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The Randle cycle, which has been invoked to explain the reciprocal relationship between fatty acid oxidation and glucose oxidation, has
long been implicated as a potential mechanism for hyperglycemia and type 2 diabetes mellitus (T2DM). Now genetic, functional genomic,
and transgenic approaches have identified PPARγ coactivators (PGC-1α and PGC-1β) as key regulators of mitochondrial number and
function. They regulate adaptive thermogenesis as well as glucose and fat oxidation in muscle and fat tissue, gluconeogenesis in liver, and
even glucose-regulated insulin secretion in β cells. PGC-1α and PGC-1β mRNA levels and the mitochondrial genes they regulate are
decreased in muscle of people with prediabetes and T2DM. A new report indicates that PGC-1α and PGC-1β mRNA levels decrease with
age in individuals with a genetic variant in PGC-1α, and these decreases correlate with alterations in whole-body glucose and fatty acid
oxidation. These findings provide insights into how aging modifies genetic susceptibility to alterations in oxidative phosphorylation and
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The Randle cycle, which has been invoked to explain the reciprocal relation-
ship between fatty acid oxidation and glucose oxidation, has long been impli-
cated as a potential mechanism for hyperglycemia and type 2 diabetes mel-
litus (T2DM). Now genetic, functional genomic, and transgenic approaches 
have identified PPARγ coactivators (PGC-1α and PGC-1β) as key regulators of 
mitochondrial number and function. They regulate adaptive thermogenesis 
as well as glucose and fat oxidation in muscle and fat tissue, gluconeogenesis 
in liver, and even glucose-regulated insulin secretion in β cells. PGC-1α and 
PGC-1β mRNA levels and the mitochondrial genes they regulate are decreased 
in muscle of people with prediabetes and T2DM. A new report indicates that 
PGC-1α and PGC-1β mRNA levels decrease with age in individuals with a 
genetic variant in PGC-1α, and these decreases correlate with alterations in 
whole-body glucose and fatty acid oxidation (see the related article beginning 
on page 1518). These findings provide insights into how aging modifies genet-
ic susceptibility to alterations in oxidative phosphorylation and T2DM.

Type 2 diabetes mellitus (T2DM), consid-
ered a rare disease no more than 100 years 
ago, is now an epidemic in the United States 

and other industrialized countries. Obesity 
and advancing age are potent risk factors 
for T2DM, pointing to lifestyle changes 
of the 20th century that are responsible 
for the current epidemic. However, despite 
our diabetogenic environment, some indi-
viduals develop diabetes and others do 
not. Multiple studies provide evidence that 
genetic factors are important contributors 
to the large inter-individual variation in 
diabetes susceptibility (1, 2). Identification 
of T2DM susceptibility genes has proven 
challenging, in part due to the heteroge-

neous and polygenic nature of the condi-
tion and due to our limited understand-
ing of its underlying pathophysiology. In 
the past decade, new and powerful tools 
for probing the molecular, genetic, and 
pathophysiological basis of glucose and 
energy homeostasis have provided key 
insights into the molecular basis of dia-
betes. Some of these insights have proven 
quite surprising based upon the current 
state of knowledge, while others have been 
logical extensions of the state of the field.

Genetics of diabetes:  
what we do know
Simply put, diabetes occurs as a result of 
an absolute or relative deficiency of insu-
lin. The former occurs in autoimmune 
forms of diabetes, e.g., type 1 diabetes mel-
litus, or latent autoimmune diabetes in 
adults, in which progressive destruction of 
insulin-secreting β cells leads to an abso-
lute deficiency of insulin. Relative insulin 
deficiency is far more pervasive and in its 
most common form, T2DM, is caused by 
insulin resistance (most often due to obe-
sity) coupled with progressive failure of 
the β cell to secrete sufficient insulin to 
compensate for the increased insulin resis-
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tance (3). In addition to typical T2DM, we 
now know of several monogenic diabetes 
syndromes that lead to a relative defi-
ciency of insulin (reviewed in ref. 2). These 
include autosomal dominant T2DM (also 

known as maturity onset diabetes of the 
young), autosomal recessive syndromes 
of extreme insulin resistance, maternally 
inherited diabetes and deafness (MIDD), 
and partial and complete lipoatrophic dia-

betes syndromes. Although relatively rare, 
these syndromes have provided important 
insights into the molecular and cellular 
basis of glucose homeostasis. For exam-
ple, some forms of autosomal dominant 
T2DM are due to defects in transcription 
factors necessary for normal β cell growth 
and differentiation (e.g., hepatocyte 
nuclear factors [HNFs], β2/neuroD, insu-
lin promoter factor-1 [IPF-1]) (4), while 
others are due to mutations in molecules 
involved in glucose-regulated insulin 
secretion (e.g., glucokinase or the regula-
tory subunit of the ATP-sensitive potas-
sium channel) (4, 5). MIDD, caused by 
mutations in mitochondrial DNA, is asso-
ciated with defective insulin secretion and 
also some element of insulin resistance (6). 
Although the specific mechanisms where-
by mitochondrial DNA mutations lead to 
MIDD have not been fully elucidated, this 
rare syndrome points to mitochondrial 
function as a key factor in glucose homeo-
stasis that may be relevant to the more 
common forms of T2DM (also see below).

Other monogenic diabetes syndromes 
are associated with insulin resistance. For 
example, autosomal recessive forms of 
extreme insulin resistance are due to muta-
tions in the insulin receptor gene (7). Genet-
ic syndromes of lipodystrophy are typically 
associated with insulin resistance and dia-
betes. Dunnigan-type autosomal dominant 
familial partial lipoatrophic diabetes is due 
to mutations in the nuclear envelope pro-
tein lamin A/C (encoded by LMNA) (8) and 
dominant negative mutations in PPARγ 
(encoded by PPARG) (9). The mechanism 
whereby mutations in LMNA lead to this 
syndrome is unknown but may be due to 
disruption in nuclear function and result-
ing adipocyte death. PPARγ is well known 
to play a pivotal role in adipogenesis and 
insulin signaling, and thus it is logical that 
functional abnormalities would result in 
lipodystrophy and diabetes. Complete con-
genital lipoatrophic diabetes (also known 
as Berardinelli-Seip syndrome) is caused by 
mutations in 1-α-acylglycerol-3-phosphate 
O-acyltransferase 2 (encoded by AGPAT2) 
(10, 11) or seipin (encoded by BSCL2) 
(10, 12). Defects in AGPAT2 are likely to 
affect triacylglycerol synthesis in adipose 
tissue, resulting in triglyceride-depleted 
adipocytes and lipodystrophy. Seipin is a 
protein of unknown function expressed in 
the brain. Insulin resistance and diabetes 
are common phenotypes of lipodystrophy 
syndromes, despite quite disparate genetic 
etiologies, which highlights the critical 

Figure 1
Schematic of the pleiotropic effects of PGC-1α and PGC-1β. Changes in PGC-1α and PGC-1β  
expression levels in different tissues may explain many of the metabolic abnormalities that 
accompany T2DM. In muscle: decreased PGC-1α may cause decreased formation of mito-
chondria-rich oxidative type 1 myofibers and decreased glucose oxidation. Decreased PGC-1β 
expression may cause decreased fat influx and oxidation and decreased nonoxidative glucose 
metabolism. Subjects with the Gly482Ser PGC-1α variant appear to be more susceptible to age-
related decreases in PGC-1α and PGC-1β. In the β cell: increased PGC-1α expression or func-
tion, which is observed in several animal models of diabetes, would be expected to decrease 
β cell dysfunction and decrease insulin secretion. In liver: increases in PGC-1α expression 
or function would be expected to cause increased hepatic gluconeogenesis. In fat: decreas-
es in PGC-1α expression or function would be expected to cause decreased mitochondrial 
biogenesis and defective adaptive thermogenesis, possibly leading to positive energy balance 
and obesity. Other factors, i.e., physical activity, diet, and other gene variants, may affect PGC-1α  
and PGC-1β expression or function and thus susceptibility to T2DM.
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role of adipose tissue in glucose homeosta-
sis. Two common mechanisms for insulin 
resistance in the lipodystrophy syndromes 
are the deposition of triglycerides in extra-
adipose tissues such as muscle and liver 
and the lack of key adipokines, particularly 
leptin and adiponectin, that influence glu-
cose and fatty acid homeostasis.

New insights into the molecular 
basis of typical T2DM
In his 1987 Lilly Lecture, Defronzo elegantly 
described the triumvirate of β cell, muscle, 
and liver as a collusion responsible for 
T2DM (13). The idea that T2DM results 
from insulin resistance in muscle (causing 
decreased glucose uptake) and liver (caus-
ing increased gluconeogenesis), combined 
with declining β cell function is now widely 
accepted. As mentioned above, adipose tis-
sue is now also recognized as an important 
player in glucose homeostasis. This concep-
tual framework has shaped how physicians 
treat patients with diabetes and has guided 
the identification of drug targets that reduce 
insulin resistance in muscle and liver and 
enhance and/or preserve β cell function.

Until recently, the genetic, molecular, 
and cellular basis for Defronzo’s triumvi-
rate has remained unknown. Indeed, a tri-
umvirate of new and powerful approaches 
— genetic, functional genomic, and trans-
genic — has begun to uncover the molecular 
and cellular basis of insulin resistance, the 
hallmark of T2DM. Multiple groups have 
utilized genome-wide and candidate gene–
based approaches to begin to identify the 
genetic underpinnings of T2DM (1, 2, 14).  
To date, several chromosomal regions, 
most notably chromosomes 1q21–q24, 
2q37, 3q24–q27, 4q32–q33, 11q24, 12q, 
and 20q have been identified as regions 
likely to harbor T2DM susceptibility genes. 
Furthermore, a few common variants in 
specific genes, each with modest effect, 
appear to be reproducibly associated with 
T2DM across several studies. These include 
calpain 10 (CAPN10) (15), Pro12Ala PPARγ 
(PPARG) (16), Glu23Lys potassium inward 
rectifying channel (KCNJ11) (17), and per-
haps common variants in the islet-specific 
promoter of HNF4α (HNF4A) (18, 19) 
(other less-well-replicated candidate genes 
are reviewed in ref. 14). Although the bio-
logical basis for their associations with 
T2DM continue to be elucidated, variants 
in CAPN10 and PPARG appear to influence 
insulin sensitivity, while variants in KCNJ11 
and HNF4A appear to influence β cell func-
tion and insulin secretion.

Beyond the Randle cycle
For several decades, it was proposed that the 
biochemical basis of hyperglycemia in T2DM 
could be explained by the Randle cycle, by 
which, simply stated, increased fatty acid 
oxidation causes a commensurate decrease 
in glucose oxidation, leading to decreased 
glucose uptake and hyperglycemia. Recent-
ly, functional genomics and transgenic 
approaches have identified a key common 
pathway that may play an important role in 
the pathophysiology of T2DM. Two studies 
utilized cDNA microarrays to examine dif-
ferences in gene expression profiles among 
muscle of humans with T2DM, impaired 
glucose tolerance (prediabetes), and nor-
mal glucose tolerance (20, 21). Both stud-
ies found subtle decreases in expression of 
a subset of genes involved in mitochondrial 
oxidative phosphorylation (OXPHOS) in 
T2DM and prediabetic subjects. The subset 
of downregulated OXPHOS genes is known 
to be coordinately regulated by the PPARγ 
coactivators–1α and –1β (PGC-1α and  
PGC-1β), which were also subtly decreased in 
muscle tissue from diabetic and prediabetic 
subjects. Indeed, overexpression of PGC-1α 
in a mouse skeletal muscle cell line resulted 
in upregulation of the same set of genes 
found to be downregulated in human T2DM 
muscle (20). Transgenic mice overexpressing 
PGC-1α in muscle had increased formation 
of mitochondria-rich oxidative type 1 myo-
fibers and reduced formation of glycolytic 
type 2 myofibers (22). In mice, PGC-1α has 
been shown to be a major mediator of cold-
induced mitochondrial biogenesis and adap-
tive thermogenesis in brown fat (23, 24),  
and in liver, PGC-1α is a pivotal regulator 
of gluconeogenesis (25). Finally, recent evi-
dence suggests that PGC-1α may also influ-
ence β cell energy metabolism and insulin 
release (26). While the role of PGC-1α  
in energy homeostasis is reasonably well 
established, the role of PGC-1β is less clear. 
Transgenic mice overexpressing PGC-1β 
have increased systemic fat oxidation and 
are resistant to diet-induced obesity, which 
suggests coordinated transcriptional effects 
on mitochondrial genes involved in fat oxi-
dation and, relative to PGC-1α, little effect 
on mitochondrial genes involved in glucose 
metabolism (27).

Thus, abnormal expression or function 
of PGC-1α and PGC-1β can potentially 
explain the quartet of muscle, liver, fat, and 
β cell dysfunction in T2DM (Figure 1). The 
reduction in PGC-1–regulated OXPHOS 
pathways in the pathogenesis of T2DM 
is consistent with other observations that 

implicate this pathway. Abnormalities in 
mitochondrial structure, number, and oxi-
dative phosphorylation capacity in muscle 
in T2DM individuals and insulin-resistant 
offspring of T2DM individuals have been 
previously described (28, 29). The mecha-
nism whereby exercise has beneficial effects 
on total body aerobic capacity (VO2max) and 
prevention and treatment of T2DM may be 
its well-known ability to increase oxidative 
phosphorylation capacity in muscle. Final-
ly, as mentioned above, mutations in sev-
eral genes involved in OXPHOS pathways 
including mitochondrial DNA (6), HNF4A 
(4, 18, 19), PPARG (16), and perhaps a 
common variant in PPARGC1 (the gene 
for PGC-1α) (ref. 30 and below) have been 
shown to be associated with T2DM.

In this issue of the JCI, Ling and cowork-
ers (31) used an elegant study design com-
paring young and old monozygotic and 
dizygotic twins in order to dissect genetic 
and nongenetic influences on PGC-1α and 
PGC-1β expression and biology. They found 
that muscle PGC-1α and PGC-1β mRNA 
levels decrease with aging, which suggests 
a potential link between this pathway and 
age-related decline in glucose homeostasis 
(Figure 1). Interestingly, only subjects with 
the 482Ser allele of PPARGC1 were found to 
have this age-related decrease in PGC-1α and 
PGC-1β mRNA levels, which may provide a 
partial explanation for the large inter-indi-
vidual variation in susceptibility to age-relat-
ed decline in glucose homeostasis. Decreased 
PGC-1α and PGC-1β levels in elderly 482Ser 
PPARGC1 homozygotes were associated 
with decreased VO2max, which may provide 
a mechanistic connection between PGC-1α 
and PGC-1β and mitochondrial number or 
function. In addition, muscle PGC-1α and 
PGC-1β mRNA levels were found to be deter-
minants of glucose transporter 4 expression 
and glucose and fat metabolism during a 
hyperinsulinemic euglycemic clamp study. 
PGC-1α predominantly influenced glucose 
disposal and oxidation, while PGC-1β pre-
dominantly influenced fat oxidation and 
nonoxidative glucose metabolism. Thus, 
while from a clinical standpoint, we have 
known that both genetic and environmen-
tal influences are important determinants 
of insulin resistance and T2DM, this study 
provides mechanistic molecular insights 
into this complex interaction.

The future: what we don’t know
The results reported by Ling et al. (31) 
are, for the most part, consistent with and 
extend the findings of others regarding  
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the importance of PGC-1–regulated 
mitochondrial pathways in glucose 
homeostasis and the pathophysiology of 
T2DM. However, there are several caveats 
that are worth mention and further con-
sideration. For these physiological stud-
ies it was necessary to exclude twins with 
known diabetes. However, this might have 
preferentially excluded those individuals 
with a high genetic burden of T2DM sus-
ceptibility genes or individuals exposed 
to a diabetogenic environment from the 
older group compared with the younger 
group, since the older group would have 
had more time to express the diabetic 
(exclusionary) phenotype. This potential 
ascertainment bias might be expected 
to underestimate any differences in dia-
betes-related traits between young and 
old groups. Second, direct comparisons 
of young and old groups are potentially 
confounded by a cohort effect. For exam-
ple, nutritional or other environmental 
factors that may have differed over the 
approximately 40-year span between the 
birth of the young and old cohorts could 
have important influences on the out-
comes measured, particularly by virtue 
of birth weight and intrauterine effects 
on adult glucose metabolism (32). Third, 
although decreased PGC-1α and PGC-1β 
expression are likely to be causally related 
to T2DM pathogenesis, the correlative 
cross-sectional nature of this study does 
not prove causality. Fourth, the authors 
propose that association of the Gly482Ser 
PPARGC1 variant with decreases in both 
PGC-1α and PGC-1β mRNA levels may 
be due to decreased function of the 
Gly482Ser variant upon activation of 
transcription of its own gene and PGC-1β.  
It is also possible that the Gly482Ser vari-
ant is in linkage disequilibrium with a 5′ 
or 3′ polymorphism that affects transcrip-
tion or mRNA stability. Finally, it is argued 
that monozygotic twins are genetically 
identical. Although they are clearly more 
genetically similar to each other than dizy-
gotic twins, it should be kept in mind that 
even monozygotic twins have potentially 
important differences in their genetic 
makeup — most notably for this study, 
differences in mitochondrial DNA, as well 
as differences in genomic DNA methyla-
tion that may alter expression of individ-
ual genes. These variations could affect 
the expression of PGC-1α and PGC-1β  
and other OXPHOS genes and pathways, 
creating genetic differences even in mono-
zygotic twins.

In summary, genetic, transgenic, and 
functional genomics approaches have pro-
vided fruitful insights into the complex 
molecular pathways that regulate energy 
homeostasis. These approaches have iden-
tified molecules and pathways that could 
not have been anticipated from classical 
clinical investigative studies. The challenge 
for the future is to integrate these distinct 
molecular pathways in order to reconstruct 
the phenotype. Understanding how aging, 
diet, exercise, and other extrinsic factors 
affect these pathways poses a special chal-
lenge. A more complete understanding of 
the biology will lead to novel preventive 
and therapeutic modalities. Studies such as 
that of Ling and coworkers (31) have taken 
the first steps toward this goal.
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