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F
or well over half a century, the link between in-
sulin resistance and type 2 diabetes has been
recognized. Insulin resistance is important. Not
only is it the most powerful predictor of future

development of type 2 diabetes, it is also a therapeutic
target once hyperglycemia is present. In this issue of
Diabetes, Morino et al. (1) report a series of studies that
provide evidence of a genetic mechanism linking expres-
sion of lipoprotein lipase (LPL) to peroxisome proliferator–
activated receptor (PPAR)-d expression and mitochondrial
function. This is likely to contribute to the muscle insulin
resistance that predisposes to type 2 diabetes.

Observation of abnormal mitochondrial function in vitro
in type 2 diabetes (2) was soon followed by in vivo dem-
onstration of this abnormality in insulin-resistant, first-
degree relatives of people with type 2 diabetes (3). Further
reports of a modest defect in muscle mitochondrial function
in type 2 diabetes were published shortly thereafter (4,5).
These studies raised the question of whether type 2 diabetes
could be a primary disorder of the mitochondria. However,
the study of first-degree relatives tended to be misinter-
preted as having shown a major defect in mitochondrial
function in type 2 diabetes, although it had studied non-
diabetic groups from the opposite ends of the insulin
resistance–sensitivity spectrum. Indeed, other studies showed
no defect in mitochondrial function in type 2 diabetes
(6,7), which led to further confusion. Mitochondrial func-
tion was then shown to be acutely modifiable by changing
fatty acid availability (8) and that it was affected by am-
bient blood glucose concentration (9). When ambient
blood glucose levels were near normal in diabetes, no de-
fect in mitochondrial function was apparent.

But if mitochondrial function in well-controlled type 2 di-
abetes is not abnormal, is a defect in insulin-resistant, first-
degree relatives clinically relevant? The answer is provided in
Fig. 1, which shows population distributions of insulin sen-
sitivity for normoglycemia, impaired glucose tolerance, and
type 2 diabetes. The wide range of insulin sensitivity in the
normoglycemic population fully encompasses the range ob-
served in type 2 diabetes. Even though mean insulin sensi-
tivity in diabetes is lower than that of matched control
subjects, values are drawn from the same distribution and,
with matching for body weight and physical activity, differ-
ences will be relatively small. Differences in insulin sensi-
tivity will be particularly evident when making comparisons
between groups selected from the extreme ends of the

population distribution (Fig. 1). When parameters directly
linked to muscle insulin resistance are compared between
groups selected in this way, any linked difference will be
maximized, making this strategy entirely appropriate to in-
vestigate the pathophysiology of muscle insulin resistance.

Muscle insulin resistance as determined by the euglycemic-
hyperinsulinemic clamp is clearly a risk factor for develop-
ment of type 2 diabetes (10). However, the pathophysiology
of hyperglycemia in established diabetes relates to hepatic
not muscle insulin resistance. This distinction has been
elegantly demonstrated in studies of moderate calorie
restriction in type 2 diabetes, which resulted in a fall in
liver fat, normalization of hepatic insulin sensitivity, and
fasting plasma glucose, but no change in muscle insulin
resistance (11). More recent work employing severe calorie
restriction confirmed previous findings and also demon-
strated a longer-term return of normal insulin secretion as
intrapancreatic fat content fell (12). The fact that fasting
and postprandial normoglycemia can be restored in type 2
diabetes without change in muscle insulin resistance should
not be surprising. Mice totally lacking in skeletal muscle
insulin receptors do not develop diabetes (13). People with
inactive muscle glycogen synthase are not necessarily hy-
perglycemic (14), and many normoglycemic individuals
maintain normal blood glucose with a degree of muscle in-
sulin resistance identical to that among people who develop
type 2 diabetes (Fig. 1). The relevance of muscle insulin re-
sistance for development of type 2 diabetes is more subtle.
Over many years and only in the presence of chronic calorie
excess, hyperinsulinemia steadily brings about hepatic fat
accumulation and hepatic insulin resistance. Onset of hy-
perglycemia is ultimately determined by failure of nutrient-
stimulated insulin secretion (15). This new understanding is
described by the twin cycle hypothesis (16). So what actually
determines this critical primary insulin resistance in muscle?

Morino et al. (1) report analyses of mRNA in muscle
biopsies to compare expression of genes involved in mi-
tochondrial fatty acid oxidation. Their experiments com-
pare data for subjects at opposite extremes of the insulin
resistance spectrum. Findings were confirmed in indepen-
dent groups selected in the same way and two genes were
found to be consistently lower in expression. Using knock
down of expression by appropriate inhibitory RNA, Western
blotting showed that LPL was the important gene product.
In both human rhabdomyosarcoma cells and L6 myocytes,
such knock down of LPL induced a decrease in mitochon-
drial density. The function of LPL is to release fatty acids
from triglyceride for direct cellular uptake. The biological
relevance of the link between decreased mitochondrial
numbers and RNA interference (RNAi) inhibition of LPL
was confirmed by observing that the effect was only seen
if fat was present in the extracellular media. To test
the hypothesis that fatty acid flux into cells regulates
mitochondrial biogenesis by a PPAR-dependent process,
knock down of PPAR-d was also shown to decrease mi-
tochondrial density. Furthermore, limitation of fatty acid
uptake by directly inhibiting the transmembrane fatty
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transporter CD36 was shown to achieve the same effect.
Overall, these studies suggest that insulin resistance is
related to decreased mitochondrial content in muscle due,
at least in part, to reductions in LPL expression and con-
sequent decreased PPAR-d activation.

This important article establishes a biological mecha-
nism whereby insulin resistance in muscle is causally linked
to genetic influences that are measurable in the general
population. It focuses on insulin resistance by comparing
extremes of the distribution of this characteristic in the
normal population. But does insulin resistance cause mito-
chondrial dysfunction, or vice versa? The former appears
more likely on the basis of current evidence. Exercise
can reduce insulin resistance and ameliorate mitochondrial
dysfunction (17), whereas established mitochondrial dys-
function does not necessarily produce insulin resistance in
animal models or in humans (18,19). Understanding the
nature of common insulin resistance in muscle and its re-
lationship to type 2 diabetes is long overdue. Future work
should determine whether specific therapeutic manipula-
tion can offset the effect of identifiable genetic influences
and interrupt the long run-in to type 2 diabetes.
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FIG. 1. Distribution curves of insulin sensitivity as measured by the euglycemic-hyperinsulinemic clamp showing that people with type 2
diabetes sit within the range of the nondiabetic distribution, but toward the lower range. Identification of factors underlying muscle insulin
resistance itself can be investigated by comparing groups drawn from the extremes of the total population distribution. Such factors may
not be clearly discernible when type 2 diabetic individuals are compared with normoglycemic control subjects matched for weight and
physical activity. The data are from previously published population studies of normal glucose tolerance (n = 256), impaired glucose
tolerance (n = 119), and type 2 diabetes (n = 194) (20,21).
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