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Abstract

Insulin resistance is a major factor in the pathogenesis of type 2 diabetes in the elderly. To
investigate how insulin resistance arises, we studied healthy, lean, elderly and young participants
matched for lean body mass and fat mass. Elderly study participants were markedly insulin-
resistant as compared with young controls, and this resistance was attributable to reduced insulin-
stimulated muscle glucose metabolism. These changes were associated with increased fat
accumulation in muscle and liver tissue assessed by H nuclear magnetic resonance (NMR)
spectroscopy, and with a ~40% reduction in mitochondrial oxidative and phosphorylation activity,
as assessed by in vivo 13C/31P NMR spectroscopy. These data support the hypothesis that an age-
associated decline in mitochondrial function contributes to insulin resistance in the elderly.

Type 2 diabetes is the most common chronic metabolic disease in the elderly, affecting ~30
million individuals 65 years of age or older in developed countries (1). The estimated
economic burden of diabetes in the United States is ~$100 billion per year, of which a
substantial proportion can be attributed to persons with type 2 diabetes in the elderly age
group (2). Epidemiological studies have shown that the transition from the normal state to
overt type 2 diabetes in aging is typically characterized by a deterioration in glucose
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tolerance (3,4) that results from impaired insulin-stimulated glucose metabolism in skeletal
muscle (5,6). Measurements of muscle triglyceride content by biopsy (7) or intramyocellular
lipid content (IMCL) by *H nuclear magnetic resonance (NMR) spectroscopy (8-10) have
shown a strong relationship between increased intramuscular fat content and insulin
resistance in muscle. Similar correlations have been established for hepatic insulin resistance
and hepatic steatosis (11-13). Increases in the intracellular concentration of fatty acid
metabolites have been postulated to activate a serine kinase cascade leading to defects in
insulin signaling in muscle (14-17) and the liver (18), which results in reduced insulin-
stimulated muscle glucose transport activity (14), reduced glycogen synthesis in muscle
(19,20), and impaired suppression of glucose production by insulin in the liver (11-13).

To examine whether insulin resistance in the elderly is associated with similar increases in
intramyocellular and/or liver triglyceride content, we studied healthy elderly and young
people that we matched for lean body mass (LBM) and fat mass. All study participants were
non-smoking, sedentary, lean [body mass index (BMI) < 25 m?/kg], and taking no
medications. Sixteen elderly volunteers (ages 61 to 84 years, 8 male and 8 female) were
screened with a 3-hour oral glucose (75 g) tolerance test and underwent dual-energy x-ray
absorptiometry to assess LBM and fat mass (21). One elderly man was excluded from the
study because of an abnormal glucose profile. Thirteen young volunteers (ages 18 to 39
years, 6 male and 7 female), who had no family history of diabetes or hypertension, were
matched to the older participants for BMI and habitual physical activity, which was assessed
by means of an activity index questionnaire (22). All participants underwent a complete
medical history and physical examination, as well as blood tests to confirm that they were in
excellent health (23).

Young and elderly participants had similar fat mass, percent fat mass, and LBM (Table 1)
(24). The elderly participants had slightly higher plasma glucose concentrations (Fig. 1A)
and significantly higher plasma insulin concentrations (Fig. 1B) during the oral glucose
tolerance test, suggesting that they were relatively insulin-resistant as compared with the
young controls. Basal plasma fatty acid concentrations (Fig. 1C) also tended to be higher in
the elderly participants but were suppressed normally after glucose ingestion.

To determine what tissues were responsible for the insulin resistance, we performed
hyperinsulinemic-euglycemic clamp studies, in combination with [6,6-2H,] glucose and
[Hs] glycerol tracer infusions (24). Basal rates of glucose production were similar in the
young and elderly participants (Table 2) and were suppressed completely in both groups
during the hyperinsulinemic-euglycemic clamp. In contrast, the rates of glucose infusion
required to maintain euglycemia during the clamp and insulin-stimulated rates of peripheral
glucose uptake were ~40% lower in the elderly participants (Table 2). Basal energy
expenditure and respiratory quotient both tended to be lower in the elderly participants (24).

To ascertain whether lipid accumulation in muscle might be responsible for the insulin
resistance in the elderly participants, we used 1H NMR spectroscopy to assess IMCL and
hepatic triglyceride content (24). The IMCL content in the soleus muscle was increased by
~45% in the elderly participants as compared with controls (Table 2 and fig. S1).
Intrahepatic triglyceride content was also increased by 225% in the elderly participants as
compared with controls, even though there was no detectable hepatic insulin resistance in
the elderly participants during the clamp. It is possible that hepatic insulin resistance was not
detected in the elderly participants because of the relatively high plasma insulin
concentrations obtained during the clamp studies, which completely suppressed hepatic
glucose production in both groups.
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Because increases in intramyocellular and intrahepatic triglyceride content could occur
secondarily to increased fatty acid delivery from lipolysis, we also examined this process in
vivo. We assessed whole-body and subcutaneous fat lipolysis by measuring the rates of
[Hs] glycerol turnover in combination with microdialysis measurements of glycerol release
from subcutaneous fat. Basal rates of whole-body glycerol turnover and insulin suppression
of glycerol turnover during the clamp were similar in the elderly and control participants.
Consistent with this finding, the interstitial glycerol concentrations, assessed by
microdialysis, decreased by a similar degree during the clamp in both groups. Taken
together, these data suggest that insulin resistance was confined mostly to skeletal muscle
and that increased basal rates of peripheral lipolysis, and/or defects in insulin suppression of
lipolysis, do not play a major role in causing the increased intramyocellular and intrahepatic
triglyceride content in the elderly.

We and others (25) have previously hypothesized that defects in mitochondrial oxidative
and phosphorylation capacity might be a contributing factor to the increased triglyceride
content in muscle and the liver (26). To test this hypothesis, we assessed in vivo rates of
mitochondrial oxidative activity in skeletal muscle by 13C NMR and phosphorylation
activity by 31P NMR (24,27). Using this approach, we found that rates of mitochondrial
oxidative and phosphorylation activity were both reduced by ~40% in the elderly
participants as compared with the young controls. These in vivo results are consistent with
those of a previous in vitro study, which found decreased state 111 (activated) mitochondrial
respiration in isolated mitochondria from elderly participants (28). However, the latter study
was performed with muscle strips, from orthopedic and chronic fatigue syndrome patients,
under artificial substrate concentrations that do not reflect in vivo conditions.

Our results suggest that insulin resistance in the elderly is related to increases in
intramyocellular fatty acid metabolites that may be a result of an age-associated reduction in
mitochondrial oxidative and phosphorylation activity (fig. S2). The similarity in
mitochondrial energy coupling, assessed by the ratio between adenosine triphosphate (ATP)
synthase flux and tricarboxylic acid (TCA) cycle oxidation, suggests an age-associated
reduction in mitochondrial number and/or function, as opposed to an acquired defect in
mitochondrial energy coupling. These possibilities are consistent with a recent study
demonstrating an age-associated accumulation of mutations in control sites for
mitochondrial DNA replication (29). Because mitochondrial oxidative and phosphorylation
activity is the major source of energy in most organs, including the brain, our data add
support to the hypothesis that a decline in mitochondrial oxidative and phosphorylation
energy production may also have an important role in aging (30,31). Furthermore, because
mitochondrial energy metabolism plays a critical role in glucose-induced insulin secretion
(32), similar age-associated reductions in pancreatic beta cell mitochondrial function, in the
setting of peripheral insulin resistance, might help explain the high prevalence of diabetes in
the elderly.
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Fig. 1.

Plasma concentrations of glucose, insulin, and fatty acids before and after an oral glucose
tolerance test (24) in young and elderly participants. (A) Glucose [P = 0.10 for the area
under the curve (AUC) for the elderly (16,978 + 656) as compared with the controls (14,495
+ 1,116)]. (B) Insulin [asterisks indicate P < 0.03 for AUC for the elderly (6590 + 853) as
compared with the controls (3986 + 519)]. (C) Fatty acids (P = 0.08 for the basal
concentration of fatty acids in the elderly versus the controls).
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