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Cellular Mechanisms of Insulin Resistance

Gerald |. Shulman, M.D., Ph.D.

Howard Hughes Medical Institute

Departments of Internal Medicine and Cellular & Molecular Physiology
Yale University School of Medicine

This talk will focus on some recent advances in our understanding of insulin
resistance in humans through the use of nuclear magnetic resonance spectroscopy
(NMR). This technique takes advantage of the fact that the nuclei of certain
isotopes such as 'H, ®C, and *P have spin properties that endow them with a
magnetic component that can be utilized to noninvasively measure the concentration

of intracellular metabolites which can in turn be used to assess the biochemical



defects in human skeletal muscle associated with insulin resistance.

Contributions of Muscle Glycogen Synthesis to Whole Body Insulin-Stimulated
Glucose Metabolism

Our initial studies addressed the questions: (1) What is the contribution of
insulin-stimulated muscle glycogen synthesis to whole body insulin-stimulated

glucose in normal individuals? and (2) To what extent is this process defective in
patients with type 2 diabetes?' Rates of muscle glycogen synthesis were mea-
sured In control and type 2 diabetic subjects by monitoring the rate of 1-“C

glucose incorporation into muscle glycogen using “C NMR spectroscopy. Under
similar steady-state plasma concentrations of insulin (480 pM) and glucose (~10
mM), that were selected to simulate postprandial conditions, the mean rate of
muscle glycogen synthesis was ~50% lower in the diabetic subjects as compared
with the normal volunteers. When the mean rate of muscle glycogen synthesis
was extrapolated to the whole body, the synthesis of muscle glycogen accounted
for most of the whole body glucose uptake and virtually all of the nonoxidative
glucose metabolism in both normal and diabetic subjects. These studies demonstrate
that under hyperglycemic-hyperinsulinemic conditions, muscle glycogen synthesis
1s the major pathway for glucose metabolism in both normal and diabetic indi-
viduals and that defective muscle glycogen synthesis plays a major role in causing

insulin resistance in patients with type 2 diabetes.

Rate-controlling Steps in Insulin Stimulated Muscle Glycogen Synthesis

The next major question is then to identify the rate-controlling step in this pro-
cess. Defects in glycogen synthase™, hexokinase®™, and glucose transport*"' have
all been implicated as being responsible for the lower rate of muscle glycogen
synthesis in type 2 diabetics. This is a critical question since each one of these
steps represents a very distinct potential antidiabetic target. In order to determine
the relative importance of each of these steps as a determinant of insulin stimulated
muscle glucose metabolism, we performed “C*P NMR studies to measure intra-
cellular concentrations of glucose, glucose-6-phosphate, and glycogen in muscle of
patients with type 2 diabetes and age-weight matched control subjects”. Intracellular
glucose-6-phosphate is an intermediary metabolite between glucose transport and

glycogen synthesis, and its intracellular concentration will be responsive to the



relative activities of these two steps. In the event of decreased activity of glyco-
gen synthase in diabetes, glucose-6-phosphate in the diabetic patients would be
expected to increase relative to that of the normal individuals. Using *P NMR to
assess intracellular glucose-6-phosphate under similar conditions of hyperglycemic-
hyperinsulinemia as in the previous study we found an approximately 0.1mM in-
crease in intracellular glucose-6-phosphate in normal individuals and no change in
patients with type 2 diabetes”. The blunted incremental changes in glucose-6-
phosphate in the type 2 diabetic pa‘\tients in response to insulin stimulation can
therefore be ascribed to either decreased glucose transport activity and,or

decreased hexokinase II activity.

To examine whether this defect in glucose transport/hexokinase II activity was
a primary or acquired defect secondary to other factors such as glucose toxicity®
the rate of muscle glycogen synthesis and the muscle glucose-6-phosphate concen-
tration were measured using “C and *P NMR spectroscopy in lean, normoglycemic
insulin resistant offspring of parents with type 2 diabetes and age- and weight-
matched control subjects under the same clamp conditions”. These individuals
have been shown to have an ~40% increased risk for developing diabetes, and in-
sulin resistance is the best predictor for its development. The diabetic offspring
had a 50% reduction in the rate of insulin stimulated whole body glucose metabo-
lism, mainly due to a decrease in rates of muscle glycogen synthesis".
Furthermore, there was severe blunting in the insulin stimulated increment of
Intramuscular glucose-6-phosphate consistent with impaired muscle glucose
transport,”hexokinase activity. These changes were similar to those seen in pa-
tients with fully developed type 2 diabetes. When control subjects were studied at
similar insulin levels but at euglycemia, both the rate of glycogen synthesis and
the glucose-6-phosphate concentration decreased to values similar to that of the
type 2 diabetic offspring. Thus we found that insulin-resistant offspring of pa-
tients with type 2 diabetes have reduced rates of muscle glycogen synthesis that
are secondary to a defect in muscle glucose transport,hexokinase activity prior
to the onset of diabetes. These data also demonstrate that defective glucose
transport, phosphorylation activity is an early abnormality in the pathogenesis

of type 2 diabetes.



In order to assess whether glucose transport or hexokinase II is rate-controlling
for insulin stimulated muscle glycogen synthesis in patients with type 2 diabetes
we used a novel ®*C NMR method to assess intracellular glucose concentrations
in muscle under similar hyperglycemic-hyperinsulinemic conditions as the previ-
ous studies®. Intracellular glucose is an intermediate between glucose transport
and hexokinase and its concentration will be responsive to the relative activities
of glucose transport and hexokinase II. Unlike the biopsy method this approach
is noninvasive and is not subject to the errors caused by contamination of biopsy
tissue with plasma glucose or incomplete removal of nonmuscle constituents. If
hexokinase II activity was reduced relative to glucose transport activity in diabe-
tes, one would predict a substantial increase (>6.0mM) in intracellular glucose®.
In contrast, if glucose transport was primarily responsible for maintaining intra-
cellular glucose metabolism, intracellular glucose and glucose-6-phosphate should
change proportionately. We found the intracellular glucose concentration was less
than 0.25 mM in the diabetic subjects which was 1,25 what it would be if
hexokinase Il were the primary rate-controlling enzyme for glycogen synthesis.
When the rates of muscle glycogen synthesis in the diabetic subjects were in-
creased by a 10-fold higher insulin infusion rate, the changes in the concentra-
tions of intracellular glucose and glucose-6-phosphate indicate that the rates of
glucose transport were matched by increases in the rates of glucose
phosphorylation and glycogen synthesis. While these data support the predomi-
nant role for glucose transport activity as the major determinant of insulin
stimulated muscle glycogen synthesis in diabetes, they do not rule out the possi-
bility of additional abnormalities in the glycogen synthetic pathway which, under

these conditions, are not exerting significant rate-controlling effects.

It has also been hypothesized that decreased delivery of substrate or insulin to
the tissue bed might be responsible for the insulin resistance in type 2 diabetes®.
In regard to substrate delivery, we found no difference in the “C NMR-measured
ratio of extra- to intra-cellular water space in the normal subjects and diabetic
patients, implying that there were no significant difference in insulin mediated
vasodilatation between the groups. We also found no differences in the intersti-
tial insulin concentrations during the hyperinsulinemic clamps in the two groups,

suggesting that the delivery of insulin is not responsible for the insulin resistance



in patients with type 2 diabetes.

Overall, these data are consistent with the hypothesis that glucose transport is
the rate-controlling step for insulin stimulated muscle glycogen synthesis in

patients with type 2 diabetes and that muscle glucose transport represents an im-
portant therapeutic target for type 2 diabetes. These results also suggest that
agents which enhance hexokinase II or glycogen synthase activity will not be as
effective for improving insulin sensitivity in skeletal muscle of patients with type
2 diabetes (although they might be predicted to further augment activity of

agents which primarily improve glucose transport activity).

Mechanism of Fatty Acid Induced Insulin Resistance

Increased plasma free fatty acid concentrations are typically associated with
many insulin-resistant states, including obesity and type 2 diabetes mellitus™. In
a cross-sectional study of young normal-weight offspring of type 2 diabetic pa-
tients, we found an inverse relationship between fasting plasma fatty acid concen-
trations and insulin sensitivity, consistent with the hypothesis that altered fatty
acid metabolism may play a contributing role in causing the insulin resistance in
patients with type 2 diabetes®. Furthermore recent studies measuring intramuscular
triglyceride content by muscle biopsy* or intramyocellular triglyceride content by
'H NMR®* have shown an even stronger relationship between accumulation
between intramyocellular triglyceride and insulin resistance. In a classic series of
studies, Randle et al. demonstrated that fatty acids compete with glucose for
substrate oxidation in isolated rat heart muscle and rat diaphragm muscle and
speculated that increased fat oxidation might cause the insulin resistance associ-
ated with obesity®”. The mechanism they proposed to explain the insulin resis-
tance was that an increase in fatty acids caused an increase in the
intramitochondrial acetyl-CoA,/CoA and NADH,/NAD" ratios, with subsequent
inactivation of pyruvate dehydrogenase. This in turn would cause intracellular
citrate concentrations to increase, leading to inhibition of phosphofructokinase, a
key rate-controlling enzyme in glycolysis. Subsequent accumulation of glucose-6-
phosphate would inhibit hexokinase II activity resulting in an increase in intracel-

lular glucose concentrations and decreased glucose uptake.



A recent series of studies by our group have challenged this conventional

*¥ In the first study we measured skeletal muscle glycogen and

hypothesis
glucose-6-phosphate concentrations every 15 minutes for 6 hours by simultaneous
8C and *P NMR spectroscopy healthy subjects in the presence of low (70.2mM)
or high ("1.9mM) plasma fatty acid levels under euglycemic-hyperinsulinemic
clamp conditions®. Increasing the plasma fatty acid concentration for 5 hours
caused a “50% reduction in rates of insulin stimulated rates of muscle glycogen
synthesis and whole body glucose oxidation compared to the control studies. In
contrast to the mechanism proposed by Randle et al. *, reduction of muscle gly-
cogen synthesis was preceded by a fall in the intramusclular muscle glucose-6-
phosphate content. These data suggest that increases in plasma fatty acid
concentrations induce insulin resistance by initial inhibition of glucose transport
/' phosphorylation activity, followed by a reduction in both muscle glycogen syn-
thesis and glucose oxidation. This reduction in insulin-activated glucose trans-
port/phosphorylation activity is similar to that seen in obese individuals®,

patients with type 2 diabetes”, and lean-normoglycemic insulin-resistant offspring
of type 2 diabetic individuals using similar *C,*P NMR techniques. Furthermore
these data suggest that accumulation of intramuscular fatty acids (or fatty acid
metabolites) may play an important role in the pathogenesis of insulin resistance
seen in obese patients and patients with type 2 diabetes. The findings also
suggest that fatty acids interfere with a very early step in insulin stimulation of
Glut-4 transporter activity and,”or hexokinase II activity and are contrary to the
mechanisms proposed by Randle et al. *¥, and Boden et al®. (for plasma fatty
acid concentrations >0.75 mM), which both predict an increase in intramuscular
glucose-6-phosphate concentrations as a result of inhibitory effects of fatty acid
on phosphofructokinase activity (via an increase in intracellular citrate concen-

tration) or glycogen synthase activity, respectively.

In order to distinguish between fatty acid inhibition of glucose transport activity
from fatty acid inhibition of hexokinase II activity we measured intracellular con-
centrations of glucose in muscle using *C NMR¥. Since intracellular glucose is an
Intermediate between glucose transport and hexokinase II, its concentration will
reflect the relative activities of these two steps. If a decrease in hexokinase

activity was responsible for the lower rate of insulin stimulated muscle glycogen



synthesis intracellular glucose concentrations should increase. However, if the
impairment was at the level of glucose transport there should be no difference or
a decrease in the intracellular glucose concentration. We found that elevated
plasma fatty acid concentrations caused a significant reduction in the intracellu-
lar glucose concentration in the lipid infusion studies compared to the glycerol in-
fusion studies. These data imply that the rate-controlling step for fatty acid
induced insulin resistance in humans is glucose transport and offers further evi-
dence against the Randle mechanism which predicts an increase in both intracel-

lular glucose-6-phosphate and glucose concentrations.

This reduced glucose transport activity could be the result of fatty acid effects
on the Glut4 transporter directly [i.e. alteration in Glut4 trafficking, Glut4 bud-
ding, Glut4 fusion, Glut4 activity, etc®.] or it could result from fatty acid induced
alterations in upstream insulin signaling events resulting in decreased Glut4
translocation to the plasma. To further explore the latter possibility, we exam-
ined IRS-1 associated phosphatidyl inositol 3-kinase (PI 3-kinase) activity in mus-
cle biopsy samples using the identical lipid infusion protocol. We found that
similar elevations in plasma fatty acid levels abolished insulin stimulated IRS-1
associated PI 3-kinase activity compared to a four-fold stimulation observed in
the glycerol-control infusion studies®. The reduced PI 3-kinase activity may be
due to a direct effect of intracellular free fatty acids (or some fatty acid
metabolite)on PI 3-kinase and,or secondary to alterations in upstream insulin
signaling events. In support of the latter possibility we found that a similar lipid
infusion protocol in awake rats resulted in a reduction of IRS-1 tyrosine
phosphorylation which was associated with activation of protein kinase Co¥ a
known serine kinase which has been shown to be activated by diacylglycerol®.
High fat feeding has also been shown to both increase long chain fatty acyl

CoA’s content in muscle and alter the PKC isoenzymes 6 and ¢.®

A Unifying Hypothesis for Common Forms of Insulin Resistance in Humans and
Mechanism of Thiozolodinedione Action

An attractive hypothesis is that an increase in the concentration of intracellular
fatty acid metabolites (eg, diacylglycerol, fatty acyl CoA’s, ceramides) leads to

activation of a serine/threonine kinase cascade (possibly initiated by protein



kinase C8) leading to phosphorylation of serine/threonine sites on insulin

receptor substrates which in turn reduces the ability of the insulin receptor sub-
strates to associate and activate PI 3-kinase resulting in decreased activation of
glucose transport and other down stream events. If this hypothesis is correct
any perturbation that results in accumulation of intracellular fatty acyl CoA's
and,~or other fatty acid metabolites in muscle and liver, either through increased
delivery and, or decreased metabolism, might be expected to induce insulin resis-
tance through this mechanism. Supporting evidence for this hypothesis comes
from recent studies in transgenic mice that are almost totally devoid of fat due
to adipocyte targeted overexpresion of a dominant negative protein termed

A-ZIP/F-1 which inhibits the DNA binding and function of B-ZIP proteins in
both the C,/EBP and AP-1 families of transcription factors®. These mice are

severely insulin resistant due to defects in insulin action in both muscle and liver”.
Both of these abnormalities were associated with defects in insulin activation of
IRS-1 and IRS-2 associated phosphatidylinositol (PI) 3-kinase activity and a two-
fold increase in muscle and liver triglyceride content. Upon transplantation of
fat tissue into these mice, triglyceride content in muscle and liver returned to
normal as did insulin signaling and action in these tissues. These results are
consistent with the hypothesis that the development of insulin resistance in obe-
sity, type 2 diabetes and lipodystrophy may be due to alterations in the parti-
tioning of fat between the adipocyte and muscle/liver leading to accumulation of
triglyceride(and more importantly accumulation of intracelllular fatty acid metabo-
lites) in the latter tissues with subsequent impairment of insulin signaling and ac-
tion. Furthermore, this hypothesis might also explain how thiozolodinediones
improve insulin sensitivity in muscle and liver tissue. By activating PPAR 7 recep-
tors in the adipocyte and promoting adipocyte dedifferentiation, these agents
might promote a redistribution of fat from liver and muscle into the adipocyte in
a similar fashion as fat transplantation did in the fatless mice”. This hypothesis
is supported by some recent thiozolodinedione studies in high fat fed rats®®. It
might also be expected that any alteration in the ability of muscle and liver to
metabolize fatty acids, such as inherited or acquired defects in mitochondria
function, would also lead to intracellular accumulation of fatty acid metabolites
and subsequent defects in insulin signaling and action. Given the polygenic

nature of type 2 diabetes it is likely that examples of both of these possibilities



will be identified. Furthermore, this mechanism, if it proves to be correct, offers

many new therapeutic targets for novel insulin sensitizing agents.
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Signal transduction in insulin action: lessons from animal models

meenico Accili, MD

College of Physicians & Surgeons of Columbia University

In this lecture, I shall review recent evidence from transgenic and knockout mice

on the pathogenesis of insulin resistance.

Mice lacking Insulin Receptors (IRs)

Mice nullizygous at the IR locus have normal features at birth, with only a slight
reduction in weight, which provides presumptive evidence for a role of IRs in
embryonic growth. Lack of IRs results in severe metabolic derangement. Within
few days, mutant mice die of diabetic ketoacidosis'. The conclusion of this
experiment is that IRs are required to mediate the metabolic actions of insulin in
post-natal life. Whether insulin exerts other, non-metabolic affects, and whether
these effects are also mediated by IRs cannot be addressed by this model.

Likewise, it is intriguing that fetal metabolism is unaffected by the lack of IRs.

Mice lacking IRS-1

IRSs were originally identified as tyrosine-phosphorylated proteins in insulin-
treated hepatoma cells. There are four cloned members of the IRS family, which
differ with respect to their molecular size and tissue distribution’. Absence of
IRS-1 gives rise to intrauterine and post-natal growth retardation, and is associ-
ated with mild hyperinsulinemia and insulin resistance, without overt diabetes™.
These findings are consistent with a model in which IRS-1 mediates not only
some of the metabolic actions of IRs, but also the growth promoting actions of
IGF-1Rs. In fact, it is quite intriguing that absence of IRS-1 impacts more on
the actions of IGF-1 than on the actions of insulin, as demonstrated by the fact
that growth impairment is more severe than metabolic impairment. Presumably,

other IRS molecules play important roles in mediating the effects of insulin.

Mice lacking IRS-2
Lack of IRS-2 is associated with a complex phenotype, which suggests that the

interactions between IRs and IRS-2 may be more important for metabolic control



than for growth. Mice nullizygous for IRS-2 are slightly hyperglycemic, but of
normal size at birth. However, within few weeks they develop the hallmarks of
impaired insulin action, with fasting hyperglycemia associated with
hyperinsulinemia and insulin resistance at both skeletal muscle and liver. At 8-10
weeks, the majority of male mice die as a result of DKA®. The sudden onset of
DKA is due to impaired insulin production, caused by impaired development of
beta cells. Strikingly, IRS-2, but not IRS-1, is expressed in pancreatic ductal
epithelial cells. Since these cells are thought to be precursors of mature beta
cells, it 1s conceivable that lack of IRS-2 prevents them from differentiating into
mature beta cells, and that the lack of an adequate mass of beta cells causes
DKA. These data indicate a paramount role of IRS-2 in fuel homeostasis, but
also underline the conclusion that multiple substrates are required to mediate
insulin action, since the phenotype due to lack of IRs is substantially more severe
than that due to lack of IRS-2.

Based on the phenotypes of IR-, IGF-1R-, IRS-1-, and IRS-2-deficient mice, one
has to conclude that IRS-1 is predominantly an IGF-1 receptor substrate, and
IRS-2 an insulin receptor substrate. This conclusion is strengthened by findings

suggesting that IRS-1 and IRS-2 have distinct functional properties’.

Polygenic models of insulin resistant diabetes

Type 2 diabetes is characterized by abnormalities of insulin action in muscle, adi-
pose tissue and liver, and by altered beta cell function. To analyze the role of
the insulin signaling pathway in these processes, we have generated mice with
combined heterozygous null mutations in insulin receptor (ir),irs-I and/or irs-2.
Diabetes developed in 40% of ir/irs-1/irs-2*77,20% of ir/irs-1*7",17% of ir/irs-
2*77, and 5% of ir*”~ mice. Even though combined heterozygosity for ir/irs-1""~
and ir/irs-2*7~ results in a similar number of diabetic mice, there are significant
differences in the underlying metabolic abnormalities. ir/irs-I*/~ mice develop
severe insulin resistance in skeletal muscle and liver, with compensatory beta cell
hyperplasia. In contrast, ir/irs-2' mice develop severe insulin resistance in liver,
mild insulin resistance in skeletal muscle and modest beta cell hyperplasia. Triple
heterozygotes develop severe insulin resistance in skeletal muscle and liver, and

marked beta cell hyperplasia. These data indicate tissue-specific differences in

the roles of IRSs to mediate insulin action, with irs-I playing a prominent role in



skeletal muscle and irs-2 in liver. They also provide a practical demonstration of
the polygenic and genetically heterogeneous interactions underlying the inheri-

tance of type 2 diabetes™.

Targeted deletion of IRs in target tissues of insulin action

Kahn and associates have generated various tissue-specific deletions of the insulin
receptor gene®®. Ablation of insulin receptors in muscle led to a surprisingly
mild phenotype of insulin resistance without overt hyperglycemia or glucose intol-
erance. Insulin-dependent glucose uptake was reduced, but not absent in skeletal
muscle. The conclusion that insulin resistance of skeletal muscle does not lead to
significant insulin resistance is buttressed by independent evidence from our labo-
ratory, using a slightly different approach to address essentially the same ques-
tion.

Resistance of skeletal muscle and adipose tissue to insulin action is thought to
contribute to the etiology of type 2 diabetes by leading to impaired beta cell
function and increased hepatic glucose production. To test this hypothesis, we
generated transgenic knock-out mice with impaired insulin receptor function in
skeletal muscle and fat 11. The mice developed all the prodromal features of type
2 diabetes, including increased free fatty acids concentrations, hyperinsulinemia
with blunted insulin response to glucose challenge and impaired glucose tolerance.
Despite the compounded effect of peripheral insulin resistance and a mild impair-
ment of beta cell function, transgenic knock-out mice did not become diabetic.
These findings suggest that, in mice, the ability of the liver to compensate for the
impairment of insulin action in muscle and fat has a protective effect against the
development of diabetes.

Perhaps the most surprising phenotype derived from targeted IR inactivation
experiments is observed in the targeted inactivation of IRs in the beta cell®. In
this case, beta cell-specific cleavage of IR was achieved by crossing mice bearing
lox IR alleles with insulin promoter-Cre transgenic mice. The resulting mice
develop progressive glucose intolerance due to an impairment of glucose-induced
insulin secretion from the beta cell. The ability of other secretagogues, such as
amino acids, to elicit insulin release is not impaired. This selective loss of
glucose-dependent insulin secretion mirrors the defect seen in patients with type

2 diabetes'.



What are the lessons of these studies? Without dwelling on the parallel lessons
from IRS gene knockouts, it is important to identify areas of controversy. The
lack of overt diabetes in mice with muscle or muscle/fat mutations of IR is not
unexpected. It is well recognized that only a subset of individuals that are ge-
netically predisposed to insulin resistance develop diabetes. Likewise, while ~25%
of the normal population have glucose disposal rates that are in diabetic range,
only 5% of the population goes on to develop diabetes. It is clear that insulin
resistance in muscle is not sufficient, in mice like in humans, for the development
of diabetes. Nevertheless, it is striking that a severe molecular defect of the in-
sulin receptor gene does not result in a comparably profound decrease of insulin-
dependent glucose uptake in muscle. The results of these experiments strongly
implicate additional receptors in insulin-dependent vglucose disposal in mouse
muscle. Based on the genetic evidence reviewed in this chapter, the only reason-
able candidate is the IGF-1 receptor. It is important to develop a combined
model of IR and IGF-1R defects in skeletal muscle and then re-assess their role
in diabetes.

The fat /muscle knockout also challenges the view that the adipose insulin
resistance is responsible for diabetes by impairing glucose utilization and beta
cell function. In the ir*” "™ transgenic knockout mouse, we did not find evi-
dence of impaired beta cell function or of increased hepatic glucose production,

despite an increase in the levels of plasma free fatty acids. It is possible that the

increase was not sufficient to cause these abnormalities, or that our measure-
ments of hepatic glucose production were not sensitive enough to detect possible
abnormalities. Thus, more work on this front is required before firm conclu-
sions can be reached.

The beta cell knockout, along with the IRS-2 knockout, raises another impor-
tant point. If IRs and IRS-2 are required for proper function of the beta cell,
failure of insulin action and of beta cell function, the two metabolic hallmarks of
type 2 diabetes, should no longer be viewed as two independent disease processes,

but rather as two facets of the same molecular defect.

Conclusions.

Using targeted gene ablations, a number of laboratories have been able to probe



essential aspects of our understanding of insulin action. There are still many un-
resolved issues, mostly because of technical limitations of the first generation of
gene targeting experiments. With the development of conditional knockout

strategies, we are now beginning to address some of these questions.
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