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ABSTRACT

Type 2 diabetes mellitus is a major cause of morbidity and mortality worldwide, and the prevalence is set
to increase dramatically over the coming decades. Understanding the metabolic pathways that lead to type
2 diabetes is therefore an important healthcare objective. Novel investigational techniques based on
magnetic resonance spectroscopy (MRS) have allowed real-time insight into the molecular defects in
patients with type 2 diabetes, revealing that insulin resistance is a product of decreased insulin-stimulated
skeletal muscle glycogen synthesis, which can mostly be attributed to decreased insulin-stimulated glucose
transport (Glut 4) activity. This defect appears to be a result of intracellular lipid-induced inhibition of
insulin-stimulated insulin-receptor substrate (IRS)-1 tyrosine phosphorylation resulting in reduced IRS-
l-associated phosphatidyl inositol 3 kinase activity. The hypothesis that insulin resistance is a result of
accumulation of intracellular lipid metabolites (e.g., fatty acyl CoAs, diacylglycerol) in skeletal muscle and
hepatocytes is supported by observations in patients and mouse models of lipodystrophy. Furthermore, the
increase in hepatic insulin sensitivity observed in patients with type 2 diabetes following weight loss is also
accompanied by a significant reduction in intrahepatic fat without any changes in circulating adipocyto-
kines (interleukin-6, resistin, leptin). Finally, recent MRS studies in healthy, lean, elderly subjects and lean
insulin-resistant offspring of parents with type 2 diabetes have demonstrated that reduced mitochondrial
activity may also lead to increased intramyocellular lipid content and insulin resistance in skeletal muscle
in these individuals. In summary, in vivo MRS has proved to be an important tool for elucidating the causal
chain of events that causes insulin resistance. Understanding the cellular mechanism(s) of insulin resistance
in turn offers the prospect of better targeted and more effective therapeutic interventions for treatment and
prevention of type 2 diabetes. © 2006 Elsevier Inc. All rights reserved.
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The world faces a pandemic of type 2 diabetes mellitus, total private and public healthcare expenditure.” Diabetes
a fact that has attracted the attention not only of scientists also causes a substantial economic burden in lower-in-
and healthcare providers, but also of the popular media. come economies. For example, in Latin America and the
In the United States, diabetes is already the leading cause Caribbean, the total annual cost associated with diabetes
of blindness among working-age adults,' end-stage renal may be around US$65 billion.®

disease,” and nontraumatic loss of limb®; it is also the Once considered to be a disease of wealthy nations, type
fifth-leading cause of death.” In the United States alone, 2 diabetes now constitutes a truly global affliction. The

the direct medical cost of diabetes amounts to US$92
billion annually, with indirect costs adding another
US$40 billion.* In Ttaly, the cost of type 2 diabetes was
recently estimated at €5 billion, amounting to >6% of

International Diabetes Federation (IDF) anticipates that the
worldwide incidence of diabetes among those aged 20 to 79
years will increase by around 70% in the next 20 years, from
194 million in 2003 to 333 million in 2025.” The increase
will affect all global regions, with projected increases rang-
Address c.orrespondence .to Kitt Falk Petersen, MD, Department of ing from 21% in Europe to 111% in Africa. Of particular
Internal Medicine, Yale University School of Medicine, New Haven, . . . . ..
Connecticut 06520 concern is South East Asia, which will see an additional 40
E-mail address: kitt.petersen @yale.edu. million cases of diabetes by 2025.
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Fortunately, research into the mechanisms that lead to
type 2 diabetes is providing important new results. The
connection between the epidemiologic risk factors (obesity,
sedentary lifestyle) and insulin resistance has recently be-
gun to yield to innovative investigative techniques. That is
the subject of this review.

WHAT IS THE INITIAL DEFECT IN TYPE 2
DIABETES?

The presence of hyperglycemia implicates defects in several
organs. In the pancreatic islets, impaired insulin secretion
results from defects in the B-cells. In the liver, glucose
production increases as a consequence of increased hepatic
gluconeogenesis.® However, before these events, and often
anticipating them by decades, are pathologic alterations in
the response of skeletal muscle to insulin. It is skeletal
muscle, therefore, that has attracted the attention of our
group to understand the initial stages of the disease.

In our laboratory, we have extensively used in vivo
magnetic resonance spectroscopy (MRS) to investigate the
cellular mechanisms of insulin resistance in humans.” This
technique is unique in that it can, by noninvasive means,
measure the concentration of intracellular metabolites con-
taining naturally occurring isotopes of 'H, '*>C, and *'P in
the human body. This is a major advance over the traditional
muscle biopsy approach to assess the concentration of in-
tracellular intermediates, which is subject to experimental
artifact due to warm ischemia and the continuation of bio-
chemical activity between the times of sample excision and
freezing.lO Furthermore, because MRS is noninvasive, it
involves no ionizing radiation, which makes it a very safe
and powerful tool for human studies.

We used MRS to measure the rate of insulin-stimulated
muscle glycogen synthesis in healthy individuals and pa-
tients with type 2 diabetes.'' The equivalent of a postpran-
dial state was simulated by performing a hyperglycemic—
hyperinsulinemic clamp to establish levels of plasma insulin
at approximately 400 pmol and glucose at approximately 10
mmol/L. The rate of insulin-stimulated muscle glycogen
synthesis, assessed by the incorporation of ['*C]glucose into

Glucose —> F T

T Glycogen
synthase

The pathway of muscle glycogen synthesis. GLUT 4 = glucose transporter 4; UDP = uridine 5'-diphosphate.

gastrocnemius/soleus muscle glycogen, was decreased by
>50% in patients with type 2 diabetes compared with
healthy age- and weight-matched individuals. Extrapolation
of these data to the whole body indicates that almost all of
the insulin resistance observed in the patients with type 2
diabetes could be attributed to defects in insulin-stimulated
muscle glycogen synthesis.

The glycogen synthesis pathway comprises several steps
(Figure 1), and disruption of any one of these could poten-
tially explain the defects observed in type 2 diabetes.'
Briefly, uptake of glucose into the cell occurs via glucose
transporter 4 (GLUT 4), whereupon it is phosphorylated by
hexokinase to glucose-6-phosphate (G6P). After isomeriza-
tion to G1P and activation to uridine 5'-diphosphate (UDP)-
glucose, the final step is polymerization into glycogen by
glycogen synthase.

By measuring the accumulation of precursors at each
step of the pathway in response to stimulation by insulin, the
rate-controlling step in this pathway can be determined. For
example, *'P MRS can noninvasively assess the intramyo-
cellular concentrations of phosphorus-containing com-
pounds such as G6P. In healthy volunteers we found a
decrease in phosphocreatine, an increase in inorganic phos-
phate, and, most importantly, an increase in G6P during a
hyperglycemic-hyperinsulinemic clamp.'> However, no
such increase in intramyocellular G6P was observed in
patients with type 2 diabetes, suggesting that defects in
insulin-stimulated glucose transport and phosphorylation
activity are responsible for the reduced insulin-stimulated
muscle glycogen synthesis activity in these individuals.

In order to assess whether defects in insulin-stimulated
glucose transport activity or hexokinase activity were re-
sponsible for the reduced insulin-stimulated muscle glyco-
gen synthesis, we developed a novel '>*C MRS method to
assess intracellular glucose concentrations in humans.'* Un-
der conditions similar to those of the previous studies, we
found that the intracellular concentration of glucose was
approximately 50-fold lower than the extracellular concen-
tration, with no significant differences between healthy sub-
jects and patients with type 2 diabetes.'®> Importantly, the
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intracellular concentration of glucose in patients with type 2
diabetes (0.24 mmol/L) was approximately 25 times lower
than would be expected if hexokinase were the primary
rate-controlling enzyme in insulin-stimulated muscle glyco-
gen synthesis.

Taken together, these MRS studies led us to the conclu-
sion that the reduced insulin-stimulated muscle glycogen
synthesis, which underlies insulin resistance in patients with
type 2 diabetes, is attributable mostly to reduced insulin-
stimulated glucose transport into skeletal muscle cells. The
identification of the primary metabolic defect that occurs
early in the disease process is important for 2 reasons. First,
it provides a clear target for pharmaceutical intervention.
Second, it provides a focus for studies that seek to under-
stand the process that leads to insulin resistance, which in
turn connects the pathophysiology with environmental and
genetic risk factors.

WHY IS GLUCOSE TRANSPORTER 4 DEFECTIVE
IN PATIENTS WITH TYPE 2 DIABETES?

To investigate the earliest stages of the disease process that
lead to type 2 diabetes, it is necessary to study a population
of individuals who are known to be at high risk for devel-
oping the disease in later life. Such a population comprises
young, healthy lean offspring of parents with type 2 diabe-
tes. Their suitability as study subjects derives from the fact
that, compared with patients with type 2 diabetes, they are
younger, lean, healthy, and unlikely to have other confound-
ing factors that might contribute to insulin resistance. The
lifetime risk for the development of type 2 diabetes in such
individuals is approximately 40%.'*'® This, in turn, under-
scores the importance of inherited factors in etiology of the
disease.!” The strongest independent predictor of future risk
in these individuals is insulin resistance, so it is this insulin-
resistant subset that provides the ideal candidates for studies
examining the earliest defects leading to insulin resistance.

One metabolic parameter that is commonly abnormal in
the offspring of parents with type 2 diabetes is the concen-
tration of plasma fatty acids (FAs), which is frequently
increased compared with controls.'® Insulin resistance in
these individuals, determined by the euglycemic—hyperin-
sulinemic clamp, has been shown to be significantly corre-
lated with plasma FAs, but not with other indicators of
metabolic status.'®

The correlation becomes even stronger when intramyo-
cellular lipid is considered. A negative correlation between
glycogen synthase activation by insulin and muscle triglyc-
eride content has been demonstrated in muscle tissue ob-
tained with punch biopsies.'® Subsequently, 'H MRS has
been used to assess intramyocellular and extramyocellular
lipid content.? In normal-weight, nondiabetic adults, a neg-
ative correlation (*) of 0.34 was found between insulin
sensitivity and the intramyocellular lipid content of the
soleus muscle.?! Lipid content was not, however, correlated
with body mass index (BMI), age, or fasting plasma con-
centrations of triglycerides, glucose, or insulin. These find-

ings have been confirmed in lean offspring of parents with
type 2 diabetes, in whom a higher correlation with insulin
resistance was found with intramyocellular triglyceride con-
tent (#* = 0.29) than with plasma FAs (* = 0.21).%

Although the presence of high plasma FAs in patients
with insulin resistance has been recognized for some de-
cades,?® early attempts to place the connection on a mech-
anistic footing have more recently been shown likely to be
incorrect. For example, it was proposed that FAs cause
insulin resistance in muscle through inhibition of pyruvate
dehydrogenase activity?* and glycogen synthase activity.>

However, recent '>C and *'P MRS studies, which have
measured intracellular glucose and G6P concentrations in
healthy volunteers who have had their plasma FA concen-
trations increased by an intralipid-heparin infusion, have
demonstrated that fatty acids induce insulin resistance in
skeletal muscle by directly inhibiting insulin activation of
glucose transport activity.?®?’

The mechanism of this effect has now been largely
unraveled (Figure 2).?® A key player in insulin-stimulated
glucose transport activity is phosphatidylinositol (PI) 3-ki-
nase, which plays an essential role in insulin-induced glu-
cose transport activity in skeletal muscle.?” In healthy indi-
viduals, insulin stimulation of GLUT 4 activity in skeletal
muscle acts via increased insulin-stimulated phosphoryla-
tion of insulin receptor substrate (IRS)-1 that allows it to
bind and activate PI 3-kinase activity. This, in turn, results
in activation of GLUT 4 activity.?” Our group has shown
that raising plasma FA levels in humans abolishes insulin
activation of IRS-1-associated PI 3-kinase activity.?’ Stud-
ies in rats have further shown that infusion of lipid metab-
olites activates protein kinase C (PKC)-60, which, via a
serine-threonine kinase cascade, blunts insulin-stimulated
IRS-1 tyrosine phosphorylation. This, in turn, results in
50% reduction in insulin stimulation of PI 3-kinase activi-
ty.>® Furthermore, PKC-6 knockout mice are protected from
lipid-induced insulin resistance in skeletal muscle.?!

The finding that increased intracellular content of lipid
metabolites can directly inhibit insulin-stimulated glucose
transport activity has important ramifications for disease
management, especially because a similar mechanism for
fat-induced insulin resistance likely occurs in the liver,
where accumulation of intracellular lipid metabolites acti-
vate a serine kinase cascade involving PKC-¢g, leading to
decreased tyrosine phosphorylation of IRS-2—a key medi-
ator of insulin action in the liver.***® Recent studies in
mitochondrial glycerol phosphate acyl-CoA transferase
(GPAT) knockout mice strongly suggest that diacylglyc-
erol, a known activator of PKC-g, is the trigger in this
process.*

One of the most important implications of these findings
is that it is not obesity per se that is the driver of insulin
resistance. Rather, it is the accumulation of intracellular
lipid metabolites (e.g., diacylglycerol) that triggers the in-
sulin resistance. Evidence for this hypothesis is provided by
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The mechanism of fatty acid-induced insulin resistance in muscle (A) and liver (B). GLUT 4 = glucose transporter 4; IRS =

insulin-receptor substrate; PI 3-kinase = phosphatidylinositol 3-kinase; nPKC = novel protein kinase C. (Adapted from J Clin Invest.*®)

examining patients with congenital generalized lipodys-
trophy.

LIPODYSTROPHY AND INSULIN RESISTANCE

Congenital generalized lipodystrophy is a very rare, devas-
tating disease, affecting approximately 1 in 10 million peo-
ple. Patients have a paucity of fat, severe insulin resistance,
hypertriglyceridemia, fatty infiltration of the liver and other
tissues, and a deficiency of adipocyte hormones (e.g., lep-
tin).>> A transgenic, fatless mouse model of severe lipodys-
trophy has been developed by constitutive expression of the
A-ZIP/F-1 protein, which inhibits the DNA binding and

function of specific B-ZIP transcription factors.*® The result
is a mouse almost totally devoid of white adipose tissue and
with dramatically reduced amounts of brown adipose tissue.
These mice also have severe liver and muscle insulin resis-
tance, and develop hyperglycemia. The intracellular fatty
acyl-CoA content in both muscle and liver is approximately
2-fold higher than in wild-type mice, and they also have
defects in the insulin activation of IRS-1 and IRS-2 associ-
ated PI 3-kinase activity in muscle and liver, respectively.?’

Remarkably, the insulin resistance and other metabolic
abnormalities could be reversed by transplanting adipose
tissue from wild-type mice subcutaneously into the lipodys-
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trophic mice.*” Most notably, fat transplantation signifi-
cantly reduced liver and muscle lipid content, which prob-
ably explains why muscle glucose uptake was increased and
the ability of insulin to suppress hepatic glucose production
was restored.

Furthermore, insulin resistance seen in another mouse
model of lipodystrophy, along with many other metabolic
abnormalities, was reversed by chronic low-dose leptin
treatment.>® To determine if the effects of leptin in lipodys-
trophic mice studies would translate to patients with lipo-
dystrophy, we examined the effects of leptin-replacement
therapy in patients with severe lipodystrophy.** Recombi-
nant human leptin was administered subcutaneously to the
lipodystrophic patients at 12-hour intervals for 3 to 5
months, which resulted in normalization of their plasma
leptin levels.*® The patients in this study all had severe,
generalized lipodystrophy, hyperglycemia, increased glyco-
sylated hemoglobin reflecting poor glycemic control despite
treatment with multiple oral hypoglycemic therapies, severe
fasting hyperinsulinemia (approximately 26 pwU/mL), he-
patic steatosis, and very low baseline concentrations of
leptin (around 0.6 ng/mL). Severe muscle and liver insulin
resistance was demonstrated by the euglycemic—hypergly-
cemic clamp. Leptin therapy resulted in a near normaliza-
tion of fasting plasma glucose concentrations, along with
significant improvements in both muscle and liver insulin
sensitivity. These effects were accompanied by a reduction
in intramyocellular triglyceride and a near normalization of
liver fat, both assessed using "H MRS.

THIAZOLIDINEDIONE MECHANISM OF ACTION

Thiazolidinediones (TZDs) improve insulin sensitivity in
patients with type 2 diabetes. They act primarily to enhance
insulin-stimulated glucose uptake in muscle by increasing
insulin-stimulated GLUT 4 activity and muscle glycogen
synthesis, which results in an increased insulin-stimulated
glucose disposal rate of =45%.%>*' TZDs operate on the
peroxisome proliferator-activated receptor—y (PPAR-y) to
induce the expression of several tissue-specific target genes.

It is therefore somewhat of a paradox as to how the TZDs
accomplish this insulin-sensitizing effect in skeletal mus-
cle,*' because the receptor for TZDs (PPAR-v) is located
mostly in adipocytes.*”> We hypothesize that the insulin-
sensitizing effect of TZDs occurs through their ability to
increase insulin sensitivity in the adipocyte, resulting in
more efficient storage of fat in the adipocyte. This results in
a redistribution of fat away from the hepatocyte and myo-
cyte and into the adipocyte.

Recent studies in patients with type 2 diabetes support
this hypothesis. Using microdialysis to assess glycerol re-
lease from subcutaneous tissue, we found that rosiglitazone
treatment resulted in increased insulin suppression of pe-
ripheral lipolysis and an increase in whole-body insulin
sensitivity.*® Furthermore, these changes were associated
with an approximately 30% reduction in intrahepatic fat
content and increase in subcutaneous fat content. There was

no change in overall body weight, indicating that rosiglita-
zone treatment caused a redistribution of fat from liver cells
to subcutaneous fat rather than altering the amount of fat.

EFFECTS OF WEIGHT LOSS IN OBESE PATIENTS
WITH TYPE 2 DIABETES

If intracellular lipid is the cause of insulin resistance in type
2 diabetes, the weight loss that results in improved insulin
sensitivity should also result in a reduction of hepatic lipid
content. In a recent study, 8 obese patients with type 2
diabetes were provided with a moderately hypocaloric (ap-
proximately 1,200 kcal/day), very low fat diet (3%) for 8
weeks, which reduced fasting plasma glucose from 8.8 to
6.4 mmol/L.** During this time, weight loss was only 8 kg,
amounting to approximately 8% of body weight. Despite
this, there was an 81% reduction in hepatic lipid content,
shifting the patients from severe hepatic steatosis and severe
hepatic insulin resistance at baseline to near-normal levels
of hepatic fat and hepatic insulin sensitivity by the end of
the study. Furthermore, this reduction in intrahepatic lipid
content was associated with the reduction in and normal-
ization of rates of fasting hepatic glucose production. This
could be attributed to a reduction in rates of gluconeogen-
esis, which has been identified as the major factor respon-
sible for increased rates of glucose production in patients
with poorly controlled type 2 diabetes.®

INSULIN RESISTANCE IS ASSOCIATED WITH
LOSS OF MITOCHONDRIAL FUNCTION

Compared with their young counterparts, lean, otherwise
healthy elderly people have a marked tendency toward in-
sulin resistance,*> and this insulin resistance is causally
associated with reduced insulin-stimulated muscle glucose
metabolism and increased fat accumulation in muscle and
liver tissue. Notably, their mitochondrial oxidative phos-
phorylation activity was reduced by approximately 40%
compared with BMI- and activity-matched young individ-
uals. This loss of mitochondrial function predisposes to
intramyocellular lipid accumulation, which, through the
mechanisms described earlier, provides the link with insulin
resistance (Figure 3). It is possible, therefore, that an age-
associated decline in mitochondrial function contributes to
insulin resistance in the elderly through this mechanism.
Subsequent research has shown that the insulin-resistant
offspring of parents with type 2 diabetes also have impaired
mitochondrial function, with mitochondrial adenosine
triphosphate (ATP) synthesis being reduced by approxi-
mately 30%.%® These reductions in mitochondrial function
were associated with severe muscle insulin resistance and
an 80% increase in intramyocellular lipid content. Because
these individuals had no abnormalities of systemic or local-
ized rates of lipolysis or plasma concentrations of tumor
necrosis factor—a, interleukin-6, resistin, or adiponectin, it
seems likely that the genetic factor that explains the herita-
bility of type 2 diabetes may be connected with the loss of
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mitochondrial activity in these individuals. Recent studies
by our group have found that the 30% reduction in mito-
chondrial activity in the insulin-resistant offspring could be
attributed to a 38% reduction in muscle mitochondrial con-
tent.*’

SUMMARY

Obesity is the most common cause of insulin resistance and
type 2 diabetes. Simply being overweight (BMI >25) raises
the risk of developing type 2 diabetes by a factor of 3.*%
Studies of the role of fat in insulin resistance both in
otherwise healthy individuals and in patients with lipodys-
trophy demonstrate that the absolute quantity of fat in the
body, although a useful clinical correlate of insulin resis-
tance, is less important than how that fat is distributed. What
matters more is the intracellular content of lipid in liver and
skeletal muscle. Obesity, which typically occurs because
caloric intake exceeds energy expenditure, leads to fat ac-
cumulation not only in adipocytes, but also in muscle and
liver cells, resulting in insulin resistance in these organs.
Although obesity may cause insulin resistance regardless
of genotype, it is not the only cause of increased sequestra-
tion of lipid in liver and skeletal muscle (Figure 3). Defects
in adipocyte function, such as those that occur in lipodys-
trophy, may have similar effects and similarly lead to insu-
lin resistance in liver and muscle. Other genetic abnormal-
ities in the adipocyte are also likely to contribute to the
accumulation of fat within muscle and liver tissue. Prime
suspects include inherited defects in the PPAR-7y receptors.
Another is perilipin, which coats the lipid droplets of adi-
pocytes and protects the triglycerides within from hydroly-
sis by lipase.*” Mice lacking the perilipin gene have much
reduced adipose tissue and develop insulin resistance.’*’
Finally, recent MRS studies have also demonstrated that
both acquired and inherited defects in mitochondrial func-
tion may lead to accumulation of intramyocellular lipid and
insulin resistance in skeletal muscle.
The identification of the metabolic disturbance that leads
to insulin resistance should allow further study of the role of

' inherited (IR offspring)

Acquired (aging) or

defects in mitochondrial
metabolism

Alternative causes of insulin resistance (IR) mediated via fat accumulation in skeletal muscle and liver.

genetic factors that may contribute to the risk of developing
type 2 diabetes. Furthermore, it is hoped that the results of
these types of mechanistic studies will lead to the develop-
ment of more rational therapies for the prevention and
treatment of type 2 diabetes.
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