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Abstract

Type 2 diabetes is characterized by a decreased ability of insulin to facilitate glucose uptake into insulin sensitive tissue, i.e., skeletal muscle. The mechanism behind this is at the moment unresolved. It has been suggested that increased amount of lipids inside the skeletal muscle (intramuscular triglyceride, diacylglycerol and ceramides) will impair insulin action in skeletal muscle, but data are not consistent in the human literature. It has also been hypothesized that the impaired insulin sensitivity is due to a dysfunction in the mitochondria resulting in an impaired ability to oxidize lipids, but the majority of the literature is not supporting this hypothesis. Recently it has been suggested that the production of reactive oxygen species play an essential role in skeletal muscle insulin sensitivity. It is well accepted that physical activity (endurance, strengthstrength and high intensity training) improves insulin sensitivity in healthy humans and in patients with type 2 diabetes. Whether patients with type 2 diabetes have the same beneficial effects (same improvement) as control subjects, when it comes to regular physical activity in regard to mitochondrial function, is not established in the literature. This review will focus only on the effect of physical activity on skeletal muscle (mitochondrial function) in patients with type 2 diabetes.
© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: It is well described that exercise interventions improves insulin sensitivity and maximal oxygen uptake in patients with type 2 diabetes as well as in control subjects. When it comes to adaptations in mitochondrial function after an exercise intervention the literature is more sparse especially in patients with type 2 diabetes. Furthermore the medication that patients with type 2 diabetes are using, are often not described well in the papers, and it is known that the different medication (statins and antihypertensive agents) have a major effect on mitochondrial function and insulin sensitivity. 
Larsen S, Skaaby S, Helge JW, Dela F. Effects of exercise training on mitochondrial function in patients with type 2 diabetes. World J Diabetes 2014; In press
INTRODUCTION
The pathophysiology of type 2 diabetes involves the secretion and the action of insulin. The prevailing view[1] is that an inability of insulin to exert its action on the central target tissues, skeletal muscle (mediate glucose uptake initialized by the binding of insulin to its receptor), adipose tissue (mediate glucose uptake and inhibit lipolysis) and hepatic tissue (inhibit glucose output), results in increasing concentrations of glucose in the blood. In response, insulin secretion from the pancreatic beta-cells is increased, and hyperinsulinemia prevails. Only in those patients in whom the enforced production of insulin from the pancreas fails, hyperglycemia develops and overt type 2 diabetes becomes apparent. The mechanism for the failing pancreatic insulin production is not reselved, while the development of impaired insulin action (insulin resistance) is linked to the development of obesity (in particular visceral fat) and a physical inactive lifestyle and the molecular mechanism is being unraveled these years[2]. Type 2 diabetes and is also frequently seen in a cluster of pathologies, including hypertension, endothelial dysfunction, and obesity. Complications to type 2 diabetes include macrovascular complications (atherosclerosis), but also microvascular complications such as neuropathy, nephropathy, retinopathy and angiopathy are known to occur in these patients.

In the past decade mitochondrial dysfunction in skeletal muscle has been linked to insulin resistance
 ADDIN REFMGR.CITE 
[3-7]
, but an agreement has not been reached and the majority of data does not support this notion
 ADDIN REFMGR.CITE 
[8-17]
. It has been shown that patients with type 2 diabetes have 30% lower mitochondrial content in their skeletal muscle compared to healthy control subjects
 ADDIN REFMGR.CITE 
[12,18]
, and yet the intrinsic mitochondrial function (i.e., respiratory rates normalized for mitochondrial content) is similar in these two groups
 ADDIN REFMGR.CITE 
[12-14]
. As such the suggested scenario with insulin resistance being induced by mitochondrial dysfunction via accumulation of lipids and lipid intermediates, interfering with insulin signaling[19], is probably only partly correct. It is a consistent finding that lipids accumulate in insulin resistant muscle
 ADDIN REFMGR.CITE 
[3,20]
 and this is not a qualitative phenomenon (impaired mitchondrial respiration), but rather a quantitative phenomenon (decreased mitochondrial mass). The obvious question is therefore why the mitochondrial mass seems to be lower in the patients with type 2 diabetes? One explanation could be that the matching of the subjects is not optimal in the studies
 ADDIN REFMGR.CITE 
[12,18,21]
 where a lower mitochondrial content was reported. If the healthy control group and the patients with type 2 diabetes are carefully matched for physical activity level and maximal oxygen uptake, no differences exist in mitochondrial content, or intrinsic mitochondrial function
 ADDIN REFMGR.CITE 
[16]
. Another question is the likelyhood of a marked decrease in mitochondrial content in the skeletal muscle of patients with type 2 diabetes. If a 30% decreased mitochondrial mass was indeed present in type 2 diabetes with a marked effect on respiratory capacity at rest (ex vivo), then one would expect that the in vivo exercise capacity would be severely impaired, because the mitochondrial respiratory rates increases more than ten-fold with the transition from rest to exercise. Although there maybe some exercise intolerance in patients with type 2 diabetes[22], most can be explained by altered oxygen uptake kinetics
 ADDIN REFMGR.CITE 
[23,24]
 on the background of impaired peripheral blood flow distribution/microvascular function. If a reduction in the mitochondrial content in the exercising skeletal muscle was a major limitation, then one would expect that skeletal muscle arterio-venous oxygen exctraction would be impaired in type 2 diabetes. This is not the case[25].
It is well known that physical exercise increases skeletal muscle insulin sensitivity in patients with type 2 diabetes
 ADDIN REFMGR.CITE 
[26]
. Furthermore, it has been reported that improvements in insulin sensitivity is accompanied by improvements in in vivo mitochondrial function
 ADDIN REFMGR.CITE 
[27]
. It has been suggested that insulin resistant people may have an attenuated response to exercise training, compared with healthy control subjects
 ADDIN REFMGR.CITE 
[28]
. Furthermore it has been reported that the response to an acute bout of exercise is attenuated in insulin-resistant compared with lean control subjects
 ADDIN REFMGR.CITE 
[29]
, when investigating genes coding for mitochondrial biogenesis (PGC-1α mRNA and protein abundance), which could explain the lack of a training effect in patients with type 2 diabetes in some studies
 ADDIN REFMGR.CITE 
[30-32]
. It has been reported that different molecular signals in the skeletal muscle are responsible for the activation of mitochondrial biogenesis after exercise. These signals include elevated levels of cytosolic Ca2+
 ADDIN REFMGR.CITE 
[33,34]
, AMP
 ADDIN REFMGR.CITE 
[33]
 and reactive oxygen species (ROS)
 ADDIN REFMGR.CITE 
[35]
. All these studies are conducted in animals or cells, and have to our knowledge never been performed in patients with type 2 diabetes after an acute bout of exercise. An increased ROS production has also been linked to type 2 diabetes, but few human studies have actually investigated this and with conflicting results
 ADDIN REFMGR.CITE 
[8,10,36,37]
. It has been reported in bovine aortic endothelial cells that hyperglycemia (30 mM) increases ROS production
 ADDIN REFMGR.CITE 
[38]
.
This review will focus on adaptations in skeletal muscle mitochondria in patients with type 2 diabetes and healthy control participants after different exercise modalities (endurance, strength, high intensity training or a combination). Furthermore, we will attempt to clarify if the pharmacological treatment in patients with type 2 diabetes may blunt the training adaptations seen in non-diabetic people.
EFFECT OF MEDICATION ON EXERCISE ADAPTATIONS
Patients with type 2 diabetes are often treated with other medication to prevent high cholesterol and/or hypertension. In Denmark approximately 75% of all patients with diabetes are treated for hypertension, and approximately 64% are treated for hypercholesterolemia primarily with statins[39]. In Denmark approximately 90% of patients with type 2 diabetes are treated with metformin[39].

Antidiabetic agents
If a lifestyle intervention (diet and exercise) is not sufficient, metformin is the first drug of choice in the newly diagnosed patient with type 2 diabetes. Sulfonylurea may be added, and with poor glycemic control insulin treatment may be initiated. The adaptations to exercise are inadequately investigated when combined with these different medications. The mechanisms behind the glucose lowering effect of metformin is not known in detail, but a decrease in hepatic glucose production[40] and an increase in glucose disposal in skeletal muscle via activation of AMPK
 ADDIN REFMGR.CITE 
[41]
 contributes to this. Metformin does not stimulate insulin secretion. In contrast, the hypoglycaemic effect of sulfonylureas is mediated via activation of the insulin producing beta cells[42], and these drugs have no direct effect on liver or skeletal muscle.

It has been suggested that the glucose lowering effect of metformin takes place via an inhibition of complex I in the electron transport chain in the mitochondria
 ADDIN REFMGR.CITE 
[43-45]
. One study conducted in patients treated with metformin (2000 ± 200 mg/d) reported no effect on complex I in the electron transport chain
 ADDIN REFMGR.CITE 
[15]
. A therapeutic dose of metformin of 1000 mg in humans corresponds to a plasma metformin concentration of approximately 0.1 mmol/L
 ADDIN REFMGR.CITE 
[46,47]
, and the peak metformin concentration in skeletal muscle is much lower than in the plasma[48]. In the studies were an inhibition was seen on complex I after metformin treatment, the concentrations used were high and supraphysiological
 ADDIN REFMGR.CITE 
[43-45]
. 
It has been investigated whether metformin has an effect of exercise adaptations in young healthy subjects. One study measured maximal oxygen uptake in a double-blinded, placebo-controlled, cross-over study in healthy men and women and found a 2.7% reduction in maximal oxygen uptake after 7-9 d of treatment
 ADDIN REFMGR.CITE 
[49]
. The authors suggest that this is unlikely to cause any individual impairment in exercise tolerance. Whether the same reduction is seen in patients with type 2 diabetes needs to be investigated. Even though 2.7% is not a major reduction, it could be argued that patients with type 2 diabetes would suffer more from this, due to a potential lower starting point. However, this finding was not confirmed in a similar study, where solely males participated[50]. Rosiglitazone (thiazolidinedione) is another antiglycemic agents, which has been reported to increase maximal oxygen uptake after 4 mo of treatment
 ADDIN REFMGR.CITE 
[51]
, the mechanisms behind the improvement is unknown. 
A large proportion of patients diagnosed with type 2 diabetes have other co-morbidities, such as obesity, hypertension and dyslipidemia, i.e., components of the metabolic syndrome. The pharmacological treatment of these may interfere with skeletal muscle and mitochondrial adapation to exercise training, and the literature regarding this issue will briefly be reviewed.
Lipid-lowering agents (statins)

Is has recently been reported that statins impairs the beneficial adaptations (increased maximal oxygen uptake and mitochondrial content) normally gained after a training intervention[52]. Different studies (longitudinal and cross-sectional) have reported an impaired mitochondrial function after statin therapy
 ADDIN REFMGR.CITE 
[53,54]
, which may compromise the OXPHOS capacity of the skeletal muscle. This would, in turn, further cause exercise intolerance. It has been suggested
 ADDIN REFMGR.CITE 
[54]
 that the culprit behind the impaired mitochondrial function, maybe a reduced coenzyme Q10 content in the skeletal muscle (Figure 1). It must be mentioned that not all studies have found a negative effect of statin therapy in combination with exercise
 ADDIN REFMGR.CITE 
[55]
. In the study by Meex and colleagues
 ADDIN REFMGR.CITE 
[55]
 many different statins were used, which could influence the result, since it is known that statins differs in lipophilicity[56], and thereby the ability to cross cell membranes. Is has also been reported that statins impaires complex I respiration in the electron transport chain[57]. Another group reported that simvastatin increased ROS production in human skeletal myotubes in combination with an impaired mitochondrial respiratory capacity
 ADDIN REFMGR.CITE 
[58]
. To make it even more complex, it has been demonstrated that statins have opposite effects on mitochondria from cardiac and skeletal muscle
 ADDIN REFMGR.CITE 
[59]
. Furthermore, studies have reported that statins have an effect (impairment or improvement) on insulin sensitivity (for review see
 ADDIN REFMGR.CITE 
[60]
). 
Antihypertensive agents

Diuretics, beta-blockers, calcium antagonists, ACE-inhibitors and angiotensin receptor blockers (ARBs) are all suitable for the initiation and maintenance of antihypertensive treatment, either as monotherapy or in combination therapy.
There are different kinds of β-blockers known as selective or nonselective. The selective can either block β1 (cardiac) or β2 (skeletal muscle) receptors, the nonselective ones blocks both receptors. The adaptations to exercise training can be influenced by using either kind[61]. Ades and colleagues investigated 10 wk of endurance training (4 times a week) in hypertensive patients, taking either metoprolol (β1 selective β-adrenergic blocker), propranolol (β1 nonselective β-adrenergic blocker) or placebo[62]. They reported an improvement in maximal oxygen uptake and an increase in mitochondrial content (succinyl dehydrogenase activity) in the placebo and the metopropol group, whereas no improvements after training was seen with propranolol[62]. Another group investigated 6 wk of endurance training in healthy young subjects[63]. The subjects were randomized to either a selective (atenolol) or nonselective (nadolol) β-adrenergic blocker or placebo. Subjects receiving placebo improved maximal oxygen uptake to a higher extent than the two groups receiving medication, but all groups improved maximal oxygen uptake from baseline. Furthermore mitochondrial content increased in all three groups after training, but again the placebo-group improved to a higher extent [63]. Similar results were reported by Svedenhag et al[64] in young healthy subjects after 8 wk of endurance training. 
Drexler et al
 ADDIN REFMGR.CITE 
[65]
 investigated the short- and long-term effect of ACE inhibition on patients with congestive heart failure at rest and during exercise. They reported an improvement in oxygen extraction of the working muscle after ACE inhibition, and they speculate that this could be due to an increased mitochondrial content, but unfortunately muscle biopsies were not obtained to elucidate this
 ADDIN REFMGR.CITE 
[65]
. In addition, studies have investigated the effect of ACE inhibitors on insulin sensitivity and found divergent results, with either no effect
 ADDIN REFMGR.CITE 
[66]
 or an improvement
 ADDIN REFMGR.CITE 
[67]
. 
It has previously been reported that angiotensin II receptor blockers (ARBs) have a positive effect on reactive oxygen species production and mitochondrial function in animals (for review see[68]). It has been reported that ARBs have different effects on glucose homeostasis in hypertensive patients with the metabolic syndrome[69]. Patients treated with telmisartan showed an improvement in HOMA-IR and HbA1c (surrogate measures of insulin sensitivity
 ADDIN REFMGR.CITE 
[70]
), whereas patients treated with losartan showed no improvement[69]. Whether these improvements can be explained by improvements in mitochondrial function is at the moment impossible to say.

These results highlight the importance of controlling the medication when mitochondrial function and insulin sensitivity are measured before and after a training intervention. Otherwise the results obtained will be hard to explain. Furthermore, the interaction between the different drugs is also unknown, and would off course also be a confounding factor when results are interpretated. 
MUSCULAR ADAPTATION TO DIFFERENT TRAINING MODALITIES IN PATIENTS WITH TYPE 2 DIABETES
It is well known that exercise interventions improve maximal oxygen uptake, mitochondrial content and insulin sensitivity in healthy subjects
 ADDIN REFMGR.CITE 
[71-75]
. 

Different training modalities have been investigated in patients with type 2 diabetes and control subjects, to see if the training adaptation is similar in patients compared with control participants. Unfortunately many of the studies investigating the effect of exercise in patients with type 2 diabetes are lacking a healthy matched control group, which makes it impossible to compare the response between patients and control participants. Furthermore, the medication used is often not described in detail. In this review we primarily report the studies that have measured maximal oxygen uptake, mitochondrial function and insulin sensitivity (clamp, OGTT, HbA1c or fasting glucose and insulin concentrations).
Endurance training

Mogensen et al[8] investigated if 10 wk of endurance training affected mitochondrial function, maximal oxygen uptake and insulin sensitivity. The patients with type 2 diabetes in this study were treated with either metformin or sulfonylurea, other kinds of medication were not mentioned in the manuscript. A similar improvement in VO2max was seen in patients (12%) and control participants (16%). Insulin sensitivity was significantly increased after training in both control participants (22%) and patients (13%). Mitochondrial OXPHOS capacity and intrinsic mitochondrial function was measured in isolated mitochondria, with no differences between patients and control subjects, except for the increased capacity to oxidize long chain fatty acids after training in patients with type 2 diabetes which was not apparent in the control participants. This finding is in contrast to the hypothesis about reduced ability to oxidize lipids in patients with type 2 diabetes
 ADDIN REFMGR.CITE 
[76,77]
, and therefore it indicates that impaired insulin sensitivity is not caused by a reduced mitochondrial capacity for lipid oxidation. Furthermore, CS activity also increased similarly in the groups. Interestingly no differences were seen in PGC-1α (mRNA) after training in either patients or control participants. PGC-1α is a major regulator for mitochondrial biogenesis[78]. Mitochondrial ROS production was similar in the two groups and did not change significantly with training. An increased UCP3 protein content was seen, but only in the control participants[8]. It has previously been suggested that UCP3 is acting as a protective mechanism against ROS production[79]. No difference was seen in intrinsic mitochondrial respiratory function between patients and control participants in this study (both before and after training)[8], this finding is contradictory to another study (cross-sectional) from the same group, where a lower intrinsic mitochondrial function was seen in patients with type 2 diabetes[4]. Another study investigated the effect of a combination of endurance and strength training (12 wk)[17] and similar to the study by Mogensen et al[8] no information is available in the manuscript regarding other kinds of medication except for the glucose lowering agents (metformin or sulfonylurea). An increased VO2max was seen after training in the patients with type 2 diabetes, where only a tendency was seen in the control participants. An increased mitochondrial content (mtDNA) was seen after training in both groups, accompanied by a similar intrinsic mitochondrial function before and after training in both groups[17], indicating that mitochondrial OXPHOS capacity was increased to a similar extent in both groups (data not shown in the manuscript). It has recently been reported that mtDNA is not a good marker for mitochondrial content, at least not in healthy young subjects
 ADDIN REFMGR.CITE 
[80]
. Phielix et al
 ADDIN REFMGR.CITE 
[5]
 has previously reported impaired intrinsic mitochondrial function in patients with type 2 diabetes, a finding that contradicts their own finding from 2010[17]. Meex et al
 ADDIN REFMGR.CITE 
[27]
 used the same training protocol as Phielix et al[17] with a combination of endurance and strength training for 12 wk. Again only glucose lowering medication is mentioned in the manuscript and thus not the pharmacological specification. Mitochondrial function was measured by magnetic resonance spectroscopy, and a difference was seen before training between the two groups with no difference present after training. Mitochondrial content was measured as complex I-V protein content (average of the complexes), both groups increased the average of the five complexes, but the increase tended to be more pronounced in the patients with type 2 diabetes. Maximal oxygen uptake increased significantly with training in both groups, whereas only patients with type 2 diabetes improved insulin sensitivity (clamp) after training
 ADDIN REFMGR.CITE 
[27]
. Mogensen et al
 ADDIN REFMGR.CITE 
[81]
 conducted another study in which the effect of endurance training on skeletal muscle was studied. Again they showed a similar response in regard to maximal oxygen uptake, insulin sensitivity and mitochondrial content CS activity), where both groups improved in all parameters after training
 ADDIN REFMGR.CITE 
[81]
. Nine months of aerobic training (150 min per week at 50%-80% of VO2peak) in patients with type 2 diabetes did surprisingly not improve either mitochondrial content, maximal oxygen uptake or insulin sensitivity, but an increased lipid oxidation was present after training
 ADDIN REFMGR.CITE 
[31]
. The patient’s medical records were not included in the manuscript, and no healthy control group was included. So the lack of improvement in mitochondrial content after 9 mo of aerobic training could be explained by the medication used (statins most likely). The study was an ancillary study to the HART-D study where the patients medical records are included, and a high percentage of the patients were in statin therapy
 ADDIN REFMGR.CITE 
[82]
. Shaw et al
 ADDIN REFMGR.CITE 
[83]
 investigated 6 mo of endurance exercise (corresponding to approximately 77% of VO2peak), they found an increased maximal oxygen uptake and mitochondrial content (COX activity), but no difference in insulin sensitivity. They did not report the medication used, but states that medication was stopped three days prior to the test days, indicating that the patients were on medication during the training period, and in addition an appropriate control group was not investigated. Another group investigated lean, obese and patients with type 2 diabetes before and after 10 d of 60 min exercise at 70% of VO2peak[32]. No differences were seen in muscle oxidative capacity between groups before and after training, which is quite intriguing taking into consideration that the lean subejcts had a higher maximal oxygen uptake (approximately 50%) compared with the two other groups. Insulin sensitivity was unfortunately not measured[32]. Mitochondrial volume (by TEM) was investigated after 10 wk of endurance training (approximately 70% of VO2max) and a similar increase in mitochondrial volume was seen in patients with type 2 diabetes and control participants, accompanied by improvements in maximal oxygen uptake and insulin sensitivity (clamp)
 ADDIN REFMGR.CITE 
[84]
. Table 1 gives an overview over the published literature in regard to endurance training.
High intensity training

The last five to ten years a renewed interest has been directed towards a different training method, where high intensity training is performed for shorter durations. It has been reported that high intensity training (HIT) leads to similar metabolic adaptations compared to regular endurance training when it comes to improvement in maximal oxygen uptake and increase in mitochondrial content in healthy human skeletal muscle
 ADDIN REFMGR.CITE 
[72,73]
. This has not been investigated thoroughly in patients with type 2 diabetes.
Two weeks of HIT has been reported to increase mitochondrial content (CS activity) and improve 24 h blood glucose profile (measured 48-72 h after last training bout)
 ADDIN REFMGR.CITE 
[85]
 in patients with type 2 diabetes. Unfortunately no control group was included by Little and colleagues
 ADDIN REFMGR.CITE 
[85]
, but in another study  a similar improvement in CS activity was observed in overweight women using the same training protocol[86].
We have recently investigated mitochondrial substrate sensitivity in patients with type 2 diabetes and control participants after two weeks (eight training sessions) of one legged HIT (pilot study (T2DM; n = 5-7; CON; n = 3-5)). Each training session consisted of ten one minute bouts of high intense one-legged bicycle exercise interspersed with one minute recovery. The training load corresponded to minimum 60% of the maximal workload obtained during a one-legged maximal oxygen uptake test. Due to the low number of subjects investigated we did not perform any statistical analysis on the dataset. We used high resolution respirometry and measured the mitochondrial ability to use either octanoyl carnitine (medium chain fatty acid), palmitoyl coenzyme A (long chain fatty acid, using CPT I to enter the mitochondrion) and palmitoyl carnitine (long chain fatty acid, using CPT II to enter the mitochondrion). The results from the pilot study (respirometric measurements) are provided in Figures 2-4. The method we used has been described previously
 ADDIN REFMGR.CITE 
[12,16]
. No differences were seen in mitochondrial substrate sensitivity for octanoyl carnitine between the groups and both groups increased their sensitivity for octanoyl carnitine in the trained leg (Figure 2A). It has been reported previously that no differences are present in mitochondrial subtrate sensitivity with octanoyl carnitine between patients with type 2 diabetes and obese participants
 ADDIN REFMGR.CITE 
[16]
. No effect was seen after training in regard to maximal mitochondrial oxidative capacity with octanoyl carnitine as a substrate, but is seems as the patients with type 2 diabetes have a higher capacity to oxidize medium chain fatty acids (Figure 2B). Mitochondrial substrate sensitivity for palmitoyl coenzyme A (Figure 3A) and palmitoyl carnitine (Figure 4A) showed the same tendency where patients with type 2 diabetes had a decreased (apparent Km increased) sensitivity for long chain fatty acid (palmitoyl coenzyme A and carnitine) and control participants an increased (apparent Km decreased) the sensitivity. No major differences were seen in maximal mitochondrial oxidative capacity with palmitoyl coenzyme A (Figure 3B) or palmitoyl carnitine (Figure 4B) between the groups and after the training intervention. From these pilot data, it seems as if no differences are present between patients and control participants in regard to maximal mitochondrial oxidative capacity with fatty acids as substrate either at baseline or after the training intervention. The improved sensitivity for palmitoyl coenzyme A (CPT I) and palmitoyl carnitine (CPT II) in the control participants, could be explained by an increased activity of CPT I (and maybe CPT II) which have been reported previously
 ADDIN REFMGR.CITE 
[87]
. Why patients with type 2 diabetes show an opposite adaptation is difficult to explain, but it has been reported that CPT I activity is reduced in skeletal muscle from obese compared to lean participants[88]. To our knowledge the effect of training on CPT I and II activity has never been investigated in patients with type 2 diabetes, and it is thus impossible to say whether this can explain our results. Little et al[85] gives an overview over the published literature in regard to high intensity training.
Strength training
Is has been suggested previously that strength training represents an attractive training modality, due to the fact that many patients with type 2 diabetes are obese and have difficulties performing endurance exercise. 

Few studies have been performed where adaptations in skeletal muscle have been investigated. Holten et al
 ADDIN REFMGR.CITE 
[30]
 investigated 6 wk (3 times per week) of leg strength training (one leg, other leg served as control) and found improvement in the trained leg in both groups regarding insulin sensitivity (clamp technique). Maximal oxygen uptake was not measured, but mitochondrial content (by CS activity) showed no difference between the legs in the patients but an increase was observed in the control participants. Nine months of resistance training increased mitochondrial content in patients with type 2 diabetes, but no difference was seen in maximal oxygen uptake and HbA1c
 ADDIN REFMGR.CITE 
[31]
. This study contradicts the findings by Holten et al
 ADDIN REFMGR.CITE 
[30]
, and this may be due to a difference in duration and application of different methods to evaluate insulin sensitivity. Table 2 gives an overview over the published literature in regard to strength training.
CONCLUSION



From the literature currently available it is difficult to recommend a training intervention to patients with type 2 diabetes where success is well documented when it comes to improvement in mitochondrial function. The problem with many of the studies available is that medicine usage is not reported, and therefore potential significant medication effects on the outcome can not be excluded, when adaptations to physical activity are investigated. Furthermore, many of the studies lack a real control group, making it impossible to determine if adaptations are the same in patients and control participants. 
The literature is at current lacking well conducted controlled longitudinal studies investigating the effect of exercise on mitochondrial function, where medication is controlled and an appropriate control group is included. These studies are difficult to conduct given the ethical problem in how you control the medication without compromising and disrupting the health of the patients. One approach could be to recruite newly diagnosed patients, where medication is not started yet. A study like this needs to be conducted in the future where mitochondrial function is investigated.
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Figure 1 Effect of HMG-CoA reductase inhibitors (statins) on cholesterol and coenzyme Q10.
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Figure 2 Patients with type 2 diabetes (n = 5) and healthy control subjects (n = 5) performed eight sessions of one-legged high intensity training in two weeks. Each session consisted of ten one-minute exercise bouts at 60% of one-legged maximal oxygen uptake and > 80% of maximal heart rate, interspersed by one min rest. After completion of the training muscle biopsies (vastus lateralis) were obtained from the untrained (black bars) and the trained (grey bars) leg. The measurement mitochondrial OXPHOS capacity and substrate sensitivity was performed with malate, ADP and octanoyl carnitine (titration: 5-2000 µmol/L). A: Apparent Michaelis Menten constant Km for octanoyl carnitine; B: Maximal OXPHOS capacity with the mentioned substrates. T2DM: Type 2 diabetes; CON: Control subjects; UT: Untrained; TR: Trained.
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Figure 3 Patients with type 2 diabetes (n = 5) and healthy control subjects (n = 3) performed eight sessions of one-legged high intensity training in two weeks. Each session consisted of ten one-minute exercise bouts at 60% of one-legged maximal oxygen uptake and > 80% of maximal heart rate, interspersed by one min rest. After completion of the training muscle biopsies (vastus lateralis) were obtained from the untrained (black bars) and the trained (grey bars) leg. The measurement mitochondrial OXPHOS capacity and substrate sensitivity was performed with malate, ADP and palmitoyl coenzyme A (titration: 5-100 µmol/L). A: Apparent Michaelis Menten constant Km for palmitoyl coenzyme A; B: Maximal OXPHOS capacity with the mentioned substrates. T2DM: Type 2 diabetes; CON: Control subjects; UT: Untrained; TR: Trained.
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Figure 4 Patients with type 2 diabetes (n = 7) and healthy control subjects (n = 5) performed eight sessions of one-legged high intensity training in two weeks. Each session consisted of ten one-minute exercise bouts at 60% of one-legged maximal oxygen uptake and > 80% of maximal heart rate, interspersed by one min rest. After completion of the training muscle biopsies (vastus lateralis) were obtained from the untrained (black bars) and the trained (grey bars) leg. The measurement of mitochondrial OXPHOS capacity and substrate sensitivity was performed with malate, ADP and palmitoyl carnitine (titration: 5-200 µmol/L). A: Apparent Michaelis Menten constant Km for palmitoyl carnitine; B: Maximal OXPHOS capacity with the mentioned substrates. T2DM: Type 2 diabetes; CON: Control subjects; UT: Untrained; TR: Trained.
 
Table 1 Effect of endurance trainings on maximal oxygen uptake, mitochondrial function and insulin sensitivity

CON: Control participants; ET: Endurance training; IS: Insulin sensitivity (or surrogate measures of insulin sensitivity (HbA1c, HOMA): L: Lean; O: Obese; VO2max: Maximal oxygen uptake; Mito: Mitochondrial function (mitochondrial respiratory capacity, mitochondrial content); ND: Not determined; T2DM: Patients with type 2 diabetes.
Table 2 Effect of strength training on maximal oxygen uptake, mitochondrial function and insulin sensitivity

CON: Control participants; IS: Insulin sensitivity (or surrogate measures of insulin sensitivity (HbA1c, HOMA): L: Lean; O: Obese; VO2max: Maximal oxygen uptake; Mito: Mitochondrial function (mitochondrial respiratory capacity, mitochondrial content); ND: Not determined; ST: Strength training; T2DM: Patients with type 2 diabetes.
Ref.�
Subjects�
Training�
Duration�
VO2max�
Mito�
IS�
�
Mogensen et al[81]�
T2DM and CON�
ET�
10 wk (2-3 times / wk)�
↑ T2DM


↑ CON�
↑ T2DM


↑ CON�
↑ T2DM


↑ CON�
�
Mogensen et al[8]�
T2DM and CON�
ET�
10 wk (4-5 times / wk)�
↑ T2DM


↑ CON�
↑ T2DM


↑ CON�
↑ T2DM


↑ CON�
�
Phielix et al[17]�
T2DM and CON�
ET and ST�
12 wk (3 times / wk)�
↑ T2DM


→ CON�
↑ T2DM


↑ CON�
↑ T2DM


→ CON�
�
Meex et al[27]�
T2DM and CON�
ET and ST�
12 wk (3 times / wk)�
↑ T2DM


↑ CON�
↑ T2DM


↑ CON�
↑ T2DM


→ CON�
�
Shaw et al[83]�
T2DM�
ET�
6 mo (3 times / wk)�
↑ T2DM


�
↑ T2DM


�
→ T2DM�
�
Sparks et al[31]�
T2DM and �
ET�
9 mo (150 min / w)�
→ T2DM�
→ T2DM�
→ T2DM�
�
Bajpeyi et al[32]�
T2DM and CON (L and O)�
ET�
10 d (every day)�
ND�
→ T2DM


→ CON (LandO)�
ND�
�
Nielsen et al[84]�
T2DM and CON�
ET�
10 wk (4-5 times / wk)�
↑ T2DM


↑ CON�
↑ T2DM


↑ CON�
↑ T2DM


↑ CON�
�









Ref.�
Subjects�
Training�
Duration�
VO2max�
Mito�
IS�
�
Holten et al[30]�
�
ST (one leg)�
6 wk (3 times / wk)�
ND�
→ T2DM


↑ CON�
↑ T2DM


↑ CON�
�
Sparks et al[31]�
T2DM�
ST�
9 mo (3 times / wk)�
→ T2DM


�
↑ T2DM


�
→ T2DM


�
�
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