since in our data both obesity (Figure
14) and capillary density correlated with fiber type
(for type L fibers: r = —0.32, p <0.01, r = 0.39, p <
0.002, respectively; for type IIB fibers: r 0.32, p <
0.02, r = —0.27, p < 0.04, respectively) (findings
illustrated in Figure 14B). However, since fiber
type may be inherited,® the findings might also
provide a mechanism for the familial dependence
of insulin action.?

E. Insulin Action and Muscle Capillary Density

Several human studies have indicated that
muscle cell size and muscle capillary supply are
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Figure 13. Correlation of Submax M and percent type 2B fibers (r = —0.38, p < 0.003). X, Indians,

Caucasians.

associated with changes in fasting insulin concen-
trations and glucose tolerance.®*°> We have inves-
tigated the relationship of muscle capillary density
in vastus lateralis and in vivo insulin action mea-
sured by the euglycemic hyperinsulinemic
clamp.®! We found the capillary density very sig-
nificantly correlated with insulin-mediated glucose
uptake at physiological (Figure 15) and supra-
physiological plasma insulin concentrations (r
0.63, r = 0.47, p = 0.0001 for both). Capillary
density also correlated significantly with fasting
glucose (Figure 16) and fasting insulin concentra-

tion (r = —0.46, r = —0.47, p = 0.0001 for both).
Capillary density was lower in the most obese (r =
-0.59, p = 0.0001) (Figure 17) (illustrated in Figure
14B) and muscle cell size was greater (r = 0.39, p <
0.002).

These data may be interpreted in several
ways. Capillary density is correlated with oxida-
tive capacity of muscle cells.’****% These cor-
relations therefore might be due to a correlation
between some biochemical mechanism associated
with oxidative capacity and insulin action, but
there is currently no evidence to support this
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Figure 14A. Relationship of percent type 1 muscle fibers in m. vastus lateralis and waist/thigh ratio

(r = —0.39, p < 0.002). X, Indians, », Caucasians.
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Figure 14B. A cross-section of skeletal muscle. This illustrates the following: fiber size correlates with
obesity (r = 0.39, p < 0.002). Capillary density negatively correlates with obesity (r = —0.59, p = 0.0001).
Percent of type 1 fibers was lower and type 2B greater in the obese (r = —0.32, p < 0.01, r = 0.32, p <
0.02, respectively). (Percent type 2A fibers was not correlated with % fat or W/T ratio.) Capillaries/mm?
correlated with percentage of type 1 fibers (r = 0.39, p < 0.002) and negatively with % type 2B fibers
(r = —0.27, p < 0.04). Drawing is similar to an actual microscopic preparation except that capillary

diameter is not drawn to scale.

contention. An alternative explanation is that since
oxidative capacity and twitch characteristics are
correlated,”®™>* then perhaps the induction of slow
twitch genes also induces some biochemical
changes that lead to alteration in insulin insensi-
tivity (such as tyrosine kinase activity).”” Since the
correlation of capillary density and insulin action
was stronger than those of fiber type and insulin
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action in our data, this is not a wholly satisfactory
explanation for the findings.

Reduced capillary density might indicate that
blood flow to skeletal muscle is reduced. At rest
not all capillaries have significant flow®* and
anatomical studies do not permit an assessment of
which or how many capillaries are in use. Sub-
strate uptake into tissues is regulated both by
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Figure 15.

Relationship of glucose uptake at submaximally stimulating insulin concentrations and

capillary density. The relationship is nonlinear and therefore plotted on a log scale for M (r = 0.63, p =

0.0001). X, Indians; , Caucasians.
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Figure 16. Relationship of fasting glucose (mean of duplicates on three different days) and capillary
density (r = —0.46, p = 0.0001). X, Indians; », Caucasians.

blood flow and its ability to diffuse into the tis-
sue.®®® A low extraction ratio,®® i.e., a small or
modest decrease of insulin or glucose concentra-
tion between artery and vein, is direct evidence
that diffusion, and not blood flow, may be primar-
ily limiting their uptake.” Recently, James et al.
reported that blood flow was not a factor in deter-
mining insulin resistance in rats.”’ We suggest
therefore that a possible explanation for the associ-
ation of insulin resistance with capillary density
relates to biophysical changes in muscle that result
from enlarged muscle cells and greater diffusion
distances from capillaries to tissues. The following
interpretations of capillary density are based on

the principle first proposed by Krogh’>—that since
capillaries are aligned parallel to muscle fibers,
each capillary supplies a cylinder of tissue. This
cylinder varies in radius with the capillary density.

With enlargement of muscle cells, the surface
to volume ratio of cells is decreased. Therefore, to
obtain equivalent insulin action or glucose uptake
per unit muscle mass, the insulin action/con-
centration or glucose uptake per unit cell surface
area must be increased. Therefore, enlargement of
muscle cells irrespective of the capillary supply
will reduce insulin action.

With greater inter-capillary distances, there is
a greater distance for insulin or glucose to diffuse
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Figure 17. Relationship of capillary density and degree of obesity (% fat) (r = —0.59, p = 0.0001). X,
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Figure 18. Effects of intra-arterial infusions of insulin on insulin concentrations in the hindlimbs of
dogs. Arterial (dotted line), venous (dashed line), lymphatic (solid line). (Redrawn from Camu F, and

Rasio E, Eur ] Clin Invest 1972.8%)

to all parts of muscle cells. Diffusion of insulin or
glucose over 50U to 100U—the distance between
capillaries—would be rapid in simple aqueous
solutions. The cleft between muscle fibers may,
however, be very narrow (?1-0.1U),” and this
could possibly slow the rate of diffusion of insulin.

More important than just the diffusion dis-
tance, however, is the effect that an increased
distance between capillaries might have on the
ability of insulin to equilibrate within the muscle
tissue. Two factors are involved in this equili-
bration: (1) when blood insulin concentration
changes, insulin must pass through capillary walls
and deep into interfiber clefts; and (2) muscle cell
membrane is presumably constantly taking up
insulin and degrading it. Capillaries in skeletal
muscle are unfenestrated,” hence they present a
barrier between blood plasma and cell wall, espe-
cially for larger molecules such as insulin.

There are several lines of evidence that sug-
gest that insulin penetrates the capillary wall
slowly and equilibrates in tissues slowly. In spite
of active transport of insulin through the capillary
wall,” current evidence suggests that diffusion of
insulin through the capillary wall is the same or
worse than inulin a molecule of similar size.”*”” On
insulin infusion, arterial insulins are not matched
by equivalent peaks in limb lymph and the lym-

phatic peaks are delayed 30-45 minutes (Figure
18).7®” Glucose peaks in limb lymph are not
delayed like this. Neither is there this much delay
in insulin appearance in lymph draining the liver
(where capillaries are fenestrated), nor in thoracic
duct lymph.”*” In the basal state, limb lymph
insulin concentrations are apparently lower than
arterial concentrations.”” Since lymphatics do not
drain interfiber areas,® the differences between
arterial insulin and deep muscle insulin may be
even more marked than lymphatic insulin indi-
cates.

Studies of insulin kinetics®® have indicated
that insuiln equilibrates slowly (greater than 60
minutes) with a nonvascular compartment. Glu-
cose uptake closely follows the calculated insulin
concentration in this compartment which was
thought to represent interstitial space in muscle
and adipose tissue (Figure 19).8 These two lines of
evidence indicate that diffusion of insulin into
skeletal muscle is sufficiently slow to have impor-
tant physiological effects.

If muscle cell membranes are able to take up
and degrade insulin more rapidly than the diffu-
sion of insulin from capillary to interstitial space
and down between fibers, then the following prin-
ciples apply at steady state: (1) there is a concentra-
tion drop of insulin across the capillary wall; (2)
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Figure 19.

Computer-derived estimates of insulin levels in model compartments for primed-contin-

uous infusions of insulin. Compartment 3 is a large and slowly equilibrating compartment that may
represent interstitial fluid of muscle and adipose tissue. Note that glucose uptake follows the insulin
concentration in this compartment not the plasma compartment (compartment 1). (Redrawn from
Sherwin RS, Kramer K], Tobin JD, Insel PA, Liljenquist JE, Berman M, and Andres R, ] Clin Invest 1974.”!

with reduced capillary density, each capillary has a
larger volume of tissue and greater area of cell
membrane to supply—and the insulin concentra-
tions drop is likely to be greater; (3) there will be a
further concentration drop of insulin between in-
terstitial space adjacent to the capillary and the
most distance parts of the muscle cell; (4) this drop
will be exaggerated with greater diffusion dis-
tances; (5) if so, the overall effect is that the
average insulin concentration around a muscle cell
with a poorer capillary supply will be reduced
even at steady state (Figure 20). We propose that
the correlations of fasting glucose, fasting insulin,
and insulin resistance measurements with capil-
lary density may be explained by these mecha-
nisms.

Our discussion thus far has been concerned
with the effect of capillary density on insulin
access to muscle. We now wish to extend this to
suggest that insulin action is reduced in obese
subjects because lower capillary density results in
reduced access of insulin to the muscles of obese
subjects. Obese subjects have an increased size of
visceral cells,”” and several studies also indicate
muscle cells are enlarged in the obese.®>* This
increase in muscle fiber size is not simply due to

increased tissue fat which is found in only small
amounts in skeletal muscle.”® Fat-free mass in-
creases with obesity (Figure 4)®; and since muscle
cells do not multiply,® they must hypertrophy.
The number of capillaries per fiber was not in-
creased in obesity in our data, so that obese
subjects had lower capillary densities (r = —0.59, p
=< 0.0001).** We propose therefore that at least
some of the insulin resistance associated with
obesity is explained by the effects of capillary
density on insulin action.

There are several other observations that
might be explained by an association of obesity
with reduced capillary density. We have reported
that obesity explains much less of the variability of
insulin action at supraphysiological plasma insulin
concentration (~19%) than at lower plasma insulin
concentrations (~43%).%2 This might be because
very high insulin concentrations overwhelm the
effects of capillary density on insulin diffusion and
the effect of decreased surface to volume ratio of
muscle cells on insulin action.

Several studies have observed a delay in onset
of insulin action in obese subjects. Prager et al.*®
noted that the onset of insulin action was delayed
in the obese. Higher insulin concentrations in both
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Figure 20. A demonstration of the theoretical fall in hormone or substrate concentrations from capillary
to deep in the interfiber space. The scale on the y axis is given solely for illustrative purposes. The scale
on the x axis represents the extremes in our data and the two curves represent (1) high capillary density
and small diffusion radius (25 U), and (2) low capillary density and large diffusion radius (45 U). The
figure is designed to show the possible effect of capillary wall on insulin concentrations and the possible
effect of the interfiber space on concentrations. The relative proportions of the capillary wall or interfiber
space effect are not known and the absolute values are not known. The figure is also designed to show
the possible effects of decreased capillary density. Such as occurs in obesity. Future research needs to be
directed at determining if these gradients occur. Support for this analysis is given by reports of
whole-body insulin kinetics in obese subjects. In obese subjects at steady state, tissue insulin
concentrations are reduced relative to plasma insulin concentrations compared to lean subjects (26%
reduction of tissue insulin in the obese for the same plasma insulin).¥” mf, muscle fiber; w, width of
interfiber space. Cc, capillary insulin concentration; Co, insulin concentration immediately outside
capillary; Cr, concentration of insulin at radial distance R; Rc, capillary radius; Rt, radius of tissue
cylinder. The development of this mathematical model is based on the principles that insulin diffuses
from the capillary and is taken up and degraded by muscle cell membrane. We are grateful to Dr.
Timothy Secomb of the Department of Physiology at the University of Arizona in Tucson for his
theoretical analysis of possible insulin gradients in muscle.
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Figure 21. Time course of glucose uptake in lean and obese subjects at four insulin infusion rates: —15,
40, 120, and 1,200 mU/m*/ minute. The insulin infusions were started at a constant rate (i.e., not primed
as in Figure 18), but T1/2 to reach an insulin steady state was the same in lean and obese. Note the
delayed activation of glucose uptake in the obese and the fact that higher insulin infusions appear to
overcome this delay. (Redrawn from Prager R, Wallace P, and Olefsky M, | Clin Invest, 78:472-481, 1986
by permission of the American Society for Clinical Investigation.) Compare this figure with Figure 19.
These data suggest reduced penetration of insulin into skeletal muscle in obesity. Furthermore, kinetic
analyses suggest that in the obese at steady state tissue insulin concentrations are reduced at any given
plasma insulin concentration compared to lean subjects.®

the lean and the obese accelerated the onset of
insulin action, suggesting that higher concentra-
tions could overcome the kinetic defect (Figure 21).
A comparison of Figures 19 and 21 suggests insu-
lin’s equilibration in muscle is delayed in the
obese. Parenthetically insulin action is not delayed
in obese subjects in the liver—an organ with
fenestrated capillaries even though glucagon does
not suppress as well in the obese.* Doeden et al.®
also noted a delayed onset of action of insulin in
obese subjects, the effect of which was most no-
ticeable while changing plasma insulin concentra-
tions.

Finally, studies of whole-body insulin kinetics
suggest that in obese subjects the steady-state
insulin concentration in tissue is reduced relative
to plasma in obese subjects compared to lean
subjects. The obese subject’s tissue insulins are
26% lower than in lean subjects at the same plasma
insulin concentration.” Qualitatively this is what
we have predicted might occur if capillary density
is reduced (Figure 20). All of these studies suggest
that in obese subjects the insulin penetration into
skeletal muscle is reduced and its equilibration in
muscle may be slowed. We propose that this might

be an effect that is due to reduced capillary supply
to skeletal muscle in obese subjects.

We conclude that the correlation of insulin
resistance and basal insulin and glucose levels
with capillary density may be a result of biophys-
ical restraints on glucose and insulin access to
cells. Furthermore, the effects of obesity on capil-
lary density may partially explain the relationship
of insulin resistance and obesity, explain the poor
correlation of obesity and insulin action at supra-
physiological plasma concentrations of insulin,
and explain the delayed onset of action of insulin
in the obese. Finally, the development of insulin
resistance and slightly elevated plasma glucose
concentrations that signal the pancreas that insulin
resistance is present might initiate a vicious cycle
of pancreatic glucose insensitivity, further hyper-
glycemia, and noninsulin-dependent diabetes
mellitus (see Ref. 22).

VII. SUMMARY

Diabetes and obesity are epidemic in the Pima
Indians of the Southwestern United States, and
the prevalence of diabetes is increasing. The most
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likely link between obesity and diabetes is tissue
insulin resistance.

If obesity is defined as an excess of body fat,
then it can only be accurately assessed by measure-
ments of body composition and not by approxi-
mations such as body mass index or percent of
ideal weight.

To compare the metabolic data of individuals
of varying size, an accurate measure of metabolic
size is needed. Total body weight is not an appro-
priate means of comparing individuals since obese
subjects have a greater proportion of nonmetabo-
lizing mass (triglyceride). Body surface area shows
a sex difference, and this may distort data if both
sexes are present. From studies of metabolic rate
we have determined that metabolic rate is directly
proportional to the fat-free mass plus 18 kg, and
we suggest that this weight can be equated with
metabolic size.

Glucose storage in skeletal muscle appears to
be important in the disposal of an intravenous
glucose load. Consistent with its role in glycogen
storage, glycogen synthase enzyme is activated in
proportion to the ability to dispose of glucose
during a hyperinsulinemic, euglycemic clamp. The
role of glycogen synthase is most notable at supra-
physiological plasma insulin concentrations; and
since glucose uptake at these insulin concentra-
tions is highly familial independent of the degree
of obesity, we suggest that there may be a specific
genetic defect expressed in skeletal muscle that
reduces insulin responsiveness in some subjects.

The lack of correlation between 24 hour respi-
ratory quotient measured in a metabolic chamber
(a measure of the proportion of fat derived calories)
and degree of obesity indicates that in obese Pima
Indians insulin resistance is not due to an inhibi-
tion of glucose metabolism by free fatty acids
(glucose-fatty acid—ketone cycle).

Obesity is associated with an increase in fat-
free mass almost kilogram- for kilogram with fat
mass when compared to the lean state. A role for
this increase in fat-free tissue in producing insulin
resistance has been given insufficient attention in
the past. With an increase in fat-free mass, muscle
cells are hypertrophied and capillaries in muscle
are more widely spaced. We propose that these
biophysical changes in muscle mediate, at least in
part, the effects of obesity to produce a reduction
in insulin sensitivity and the abnormal kinetics of
insulin action found in the obese. We suggest
therefore that insulin resistance is a combination of
a genetic defect and obesity-induced changes in
the biophysical properties of skeletal muscle.
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These defects may in turn lead to the development
of non-insulin-dependent diabetes mellitus.
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