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Muscular mitochondrial dysfunction and type 2 diabetes mellitus
Vera B. Schrauwen-Hinderlinga,b, Michael Rodenc, M. Eline Kooib,
Matthijs K.C. Hesselinkd and Patrick Schrauwena

Purpose of review

Muscular mitochondrial dysfunction, leading to the

accumulation of fat in skeletal muscle, has been proposed

to be involved in the development of type 2 diabetes

mellitus. Here, we review human studies that investigated

various aspects of mitochondrial function in relation to

muscular insulin sensitivity and/or diabetes.

Recent findings

In-vivo magnetic resonance spectroscopy allows

assessment of mitochondrial functionality from adenosine

triphosphate flux in the nonexercising state and from

phosphocreatine recovery from (sub)maximal exercising.

Application of both approaches revealed reduced

mitochondrial oxidative capacity in insulin-resistant

(pre)diabetic humans. Reductions in mitochondrial density

may contribute to, or even underlie, these findings as well as

intrinsic defects in mitochondrial respiration. So far, only

two studies reported measurements of mitochondrial

respiratory capacity in intact mitochondria in diabetic

patients, with inconsistent findings.

Summary

Muscular mitochondrial aberrations in type 2 diabetes

mellitus can be detected, but it is so far unclear if these

aberrations are causally related to the development of the

disease. Alternatively, mitochondrial dysfunction may simply

be the consequence of elevated plasma fatty acids or

glucose levels.
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Introduction
The inability of insulin to stimulate glucose uptake into

skeletal muscle is one of the earliest hallmarks in the

development of type 2 diabetes mellitus (T2DM), of

which the prevalence nowadays is reaching epidemic

proportions worldwide [1]. As an excessive fat mass (i.e.

obesity) is the major risk factor for the development of type

2 diabetes (T2D), abnormalities in fat metabolism have

been linked to the development of the disease. Indeed,

there is now compelling evidence that the accumulation of

fatty acid metabolites in nonadipose tissues such as heart,

liver, pancreas and skeletal muscle has detrimental effects

on the functions of these organs. For skeletal muscle, the

accumulation of fat inside muscle cells (intramyocellular

lipids, IMCL) is inversely correlated with muscular insulin

sensitivity in sedentary populations. Moreover, T2D

patients and first-degree relatives of T2D patients who

are at risk to develop diabetes have increased levels of

IMCL [2]. This relationship between IMCL accumulation

and insulin resistance can be explained by accumulation of

intermediates of lipid metabolism, such as diacylglycerol,

fatty acyl-CoA and ceramides, that can interfere with

proper insulin signaling (for review see Ref. [3]). It

has been suggested that a reduced oxidative capacity

(i.e. mitochondrial dysfunction) may limit the complete

oxidative degradation of IMCL resulting in increased

levels of both IMCL as well as of their intermediates.

Here we will review the evidence that abnormal mito-

chondrial function may be a factor involved in the etiology

of muscular insulin resistance and T2DM in humans.

Fat oxidative capacity in relation to insulin
resistance and type 2 diabetes
By definition, lipids and lipid intermediates accumulate

in skeletal muscle cells if muscular fatty acid delivery

exceeds fat oxidation. Thus, a reduced fat oxidative

capacity – combined with elevated plasma FFA levels,

as observed in T2D patients [4] – may underlie the

muscular fat accumulation observed in the prediabetic
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state. Indeed, when comparing T2D patients with

BMI-matched healthy controls, a reduced muscular fat

oxidation – as determined by measuring rates of oxygen

consumption and carbon dioxide production across the

leg – was observed in T2D patients [5]. Using tracer

technology, a similar conclusion was drawn, as a 50%

reduced oxidation of palmitate over the leg, accompanied

by decreased activity of carnitine palmitoyl transferase 1

(CPT1) was observed in the obese (insulin resistant) state

[6]. A prominent feature of insulin resistance, however, is

also an inadequate glucose uptake and oxidation in the

postprandial state, in combination with a blunted sup-

pression of fat oxidation. As a result, fat oxidation is, in

fact, increased in the postprandial state when compared

to insulin sensitive subjects.

The phenomenon of a reduced ability to change fuel

selection from predominantly fat oxidation in the fasting

state to primarily glucose oxidation in the insulin stimu-

lated condition is referred to as metabolic inflexibility [7].

Interestingly, the metabolic inflexibility observed in type

2 diabetes was preserved in myotubes grown from type 2

diabetic donor satellite cells [8] and could therefore be

considered an ‘intrinsic’ property of type 2 diabetic

muscle.

Reduction of PGC1a in type 2 diabetes
mellitus
Although several factors that could underlie the reduced

fasting fatty acid oxidation and metabolic inflexibility

have been reported, no single factor has consistently been

shown to be altered in the (pre) diabetic state. With the

implementation of the micro array technology in the field

of diabetes research, a strong tool became available to

screen for multifactor alterations that might underlie

skeletal muscle insulin resistance. Using this technology,

in muscle biopsies obtained from human T2D patients,

two independent studies showed a coordinated reduction

of a large cluster of oxidative genes, all under the control

of the peroxisome proliferator-activated receptor-coacti-

vator a (PGC1a) and which encode for key enzymes in

oxidative metabolism and mitochondrial function [9,10].

Importantly, many of these genes showed only a modest,

although consistent reduction, explaining why previous

studies with a ‘candidate gene’ approach may have failed

to detect these alterations. The reduction of a cluster of

oxidative genes could provide an explanation for the

reduced fat oxidative capacity and impeded metabolic

flexibility and could underlie the accumulation of IMCL

and their intermediates and, ultimately, insulin resist-

ance. With the downregulation of this so-called oxidative

phosphorylation (OXPHOS) gene set, the expression of

PGC1a itself was also reduced in T2D patients [9,10] and

in family history-positive nondiabetic subjects [10]. In

line with this, Mensink et al. [11�] also reported a � 60%

reduction in PGC1a gene expression in T2D patients

compared to BMI and age matched controls. Interestingly,

treating these patients with the antidiabetic insulin sensi-

tizing agent Rosiglitazone restored muscular PGC1a

levels along with improved muscular insulin sensitivity

and oxidative capacity [11�]. In further agreement with a

role for PGC1a as a determinant of insulin resistance, a

group of nondiabetic but overweight/obese male subjects

showed PGC1a mRNA was reduced by 71% in those

subjects that were classified as being insulin resistant,

based on the median glucose infusion rate determined

using a hyperinsulinemic euglycemic clamp [12�].

In healthy subjects, both the expression and protein

content of PGC1a has been reported to be increased

with acute exercise [13] and prolonged endurance train-

ing [14], conditions that are well known to improve

muscular insulin sensitivity. On the other hand, con-

sumption of a high-fat diet for three days reduced PGC1a

protein levels by �20% in human volunteers [15].

Furthermore, the acute elevation of plasma FFA levels

for six [16�] or 48h [17] reduced PGC1a expression

significantly. These findings may indicate that the

reduction of PGC1a in the prediabetic state may be

due to environmental factors such as a lack of physical

activity and/or the consumption of diets high in fatty

acids, although genetic factors cannot be ruled out.

Is mitochondrial function reduced in type 2
diabetes mellitus?
The finding of a reduced expression and protein content

of PGC1a in the (pre) diabetic state, resulting in reduced

OXPHOS gene expression could explain the muscular fat

accumulation that is observed in diabetes, but only if the

reduced PGC1a content truly results in a diminished

mitochondrial content or oxidative capacity. Since the

identification of PGC1a as a putative determinant in the

etiology of T2D, many reports have been published that

investigated ‘mitochondrial function’ with a wide range

of methodologies and techniques. Unfortunately, many of

these investigations only determined, at best, markers

of mitochondrial function, such as mitochondrial gene

transcripts, mitochondrial protein and DNA content or

mitochondrial enzyme activities. Although these markers

address different aspects of mitochondrial metabolism,

like mitochondrial biogenesis and mitochondrial density,

they do not necessarily determine muscular mitochon-

drial oxidative functionality. Despite this, there are also

several reports that did apply in vivo or ex vivo method-

ologies to determine muscular mitochondrial oxidative

functionality.

In-vivo mitochondrial function assessed by magnetic

resonance spectroscopy

An elegant way to noninvasively investigate in vivo
mitochondrial function is by means of phosphorous

magnetic resonance spectroscopy (31P MRS). With this
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technique, concentrations of phosphorous-containing

metabolites in skeletal muscle can be determined non-

invasively and followed over time (Fig. 1). Two different
31P MRS methods have been used to estimate mitochon-

drial function. With the first technique, the rate of uni-

directional flux through ATP synthase (ATP synthetic

flux, fATPase) is determined in the nonexercising state

by use of the magnetization (saturation) transfer method

in which the signal derived from ATP is temporarily

suppressed and subsequent changes in the steady state

MR signal of free phosphate are quantified to calculate

unidirectional ATP synthesis rate. Simultaneously, flux

through the tricarboxylic acid (TCA or Krebs) cycle can

be determined noninvasively by carbon-13 (13C) MRS.

With this technique, concentrations of 13C-containing

metabolites in skeletal muscle can be determined.

Thereby, the incorporation of 13C label into the muscle

glutamate pool is determined after the administration of
13C labeled acetate, which is a direct substrate for the

TCA cycle. Using this 13C and 31P MRS method, Peter-

sen et al. [18] were the first to report that mitochondrial

dysfunction may be a factor in the etiology of insulin

resistance. Healthy, younger subjects (average 39 years)

without a family history of T2D were compared with

BMI-matched healthy elderly volunteers between 61 and

84 years of age. Using a hyperinsulinemic euglycemic

clamp combined with labeled glucose, muscular glucose

disposal rates were found to be lower in the elderly

compared to the young, consistent with age being a major

risk factor for the development of insulin resistance and

T2D [18]. IMCL content measured with proton MRS

was higher in the elderly than in the younger subjects.

Muscular fATPase and oxidative metabolism (TCA cycle

flux) were decreased by � 40% in the elderly, suggesting

that an age-associated decline in mitochondrial function

might contribute to the development of insulin resist-

ance. Using similar methods, the same research group

assessed IMCL and fATPase in lean, but insulin-resistant

offspring of T2D patients who were matched for age,

BMI and habitual physical activity with insulin sensitive

healthy subjects [19]. The offspring of T2D patients

were characterized by a � 60% lower rate of muscular

glucose uptake and an � 80% increase in IMCL content

when compared to control subjects [19]. Again, rates of

muscular ATP synthesis were lower by 30% in the

insulin-resistant offspring of T2D patients compared to

the insulin-sensitive control subjects. Recently, a similar

30% reduction in TCA cycle flux in these patients was

reported [20�]. The authors concluded that mitochondrial

dysfunction may be implicated in the aetiology of insulin

resistance and T2D. Both studies also suggested that

the reduced mitochondrial function may have been

responsible for the increased IMCL levels that were

observed both in the elderly and the insulin-resistant

offspring of T2D patients.

An alternative 31P MRS method to investigate in vivo
mitochondrial function is by measuring the phosphocrea-

tine (PCr) kinetics during recovery from submaximal

exercise [21,22]. During exercise, PCr content decreases

transiently and recovers rapidly after exercise. If no

substantial acidification occurs during exercise, this

recovery follows a mono-exponential time course. In

the postexercise state PCr resynthesis is driven almost

purely oxidatively [23] and the kinetics of resynthesis (e.g.

the half-time of recovery) reflect in vivo mitochondrial

function [22]. Indeed, postexercise PCr resynthesis was

shown to be delayed in various known mitochondrial

disorders (for reviews see [24]). A difference of this

method compared to the magnetization saturation trans-

fer method is that mitochondrial function is assessed

under conditions of increased metabolic demand.

Using this method, we compared in vivo mitochondrial

function in T2D patients and healthy, obese control

subjects matched for BMI [25��]. Consistent with the

data from Petersen et al. [18,19], the half-times of PCr

resynthesis after 5 min of moderate leg exercise were

found to be prolonged by � 45% (indicating comprom-

ised mitochondrial function) in the obese diabetic

patients, who were also more insulin resistant compared

to the controls. In the T2D patients, PCr resynthesis half-

time correlated positively (and hence mitochondrial func-

tion negatively) with HbA1c and glucose concentrations.

Interestingly, however, IMCL content was similar

between the groups, suggesting that impaired mitochon-

drial function may be a more important determinant of

diabetes than IMCL levels per se. Consistent with this

finding, Szendroedi et al. [26��] very recently reported

that fATPase was decreased by 27% in nonobese meta-

bolically well controlled T2D patients when compared to

young, healthy control subjects, but fATPase was not

700 Nutrition and physiological function

Figure 1 A 31P-MRS spectrum of the vastus lateralis muscle

depicting the peaks originating from inorganic phosphate (Pi),

phosphocreatine (PCr) and the three groups of ATP
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different from age-matched healthy controls. Despite

these lower fATPase in diabetic patients, IMCL levels

were similar in all three groups. Interestingly, fATPase

was negatively correlated with plasma FFA levels,

suggesting that lipid oversupply may deteriorate mito-

chondrial function, consistent with the effect of high FFA

levels on PGC1a expression [16�,17].

The reports using magnetization transfer mentioned

above determined mitochondrial functionality in the

fasting state. The same methodology has also been

applied to study ATP synthesis under insulin-stimulated

conditions, which may mimic the postprandial state.

Using this approach, Petersen et al. [27] showed that

fATPase increased by 90% during a hyperinsulinemic-

euglycemic clamp in young, healthy control subjects,

whereas this increase was only 5% in age- and BMI-

matched lean insulin-resistant offspring of T2D patients.

Similar results were obtained by Szendroedi et al. [26��],

who reported a significant 26% and 11% increase in

fATPase during a hyperinsulinemic glucose clamp in

healthy young and elderly control subjects respectively,

but no such increase in T2D patients. In that study,

variance in insulin-stimulated ATP synthesis was largely

explained by differences in muscular insulin sensitivity,

suggesting that the reduced insulin-stimulated fATPase

as observed in the (pre) diabetic state mainly reflects

muscular insulin resistance. In line with this, Brehm et al.
[28�] previously reported that the acute elevation of

plasma FFA levels during a hyperinsulinemic euglycemic

clamp impaired insulin-stimulated fATPase in healthy,

lean young control subjects. Lipid infusion during a

glucose clamp is known to result in the acute induction

of muscular insulin resistance, due to the accumulation of

lipid intermediates in skeletal muscle cells. Thus, this

study tends to indicate that the induction of insulin

resistance explains the reduced insulin-stimulated ATP

synthesis, although an additional direct effect of fatty

acids on fATPase cannot be excluded.

While the great strength of MRS is the possibility to

determine whether oxidative metabolism is indeed

decreased in the in vivo setting, this at the same time

limits the mechanistic conclusions that can be drawn

from these studies. Using MRS, ‘mitochondrial function’

of a relatively large muscle volume is assessed, and

therefore fATPase or PCr recovery rates not only reflect

‘mitochondrial functionality and/or capacity’ but may as

well reflect the number and the size of mitochondria in

the muscle under study. Mitochondrial density, in turn, is

related to the muscle fiber type composition, with more

glycolytic muscle fibers having a lower mitochondrial

density. Considering this, the term ‘muscular oxidative

functionality’ might better reflect what is being measured

in vivo. Finally, the determination of mitochondrial func-

tion/muscular oxidative functionality in vivo can also be

limited by an impairment in oxygen supply which can

occur, for example, when perfusion is disturbed.

Ex-vivo mitochondrial function

To complement in vivo findings with more mechanistic

data, direct examination of the function of the mitochon-

dria per se is warranted. One alternative methodology that

has frequently been used is the determination of oxi-

dative enzyme activity in muscle homogenates or isolated

mitochondria. Although reduced activity of oxidative

enzymes have been reported in muscle of T2D patients

(for review, see Ref. [29�]), these assays do not necessarily

reflect mitochondrial function, because only part of the

mitochondrial oxidative system is studied and – perhaps

more importantly – this is done out of its functional

context. For example, activity of the single complexes

of the electron transport chain are often measured inde-

pendently of the control of the oxidative phosphorylation

system that is present in functional mitochondria. There-

fore, true intrinsic mitochondrial function needs to be

studied using high-resolution respirometry of isolated

mitochondria or permeabilized muscle fibers. So far, only

two studies have been published that applied this tech-

nique to study mitochondrial function in T2D patients

[30��,31��] with inconsistent results. Boushel et al. [30��]

determined oxygen flux capacity of permeabilized

muscle fibers from biopsies of healthy subjects and

T2D patients. They found that ADP-stimulated state

3 respiration, both with substrates for complex I and/or

complex II, was reduced in T2D patients. Because

measurements were performed in permeabilized fibers,

however, data was corrected for mitochondrial density.

After correction of respiration rates for mitochondrial

DNA (mtDNA) content or citrate synthase activity –

both markers of mitochondrial density – the differences

in respiration rates between T2D patients and healthy

controls completely disappeared. In contrast, however,

Mogensen et al. [31��] compared mitochondrial respir-

ation rates in isolated mitochondria of type 2 diabetic

patients and obese nondiabetic controls and reported that

maximal ADP-stimulated respiration (state 3) with pyru-

vate as a substrate and respiration through the electron

transport chain (ETC) were reduced in T2D patients.

They also reported that the proportion of type 2X fibers

were higher in T2D patients compared to obese subjects,

suggesting that the differences in mitochondrial respir-

ation may partly be explained by qualitative differences

in mitochondria isolated from type 1 versus type 2

muscle fibers.

Why the outcomes of these two studies are different is

difficult to explain, but differences in the details of the

methodology – isolated mitochondria versus permeabi-

lized fibers – may have affected the results. The differ-

ences in state 3 respiration reported by Mogensen et al.
[31��] were relatively small (� 10%), and thus less
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pronounced than the differences in in vivo mitochondrial

function that were reported using MRS. Thus, it is

well possible that mitochondrial dysfunction that is

observed in the prediabetic state is indeed due to a

combination of reductions in mitochondrial density

and (small) differences in ‘real’ mitochondrial function.

Other factors that only occur in the in vivo setting

(e.g. impaired perfusion) may contribute to the larger

differences found in vivo, while they are not taken

into account by the ex vivo measurement. Clearly, more

in vivo studies controlling these factors and more

studies using high-resolution respirometry are needed

to clarify the issue of mitochondrial respiration in T2D

patients.

Mitochondrial density and damage

As mentioned, a reduced mitochondrial density might at

least partly underlie the reduced mitochondrial function/

oxidative capacity that is observed in the prediabetic

state. Indeed, Ritov et al. [32] reported a reduced content

of mtDNA, which is considered a valid marker of mito-

chondrial density, in T2D patients compared to age, sex

and BMI-matched nondiabetic controls. Using electron

microscopy, Morino et al. [33] reported a 38% lower

mitochondrial density in insulin-resistant offspring of

T2D patients compared to insulin-sensitive controls, in

which previously a reduced in vivo mitochondrial func-

tion had been reported [19]. Also using electron micro-

scopic examination, Kelley et al. [34] reported qualitative

differences in mitochondrial morphology in diabetic

patients, too. Mitochondrial area was significantly lower

(�35%) in both hyperglycemic obese individuals and

obese hyperglycemic T2D patients compared with nor-

moglycemic lean subjects. Mitochondrial area was found

to correlate positively with insulin stimulated glucose

disposal [34]. Interestingly, in � 30–40% of the obese

patients, electron microscopy revealed large vacuoles

surrounded by mitochondrial membranes, implicating

damaged mitochondria. Whether increased mitochon-

drial damage, in combination with a reduced (PGC1a-

driven) mitochondrial biogenesis is responsible for the

reduced mitochondrial content in T2D patients is so

far unknown.

Conclusion
The topic of mitochondrial dysfunction has gained a lot of

attention in the T2D field. If anything, the results

obtained so far taught us that the relation between

mitochondrial function and the development of T2D

is not as simple as originally assumed. Thus, the initial

assumption that a reduced mitochondrial function would

lead to the accumulation of IMCL and thereby to insulin

resistance is not supported by all studies, as several

studies showed no differences in IMCL despite

reductions in mitochondrial function in insulin-resistant

and/or diabetic subjects [25��,26��]. This however may

not be surprising, as it is well established that IMCL per se
is not causally related to muscular insulin resistance,

but IMCL may rather be a marker of other fatty acid

intermediates such as diacylglycerol, fatty acyl-CoA and

ceramides that can directly interfere with muscular insu-

lin signaling. It is tempting to suggest that these fatty acid

intermediates specifically accumulate if the balance

between oxidative capacity and fatty acid delivery is

disturbed. Alternatively, however, it cannot be excluded

that a reduced mitochondrial function may, in fact, be the

consequence of the diabetic state, for example, be caused

by fat accumulation in skeletal muscle cells [35]. In

support of this hypothesis are the findings that plasma

fatty acid levels reduce the expression of PGC1a [16�,17],

are negatively related to fasting muscular ATP synthesis

[26��], and impair insulin-stimulated ATP synthesis

[28�], as well as the observation of increased mitochon-

drial damage in T2D patients [34]. Also, insulin resist-

ance and/or hyperglycemia per se may negatively affect

mitochondrial function, as could be suggested from the

findings that mitochondrial function was negatively

related to hyperglycemia [25��] and insulin sensitivity

[26��]. In this context, it is important to notice that a

reduced mitochondrial function in prediabetic subjects is

only reported in subjects that were already more insulin-

resistant and had higher IMCL levels compared to their

control groups. Therefore, more research is clearly

needed to elucidate the specific role of mitochondrial

function in the etiology of T2D. If mitochondrial

function proves to be of relevance in the etiology of

T2D, it provides a fundamental explanation for the well

documented effects of physical activity and exercise

training – major enhancers of mitochondrial function

and biogenesis – on glucose homeostasis and T2D risk.

If anything, the interest in mitochondrial function has

taught us once more that the growing prevalence of

physical inactivity in our westernized society may be

more important in the etiology of T2D than sometimes

appreciated.

Acknowledgement
Dr P. Schrauwen is supported by a fellowship of the Royal Netherlands
Academy of Arts and Sciences. Dr M. Hesselink is supported by a VIDI
Research Grant for innovative research from the Netherlands Organiza-
tion for Scientific Research (Grant 917.66.359).

References and recommended reading
Papers of particular interest, published within the annual period of review, have
been highlighted as:
� of special interest
�� of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (pp. 762–763).

1 Wild S, Roglic G, Green A, et al. Global prevalence of diabetes: estimates for
the year 2000 and projections for 2030. Diabetes Care 2004; 27:1047–
1053.

2 Perseghin G, Scifo P, De Cobelli F, et al. Intramyocellular triglyceride content
is a determinant of in vivo insulin resistance in humans: a 1H-13C nuclear
magnetic resonance spectroscopy assessment in offspring of type 2 diabetic
parents. Diabetes 1999; 48:1600–1606.

702 Nutrition and physiological function



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

3 Shulman GI. Cellular mechanisms of insulin resistance. J Clin Invest 2000;
106:171–176.

4 Roden M. How free fatty acids inhibit glucose utilization in human skeletal
muscle. News Physiol Sci 2004; 19:92–96.

5 Kelley DE, Simoneau J-A. Impaired free fatty acid utilization by skeletal muscle
in noninsulin dependent diabetes mellitus. J Clin Invest 1994; 94:2349–
2356.

6 Kim JY, Hickner RC, Cortright RL, et al. Lipid oxidation is reduced in obese
human skeletal muscle. Am J Physiol Endocrinol Metab 2000; 279:E1039–
E1044.

7 Kelley DE, Mandarino LJ. Fuel selection in human skeletal muscle in insulin
resistance: a reexamination. Diabetes 2000; 49:677–683.

8 Ukropcova B, McNeil M, Sereda O, et al. Dynamic changes in fat oxidation in
human primary myocytes mirror metabolic characteristics of the donor. J Clin
Invest 2005; 115:1934–1941.

9 Mootha VK, Lindgren CM, Eriksson KF, et al. PGC-1alpha-responsive genes
involved in oxidative phosphorylation are coordinately downregulated in hu-
man diabetes. Nat Genet 2003; 34:267–273.

10 Patti ME, Butte AJ, Crunkhorn S, et al. Coordinated reduction of genes of
oxidative metabolism in humans with insulin resistance and diabetes: Potential
role of PGC1 and NRF1. Proc Natl Acad Sci U S A 2003; 100:8466–
8471.

11

�
Mensink M, Hesselink MK, Russell AP, Schaart G, Sels JP, Schrauwen P.
Improved skeletal muscle oxidative enzyme activity and restoration of PGC-
1alpha and PPARbeta/delta gene expression upon rosiglitazone treatment in
obese patients with type 2 diabetes mellitus. Int J Obes (Lond) 2007; 31:
1302–1310.

Type 2 diabetic patients were treated for 8 weeks with the antidiabetic PPARg
agonist Rosiglitazone. Muscle biopsies revealed improved oxidative enzyme
capacity and a restoration of the mRNA levels of PGC1a and PPARd, which
before treatment were reduced by � 60% when compared to control subjects.

12

�
Heilbronn LK, Gan SK, Turner N, et al. Markers of mitochondrial biogenesis
and metabolism are lower in overweight and obese insulin-resistant subjects.
J Clin Endocrinol Metab 2007; 92:1467–1473.

The study shows that the reduction of markers of mitochondrial metabolism are
reduced in the insulin resistant group, and that this is independent of age, body fat
percentage and aerobic fitness.

13 Russell AP, Hesselink MK, Lo SK, Schrauwen P. Regulation of metabolic
transcriptional co-activators and transcription factors with acute exercise.
FASEB J 2005; 19:986–988.

14 Russell AP, Feilchenfeldt J, Schreiber S, et al. Endurance training in humans
leads to fiber type-specific increases in levels of peroxisome proliferator-
activated receptor-gamma coactivator-1 and peroxisome proliferator-
activated receptor-alpha in skeletal muscle. Diabetes 2003; 52:2874–
2881.

15 Sparks LM, Xie H, Koza RA, et al. A high-fat diet coordinately downregulates
genes required for mitochondrial oxidative phosphorylation in skeletal muscle.
Diabetes 2005; 54:1926–1933.

16

�
Hoeks J, Hesselink MK, Russell AP, et al. Peroxisome proliferator-activated
receptor-gamma coactivator-1 and insulin resistance: acute effect of fatty
acids. Diabetologia 2006; 49:2419–2426.

Acute induction of insulin resistance by infusion of lipid emulsions in healthy humans
under hyperinsulinemic euglycemic clamps conditions increased plasma FFA levels
and decreased PGC1a gene expression. The study may provide an explanation for
the reduced PGC1 a expression observed in type 2 diabetic patients.

17 Richardson DK, Kashyap S, Bajaj M, et al. Lipid infusion decreases the
expression of nuclear encoded mitochondrial genes and increases the ex-
pression of extracellular matrix genes in human skeletal muscle. J Biol Chem
2005; 280:10290–10297.

18 Petersen KF, Befroy D, Dufour S, et al. Mitochondrial dysfunction in the
elderly: possible role in insulin resistance. Science 2003; 300:1140–
1142.

19 Petersen KF, Dufour S, Befroy D, et al. Impaired mitochondrial activity in the
insulin-resistant offspring of patients with type 2 diabetes. N Engl J Med 2004;
350:664–671.

20

�
Befroy DE, Petersen KF, Dufour S, et al. Impaired mitochondrial substrate
oxidation in muscle of insulin-resistant offspring of type 2 diabetic patients.
Diabetes 2007; 56:1376–1381.

Extension of the study referenced under 19. TCA cycle flux was determined using
13C MRS and found to be reduced to a similar extent as the earlier reported ATP
synthase flux by �30% in offspring of diabetic patients.

21 Meyer RA. A linear model of muscle respiration explains monoexponential
phosphocreatine changes. Am J Physiol 1988; 254:C548–C553.

22 Kemp GJ, Radda GK. Quantitative interpretation of bioenergetic data from
31P and 1H magnetic resonance spectroscopic studies of skeletal muscle:
an analytical review. Magn Reson Q 1994; 10:43–63.

23 Sahlin K, Harris RC, Hultman E. Resynthesis of creatine phosphate in human
muscle after exercise in relation to intramuscular pH and availability of oxygen.
Scand J Clin Lab Invest 1979; 39:551–558.

24 Mattei JP, Bendahan D, Cozzone P. P-31 magnetic resonance spectroscopy.
A tool for diagnostic purposes and pathophysiological insights in muscle
diseases. Reumatismo 2004; 56:9–14.

25

��
Schrauwen-Hinderling VB, Kooi ME, Hesselink MK, et al. Impaired in vivo
mitochondrial function but similar intramyocellular lipid content in patients with
type 2 diabetes mellitus and BMI-matched control subjects. Diabetologia
2007; 50:113–120.

An alternative MRS methodology to measure ‘mitochondrial oxidative functionality’
was applied in diabetic patients and revealed a reduction compared to BMI-
matched controls. Muscular fat content was similar, suggesting an important role
for mitochondrial dysfunction in the etiology of diabetes.

26

��
Szendroedi J, Schmid AI, Chmelik M, et al. Muscle Mitochondrial ATP
Synthesis and Glucose Transport/Phosphorylation in Type 2 Diabetes. PLoS
Med 2007; 4:e154.

Study reporting similar ATP synthase flux in diabetic subjects compared to BMI-
and age matched controls but a lower flux compared to younger controls. Insulin
stimulation increased ATP synthesis only in the control groups. All three groups
had similar IMCL content.

27 Petersen KF, Dufour S, Shulman GI. Decreased insulin-stimulated ATP
synthesis and phosphate transport in muscle of insulin-resistant offspring
of type 2 diabetic parents. PLoS Med 2005; 2:e233. [Epub ahead of print]

28

�
Brehm A, Krssak M, Schmid AI, et al. Increased lipid availability impairs insulin-
stimulated ATP synthesis in human skeletal muscle. Diabetes 2006; 55:136–
140.

Elegant study combining the classic lipid-induced insulin resistance protocol and
MRS. High fatty acid levels impair ATP synthesis in parallel with inducing insulin
resistance.

29

�
Rabol R, Boushel R, Dela F. Mitochondrial oxidative function and type 2
diabetes. Appl Physiol Nutr Metab 2006; 31:675–683.

Extensive overview of mitochondrial function and type 2 diabetes.

30

��
Boushel R, Gnaiger E, Schjerling P, et al. Patients with type 2 diabetes have
normal mitochondrial function in skeletal muscle. Diabetologia 2007; 50:
790–796.

One of the two reports that determined intrinsic mitochondrial function in type 2
diabetic patients, in this case using permeabilized muscle fibers. After correction
for mitochondrial density, normal mitochondrial function was observed in the
diabetic state.

31

��
Mogensen M, Sahlin K, Fernstrom M, Glintborg D, Vind BF, Beck-Nielsen H,
et al. Mitochondrial respiration is decreased in skeletal muscle of patients with
type 2 diabetes. Diabetes 2007; 56:000–000.

One of the two reports that determined intrinsic mitochondrial function in type 2
diabetic patients, in this case using isolated mitochondria. A modest but significant
reduction in mitochondrial function was observed in the diabetic state. [Epub ahead
of print]

32 Ritov VB, Menshikova EV, He J, et al. Deficiency of subsarcolemmal
mitochondria in obesity and type 2 diabetes. Diabetes 2005; 54:8–14.

33 Morino K, Petersen KF, Dufour S, et al. Reduced mitochondrial density and
increased IRS-1 serine phosphorylation in muscle of insulin-resistant offspring
of type 2 diabetic parents. J Clin Invest 2005; 115:3587–3593.

34 Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction of mitochondria in
human skeletal muscle in type 2 diabetes. Diabetes 2002; 51:2944–2950.

35 Schrauwen P, Hesselink MK. Oxidative capacity, lipotoxicity, and mitochon-
drial damage in type 2 diabetes. Diabetes 2004; 53:1412–1417.

Muscular mitochondrial dysfunction and type 2 diabetes mellitus Schrauwen-Hinderling et al. 703


