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Abstract 

Exercise and exercise training induces physiological adaptations that increase cardi-

orespiratory fitness and oxidative capacity in skeletal muscles. Oxidative phosphoryla-

tion takes place in the mitochondria, which respond to exercise by altering their config-

uration and increasing in number. Enzymes and proteins involved in oxidative metabo-

lism, the antioxidative system, glycogen storage, and glucose transport also increase. It 

is well established that the positive effects of exercise training on muscular parameters 

also have a positive effect on glucose regulation, and exercise training constitutes a first 

step treatment of metabolic disorders. While the positive metabolic adaptations and ef-

fects on glucose regulation after exercise and exercise training have been extensively 

studied, negative outcomes have not. In sports, athletes regularly experience negative 

outcomes after intensified training. Yet, little is known about what maladaptations to 

exercise training consist of, and reliable markers for an upper limit of tolerable training 

loads have not been identified. This thesis aimed to address these questions and investi-

gate how mitochondrial parameters and glucose regulation are affected after intensified 

training.  

 

In paper I, we demonstrated that there indeed was an upper limit of training load that 

could be tolerated without manifestation of negative outcomes. During progressive 

loads of high-intensity interval training (HIIT), we followed the responses on mitochon-

drial parameters and glucose regulation in healthy subjects. After we administrated al-

most daily HIIT sessions, we found a substantial loss of mitochondrial function and that 

glucose tolerance decreased concomitantly. After exploring several possible candidates 

for this dramatic effect, we suggested that it likely originated as a reaction to increased 

levels of oxidative stress. We also performed continuous glucose monitoring in elite 

athletes and found that they spent more time in hypo- and hyperglycemia than controls, 

which further suggests that high training loads can affect glucose control. 

 

In paper II, we used mitochondrial function as a novel biomarker of maladaptive train-

ing loads and further investigated which physiological and psychological parameters 

were affected in this state. We created a test that incorporated the most affected and eas-

ily assessable measurements during HIIT and ratings of mood states in daily life in a di-

agnostic model that can be used by coaches and athletes to differentiate maladaptive 
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from proper training loads. Using this model, we could successfully identify all our sub-

jects to be at risk of maladaptations during the phase with the highest training loads. 

 

In paper III, we investigated the acute responses to glucose tolerance and mitochondrial 

parameters after different exercise intensities. Performing exercise is associated with 

improved glucose control, but a few studies have found the opposite response. We 

demonstrated that endurance-trained athletes, but not healthy controls, can have a de-

creased glucose tolerance and increased insulin resistance the day after three hours of 

low- to moderate-intensity cycling. Our results further indicate that a metabolic switch 

in favor of lipid metabolism is the probable cause of this phenomenon and that it is not 

causal to a loss of mitochondrial function. 

 

In paper IV, we made a brief comment on a recent publication that described the whole-

body oxidative capacity in an athlete with the highest recorded VO2 values. Using the 

data in the article, we calculated gross efficiency, and with the support of our own pub-

lished data on trade-offs between aerobic power and efficiency, we provided arguments 

that the observed changes in VO2 and gross efficiency can in part have their origin in 

the mitochondria. 

 

In summary, we provided evidence showing that mitochondrial function can be nega-

tively affected by excessive amounts of exercise training and that glucose intolerance 

can manifest in a maladaptive state. We have also shown that glucose intolerance can 

follow as a response to a session of prolonged exercise training and that this response is 

pronounced in endurance-trained subjects. We have also provided applied data on the 

physiological responses to different training loads and developed a test that can help to 

identify maladaptive training loads. We hope that our results and conclusions can help 

to further understand the complex relationship between exercise and health and to guide 

athletes and coaches to optimize training outcomes. 
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Introduction 

Exercise and exercise training improves cardiorespiratory fitness and muscular oxida-

tive capacity in a coordinated manner. These effects are associated with improved meta-

bolic health, are of both acute and chronic nature, and have been extensively studied 

over the years in different contexts and settings. In the field of physiology, the main 

mechanisms that govern the adaptations to exercise have been elucidated and the im-

portance of exercise for metabolic health has been demonstrated numerous times. How-

ever, as with many other stimuli, the dose of exercise determines the outcome, and pos-

sible negative effects on metabolic parameters of exercise training have not been well 

investigated. This has led to a discrepancy between the general presumption that exer-

cise induces healthy outcomes, and that excessive amounts of exercise training can im-

pair performance and induce negative health outcomes in athletes. Therefore, more re-

search that uses an integrated approach to study the mechanism behind potential nega-

tive outcomes of exercise and exercise training is needed. In this thesis, mitochondrial 

parameters, and glucose control, both essential for metabolic health, have been studied 

in the context of exercise and exercise training. 

Mitochondria 

In the mitochondria, the energy bound in carbohydrates, fat, and amino acids is ulti-

mately released and used to resynthesize adenosine triphosphate (ATP) from adenosine 

diphosphate (ADP). This process is termed oxidative phosphorylation and accounts for 

most of the energy produced within the cells of the human body. The mitochondria are 

organelles with double membranes. The tricarboxylic acid cycle (TCA-cycle) is located 

in the matrix and the electron transport chain at the inner membrane. The TCA-cycle ac-

cepts Acetyl Coenzyme A from pyruvate produced in glycolysis (the breakdown of glu-

cose and glycogen, and from lactate, catalyzed by lactate dehydrogenase), from the 

breakdown of fatty acids (β-oxidation) and from some amino acids, although other 

amino acids enter the TCA-cycle at different locations. The TCA cycle oxidizes all 

these substrates, and the electrons enter the electron transport system (ETS). The ETS 

transports protons and electrons (H+) through different protein complexes from the ma-
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trix to the inner membrane space in coupled redox reactions. This builds an electro-

chemical gradient across the inner membrane (Mitchell, 1961). In the proton pumping 

process, NADH produced in the TCA-cycle is reduced to NAD+ and H+ enters complex 

I; NADH ubiquinone oxidoreductase (CI) which passes the electrons to complex III; cy-

tochrome c oxidoreductase (CIII) and complex IV; cytochrome c oxidase (CIV). Suc-

cinate enters complex II; succinate quinone oxidoreductase (CII). The protons are then 

let back into the matrix through ATP synthase, also named complex V (CV), and energy 

is released which is used to resynthesize ATP. 

 

The skeletal muscle has a high abundance of mitochondria and can forcefully respond to 

an increase in energy demand by increasing its ATP production. The respiratory capac-

ity and the function of the mitochondrial pool are not only of the highest importance for 

endurance athletes who can maintain a high energy expenditure over a substantial 

amount of time but also strongly affects metabolic health as the uptake, storage, and me-

tabolism of energy substrates are affected by muscle fitness. Mitochondria are often pic-

tured as isolated bean-shaped organelles and are described as the “powerhouse of the 

cell”. While the latter is correct, the structure, location, and form of the mitochondrion 

is highly dynamic. In skeletal muscle tissue, mitochondria appear interconnected in net-

works where they can exchange information of energy demand, energy production and 

exert quality control (network fission and fusion and the removal of damaged or old mi-

tochondria and synthesis of new) (Glancy et al., 2015; Ni et al., 2015; Westermann, 

2010). On a protein level, mitochondria can adapt to their location and need for function 

by remodeling. The capacity of the mitochondrial pool is therefore dependent on a com-

bination of abundance and function, and exercise training constitutes a strong regulator 

of the mitochondrial pool. Untrained and chronic inactive muscle tissue is characterized 

by less abundant and interconnected mitochondria whereas exercise training is believed 

to promote the opposite, i.e., an interconnected population that has a high oxidative ca-

pacity and the structural properties for exerting an effective health scheme (Jheng et al., 

2012; Memme et al., 2019; Nunnari and Suomalainen, 2012; Westermann, 2010). Also, 

central, and local parameters in the chain of oxygen delivery and uptake are proportion-

ally scaled in subjects, ranging from sedentary individuals to world-class elite endur-

ance athletes (Hoppeler et al., 1973; Jacobs and Lundby, 2013; van der Zwaard et al., 

2016; Vigelso et al., 2014). It is well established that skeletal muscle adapts to exercise 

training by increasing its respiratory capacity along with the enzymatic capacity of the 

metabolic pathways (Holloszy, 1967). Mitochondria adapt to repeated sessions of exer-

cise by increasing in number, volume density, reticular properties, and configuration of 

proteins (Granata et al., 2018; Hoppeler et al., 1985; Lundby and Jacobs, 2016; Meinild 

Lundby et al., 2018; Nielsen et al., 2017; Perry et al., 2010; Ørtenblad, 2018) and the 

keeping of a high mitochondrial respiratory capacity is dependent on the continuous 
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stimuli of a high volume of exercise training (Granata et al., 2016). The adaptations to 

mitochondrial function, i.e., the measure of respiration scaled to the number of mito-

chondria, per mass unit of mitochondria, expressed in relation to the activity of citrate 

synthase (CS) or the protein content of mitochondria, are less clear with varying results 

found in studies using different intensities and duration of exercise training (Granata et 

al., 2018). Following the argument presented in the review by Granata et al, increases in 

mitochondrial function are associated with sprint exercise training and HIIT. In contrast, 

high training volumes appear to stimulate an increase in mitochondrial oxidative capac-

ity mainly through biogenesis i.e., an increase in mitochondrial content (Granata et al., 

2018). 

Oxidative stress 

Reactive oxidative species (ROS) are produced in muscle cells during contraction. The 

most important enzymes producing ROS are cytosolic NADPH oxidase and xanthin ox-

idase, and the most common ROS are mitochondrial superoxide and nitric oxide 

(Powers et al., 2010). Mitochondrial ROS are a byproduct of metabolism and are highly 

reactive molecules that can cause damage to cell membranes, proteins, and DNA and re-

duce normal cell function, i.e., oxidative stress. The exact sites of ROS production in 

the mitochondria are debated, but CI, II, and III have been identified as the major ROS-

producing respiratory sites (Mazat et al., 2020). Under normal circumstances, the intra-

cellular antioxidative system effectively handles ROS, and exercise training has been 

shown to both lower basal mitochondrial ROS production and increases the capacity of 

the antioxidative system (Flensted-Jensen et al., 2021). In normal physiology, ROS act 

as signaling molecules (Powers et al., 2010) and are necessary for initiating the signal-

ing events that result in adaptations to exercise (Henríquez-Olguín et al., 2019; Ristow 

et al., 2009). Various other functions of ROS have also been found, including being in-

volved in the regulation of glucose transport (Henríquez-Olguin et al., 2019). An in-

creased basal ROS production is however associated with increased insulin resistance 

(Houstis et al., 2006; Ruegsegger et al., 2018), a dysregulated lipid metabolism 

(Newsholme et al., 2016), and a reduced mitochondrial function (Jezek et al., 2018; 

Konopka et al., 2015). Interestingly, a high-fat diet has also been shown to acutely in-

crease ROS production in obese and lean subjects (Anderson et al., 2009; Konopka et 

al., 2015). 
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A reduced mitochondrial capacity can be associated with 

impaired glucose regulation 

The enzymatic capacities in the metabolic pathways (Bass et al., 1969; Blomstrand et 

al., 1997), mitochondrial respiratory capacity (Larsen et al., 2012), whole body VO2max 

(Vigelso et al., 2014), and proteins for glucose transport (Holloszy, 2011) are dimen-

sioned in a coordinated and predictive manner. The function and the capacity of the mi-

tochondria, therefore, reflect both metabolic capacity and substrate transport. In many 

pathological states, such as type 2 diabetes (T2D), obesity, and several myopathies, mi-

tochondrial function (Bhatti et al., 2017; Lowell and Shulman, 2005; Mogensen et al., 

2007; Morino et al., 2005; Simoneau et al., 1999) and capacity (Boushel et al., 2007; 

Kelley et al., 2002) are reduced. A low mitochondrial capacity is associated with in-

creased insulin resistance (Goodpaster, 2013), low glucose uptake and oxidation (Dube 

et al., 2014), a dysregulated lipid metabolism and storage (Goodpaster et al., 2001; 

Goodpaster and Sparks, 2017; Morino et al., 2006), increased production of ROS 

(Houstis et al., 2006; Konopka et al., 2015) and low metabolic flexibility (the ability to 

metabolically respond to changes in substrate availability) (Dube et al., 2014; Goodpas-

ter and Sparks, 2017) compared to healthy controls. In contrast to obese and T2D sub-

jects, endurance athletes have a high whole body VO2max, mitochondrial oxidative ca-

pacity, insulin sensitivity, capacity for muscle glucose uptake (Dela et al., 1992; King et 

al., 1987), glycogen storage (Ebeling et al., 1993) and metabolic flexibility (Dube et al., 

2014). Several investigations using obese, prediabetic, and T2D subjects have shown 

that acute exercise and longer interventions with exercise training improve mitochon-

drial parameters (Konopka et al., 2015; Meex et al., 2010) and glucose regulation 

(Konopka et al., 2015; Newsom et al., 2013; Ryan et al., 2020). Performing exercise 

training is therefore a recommended strategy for the prevention and treatment of many 

diseases (Pedersen and Saltin, 2006, 2015). Although changes in mitochondrial parame-

ters and glucose regulation are highly associated, it is still under debate whether a de-

cline in mitochondrial capacity and/or function precedes the development of insulin re-

sistance, or if it is the consequence of a dysregulated glucose uptake and metabolism 

(Goodpaster, 2013; Holloszy, 2013; Pinti et al., 2019). Indeed, increased insulin re-

sistance has been found in subjects with normal mitochondrial function (Boushel et al., 

2007; Holloszy, 2013; Lefort et al., 2010). A decrease in glucose control can therefore 

manifest without a concomitant decrease in mitochondrial capacity, but a decrease in 

mitochondrial capacity can reduce glucose control. 
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Glucose regulation is also affected by the metabolic milieu 

The regulation of blood glucose is not solely dependent on muscle fitness. Exposure to 

different substrates has a direct effect on metabolism and substrate transport. Chronic 

exposure to high levels of circulating free fatty acids (FFA) is commonly found in insu-

lin-resistant subjects and is a plausible explanation for reduced glucose control (Pan et 

al., 1997; Schalch and Kipnis, 1965). Almost sixty years ago, Randle and colleagues de-

scribed how the uptake and oxidation of substrates from carbohydrate and fat sources 

affect/interact with each other (Randle et al., 1963). This concept has over the years 

been discussed and updated (Hue and Taegtmeyer, 2009), and persists to this date as 

highly relevant for explaining the acute and chronic effects on glucose uptake and 

transport that are associated with increased oxidation and transport of fatty acids. In-

deed, studies have found reduced glucose control even in healthy and trained subjects 

when lipid availability has been increased in response to a high-fat diet (Schalch and 

Kipnis, 1965), during lipid infusion (Dube et al., 2014; Phielix et al., 2012) or after star-

vation (Frank et al., 2013; Lundbaek, 1948). Even prolonged exercise sessions that re-

sult in an energy deficit or a change in metabolism towards a higher reliance on fatty ac-

ids during recovery have been shown to reduce glucose tolerance (Courtice et al., 1939; 

Ivy et al., 1985; Tuominen et al., 1996). These observations of reduced glucose toler-

ance after exercise are however conflicted by studies that instead have found exercise to 

act protectively and preserve glucose control under exposure to elevated levels of FFAs 

(Fox et al., 2004; Frank et al., 2013; Schenk et al., 2005). A possible difference between 

these studies and outcomes can be the fitness levels of the subjects. Indeed, athletes 

have in contrast to healthy controls similar levels of intramyocellular lipid storage as 

T2D subjects (Goodpaster et al., 2001; van Loon and Goodpaster, 2006). The high lev-

els of intramuscular triglycerides (IMTG) in athletes are however not associated with a 

dysregulated lipid metabolism. Instead, the lipids are to a higher extent used as a meta-

bolic substrate during exercise (van Loon, 2004) and are resynthesized during recovery 

(van Loon et al., 2003). Increased usage of lipids for energy production is one of the 

most important adaptations to endurance training and of the highest importance for en-

durance performance. Yet, a possible preference for lipid over carbohydrates after exer-

cise depending on the fitness state of the subject has not been thoroughly investigated or 

discussed. Especially not with glucose tolerance in mind. Instead, that endurance ath-

letes can have increased insulin resistance after exercise has been described as a para-

dox (Tuominen et al., 1996). 



 

 20 

Can exercise induce negative metabolic outcomes? 

The cellular response to exercise is complex and involves recovery from a metabolically 

strained state. Since the pioneering work by Hollozy in the sixties (Holloszy, 1967), mi-

tochondrial parameters have been in focus for training and athletic development in en-

durance sports. The positive outcomes of exercise training on mitochondria are well es-

tablished (Granata et al., 2018; Holloszy, 1967; Perry et al., 2010). However, a few re-

ports have shown mitochondrial respiration to be reduced acutely after exercise 

(Konopka et al., 2017; Layec et al., 2018; Lewis et al., 2021) and intensified training 

has been found to reduce muscle oxidative capacity in athletes (Bellinger et al., 2020). 

Mitochondrial parameters can also be negatively affected after commitment to high 

loads of exercise training. This causality is found in case reports (St Clair Gibson et al., 

1998), after high loads of training (Cardinale et al., 2021; Larsen et al., 2016) and has 

been debated with the mitochondria in focus (Ostojic, 2016). None of these studies have 

however investigated a possible interaction between mitochondrial and glucoregulatory 

parameters. It is therefore unknown if the previously found glucose intolerance after ex-

ercise (Courtice et al., 1939; King et al., 1995; Kirwan et al., 1992; Tuominen et al., 

1996) is reflected at a mitochondrial level. It can also be concluded that the main body 

of research that has been designed for investigating the positive health effects of exer-

cise often has included subjects in a pathophysiologic (Segerström et al., 2010; 

Umpierre et al., 2013), sedentary, or less trained state (Magkos et al., 2008). These sub-

jects have rarely been exposed, acutely or long-term to the types of demanding exercise 

sessions that endurance athletes implement in their training, and a positive dose-re-

sponse perspective for training-induced outcomes is often advocated. On the contrary, 

sports-specific research that has studied the negative effects of high training loads in 

elite active subjects has mostly focused on performance and readiness for future train-

ing, rather than focusing on health-related outcomes (Halson and Jeukendrup, 2004).  

 

Knowing that negative alterations of mitochondrial parameters can be induced by exer-

cise, it is probable that an upper limit of tolerable training loads exists, where the in-

creasing stimuli and stress generated from exercise sessions no longer translate into pos-

itive adaptations of the metabolic system. Indeed, it is well known within the world of 

sports that excessive training can have a negative impact on performance and health pa-

rameters, and in the long-term result in overtraining syndrome (Halson and Jeukendrup, 

2004; Kuipers and Keizer, 1988; Meeusen et al., 2013; Urhausen and Kindermann, 

2002). Overtraining syndrome is however not a defined pathophysiological state. In-

stead, the diagnosis of overtraining syndrome is made by excluding pathophysiological 

conditions. If no medical conditions can be verified and the athlete experiences fatigue, 

disturbed mood states, and reduced performance, and the condition is not improved by 
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relief in training, the diagnosis of overtraining syndrome can be made (Meeusen et al., 

2013). 

Monitoring training loads during intensified training  

In endurance sports, athletes are regularly exposed to high training loads. The exposure 

is often increased during periods of frequent competitions, during training camps, and in 

preparation for the primary competitions. The adaptations to exercise training are in 

general believed to be dose-dependent, but only if there is room for adequate recovery. 

To overcome this limitation of tolerable training loads, the concept of overreaching and 

super-compensation is widely in use and persists as a key concept in training methodol-

ogy (Issurin, 2010). During overreaching, a short-term training overload is performed 

with the intent to stimulate optimal adaptations. A decrement in performance is often 

used to verify that a successful overreaching has occurred (Halson and Jeukendrup, 

2004). After the overreaching phase, the training load is reduced to allow for recovery. 

This relief in training load is called a taper. If the timing and content of training sessions 

(doses of training loads) are optimally distributed, physiological parameters should, ac-

cording to the concept, be optimized at the same time as the athlete is restituted after the 

taper. A successful supercompensation has then occurred and the overreaching is re-

garded to be functional. If performance is not increased or even negatively affected, the 

overreaching is regarded as non-functional. If additional time for recovery does not im-

prove the condition and restore the ability to perform, the overtraining syndrome can be 

a possible diagnosis. The concept of overreaching and super-compensation, therefore, 

relies heavily on performance outcomes, and it is a great disadvantage that the discrimi-

nation between functional and non-functional overreaching only can be made after a ta-

per. Indeed, a successful overreaching has not always resulted in an increase in perfor-

mance (Aubry et al., 2014; Bellinger et al., 2020) and the general concept has been 

questioned (Bellinger, 2020). Many attempts have therefore been made to identify suita-

ble markers for the transition into overreaching and to be able to differentiate between 

acute and accumulated fatigue and possible maladaptations. Several markers of non-

functional overreaching and overtraining have been suggested. These include functional 

parameters as performance (Halson and Jeukendrup, 2004), physiological parameters as 

VO2 (Armstrong and VanHeest, 2002), heart rate (Le Meur et al., 2013), heart rate re-

covery (Thomson et al., 2016), blood lactate (Snyder et al., 1995; Urhausen et al., 

1998), blood glucose (Ishigaki et al., 2005), hormones (Meeusen et al., 2010) and psy-

chological parameters as ratings of perceived exertion (RPE) using the Borg scale 

(Martin and Andersen, 2000; Snyder et al., 1993) and profile of mood states (POMS) 

(Halson et al., 2002; Kenttä et al., 2006). Although it is well recognized that the results 
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of any measurement in isolation can be misinformative, few attempts have been made to 

combine different measurements in a model. Meeusen et al developed a model where 

performance and the hormonal responses during stress tests were used to differentiate 

between non-functional overreaching and overtraining syndrome in athletes (Meeusen 

et al., 2010). Urhausen et al used a long-term observational design where physiological 

and psychological measurements were assessed in athletes during periods of normal 

training, and when they self-reported to be under severe training stress or suspected to 

be overtrained (Urhausen et al., 1998). A multidimensional model was developed that 

included measurements of mood states, performance, lactate, and heart rate measured in 

a maximal test. Although the model could identify several subjects as overtrained, a 

known physiological maladaptation to exercise was lacking. Indeed, the lack of under-

standing of what maladaptations to exercise training constitute of is a major obstacle 

and prevents the development of relevant tests for early detection and accurate diagnosis 

(Armstrong et al., 2022; Halson and Jeukendrup, 2004; Meeusen et al., 2013). Recently, 

Armstrong et al suggested that overtraining syndrome in athletes should be investigated 

using a complex systems approach, including multi-layer omics and machine learning to 

identify individual patterns that could be used to diagnose overtraining syndrome 

(Armstrong et al., 2022). Although promising, all these approaches and models aim to 

identify the state of overtraining, i.e., when it is too late to adjust training to avoid path-

ophysiological outcomes. 
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Aims 

This thesis aims to expand the knowledge of how different loads and intensities of exer-

cise can affect mitochondrial function and glucose control. The specific aims were: 

 

• To investigate the upper limit of tolerable loads of exercise training and de-

scribed the transition into the maladaptive state on mitochondrial parameters 

and glucose control  

 

• To describe the physiological and psychological responses to HIIT during dif-

ferent training loads and develop a diagnostic model that can differentiate nor-

mal from maladaptive training loads 

 

• To investigate the responses of different exercise intensities on mitochondrial 

parameters and glucose control in endurance-trained subjects and healthy con-

trols 

 

• To discuss the trade-off between aerobic efficiency and power in an applied 

context 
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Methods and methodological considerations 

Subjects 

In intervention I, which resulted in paper I and II, we recruited healthy female and male 

subjects that had some experience of exercise training but did not perform high-intensity 

training. The objective was to document physiological responses to progressive loads of 

exercise training and later during the transition into a maladaptive state. If we would 

have used endurance-trained subjects, we would most likely have failed to describe the 

initial positive physiological adaptations. Also, trained subjects would be expected to 

have a higher tolerance to training loads, which would likely result in a longer interven-

tion period to reach a state of maladaptation. We also monitored continuous glucose in a 

separate cohort of free-living endurance athletes belonging to a national team in an en-

durance sport as well as in sex, weight, and age-matched controls. The subjects were 

equipped with a sensor that measured glucose concentrations in the interstitium at 15 

minutes intervals for up to 14 days. The objective was to assess glucose control in a 

group that was systematically exposed to high loads of training. No further tests were 

performed in this cohort. 

 

In intervention II, resulting in paper III, we recruited endurance-trained healthy female 

and male subjects, and non-endurance trained subjects to serve as controls. We hypothe-

sized that the metabolic and muscle responses to different training intensities would be 

general and not sport-specific. Therefore, we recruited endurance-trained subjects with 

more than five years of experience in training in different endurance sports. The endur-

ance-trained group comprised a mix of enthusiastic amateurs and national and interna-

tional elite. They had a background in cycling, running, adventure racing, and triathlon. 

In contrast, the controls had no history of participation in endurance sports and did not 

regularly engage in any kind of endurance type training or exercise training with the ob-

jective to increase cardiovascular fitness. Several of the controls performed strength 

training regularly. 

 

In intervention I and II, the subjects were 18-45 years old and were selected at the first 

stage after an interview. On a second occasion, a recruitment test was carried out and 

performance, VO2max, and metabolic responses to different work rates were assessed. 
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Based on previous findings, we expected that possible alterations of mitochondrial pa-

rameters and glucose control would not be different between the sexes. Therefore, we 

aimed in both interventions to have an equal distribution of male and female subjects. In 

intervention I, the female subjects started the intervention randomly in their menstrual 

cycle. In intervention II, all female subjects were tested during their luteal phase to 

avoid hormonal effects interacting with the measured parameters. 

 

Interven-

tion and 

paper Sex Number Age 

VO2max 

(ml·kg-1·min-1) Training status 

I/I and II F/M 6/5 (11) 27 ± 6 48.4 ± 4.3 Recreationally trained 

I/I F/M 6/9 (15) 28 ± 3 N/A Elite endurance athletes 

I/I F/M 7/5 (12) 27 ± 5 N/A Controls 

II/III F/M 5/4 (9) 36 ± 8 53.5 ± 9.3 Endurance athletes 

II/III F/M 2/6 (8) 25 ± 3 41.6 ± 5.0 Controls 

Table 1. Subject characteristics. All values are means ± SD. 

Interventions 

In intervention I, we investigated the physiological and psychological responses to in-

creasing loads of HIIT. All HIIT-sessions were performed on a cycle ergometer. The 

objective was to observe hypothesized negative outcomes during an overreaching phase. 

Mitochondrial parameters and glucose tolerance were assessed on biopsy occasions af-

ter the different phases of training load. The timing and content of HIIT-sessions were 

chosen to replicate the traditional overload-super-compensation concept (Issurin, 2010). 

We also used a selected part of the HIIT sessions as performance tests to assess the 

physiological and psychological responses during HIIT after different training loads. 

We used intervals at a length of 4-8 minutes performed at voluntary maximal effort. 

This corresponds to a work rate of 90-105 % of VO2max which has been identified to 

induce favorable adaptations on cardiovascular parameters (Astrand et al., 1960) as well 

as to translate into stable physiological adaptations and increased performance (Seiler et 

al., 2013). The same exercise intensities also appear to induce the most favorable in-

creases in mitochondrial respiratory capacity (Granata et al., 2018). Hence, the interven-

tion was designed to replicate the training methodology and concepts used by athletes 

and coaches in various endurance sports with the ambition to produce results that can be 

easily put into practice. The terminology used in paper I and II is similar, except the 

most intensive phase of training which is termed “excessive training” in paper I, and 
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“maladaptive state” in paper II. The study design of intervention I is presented in Figure 

1 and a schematic of the 5x4 HIIT session in Figure 2. 

 

 

Figure 1 The study design in intervention I, resulting in paper I and II. BL = baseline, 
LT = light training load, MT1 and MT2 = moderate training load, MAL = maladaptive 
training load, also named excessive training load (ET) in paper I, RE = recovery. 

 

Figure 2. A representative HIIT session (5x4 min) by a subject showing the physiologi-
cal responses during a submaximal warm-up at 100 W and freely paced HIIT. The pro-
tocol was used in intervention I and II, resulting in paper I, II, and III. 

 

In intervention II, we investigated the effect of different exercise intensities and dura-

tions on mitochondrial function and glucose regulation the day after exercise. Previous 

investigations that have found negative effects on glucose regulation had used pro-

longed sessions of exercise training, and we verified this effect in pilot trials using 

highly trained subjects that exercised for 3-5 hours. In intervention I, the reduced glu-

cose tolerance coincided with the loss of mitochondrial function. We, therefore, wanted 

to verify if mitochondrial parameters also were affected acutely after prolonged exer-

cise, and further if endurance-trained subjects have different responses than non-endur-

ance trained controls. We studied glucose tolerance in three different situations: the day 

after three hours of continuous exercise at 65 % of VO2max (3h), after a HIIT-session 

(5x4 minutes at ~95 % of VO2max), and in a control state of rest. The study design of 

intervention II is presented in Figure 3. 
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Figure 3. The study design in intervention II, resulting in paper III. In each condition, 
diet and rest were individually standardized for two days. 

Monitoring and standardization of exercise sessions 

The tests and exercise sessions in both interventions were thoroughly surveilled by 

members of the research team that had an extensive background in performance and 

physiological testing, long-term experience as coaches, and with own careers in endur-

ance sports. This is of the highest importance as performance testing, especially during 

a training intervention, is complex and requires specific competence. All tests and exer-

cise sessions were performed on an SRM ergometer with a reported error of measure-

ments below 0.5 % for power output. This allowed high-resolution measurements of 

performance. During HIIT, we continuously measured heart rate, VO2, and VCO2, and 

assessed blood glucose and lactate, heart rate recovery, and RPEs frequently. O2-econ-

omy was calculated as the ratio between the power output (in Watts) measured on the 

ergometer and oxygen consumption in the subject (in L·min-1), and gross efficiency as 

the ratio between the rates of the energy transferred to the ergometer (ESRM), and the en-

ergy expenditure of the subject (Esubject). All subjects had their own strictly standardized 

diet preceding all test and exercise sessions. Overall, the magnitude of standardization, 

the amounts of measurements, and the attention to detail were kept high during both in-

terventions. 
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Biopsies and mitochondrial measurements 

In both interventions, biopsies were taken from M. Vastus Lateralis in alternating legs 

in a randomized order. This method has previously been described and discussed 

(Bergstrom, 1975; Ekblom, 2017; Henriksson, 1979). The muscle tissue was partitioned 

into portions that were either snap frozen in liquid nitrogen for later biochemical ana-

lyzes or put in an isolation medium for respiratory measurements. All measurements 

and analyses of mitochondrial respiration and hydrogen peroxide emission (H2O2) were 

performed on isolated mitochondria in an oxygraph-2k (Oroboros Instruments Corpora-

tion, Innsbruck, Austria with the 5.2 software (Oroboros, Paar, Graz, Austria). Mito-

chondrial respiration and H2O2 emission were related to the protein content in the frac-

tion of isolated mitochondria. This is termed intrinsic mitochondrial respiration (IMR). 

Mitochondrial respiration can be assessed using different methods, of which measure-

ments in permeabilized fibers are often regarded to be the gold standard for physiologi-

cal relevant measurements of respiration (Picard et al., 2011; Tonkonogi and Sahlin, 

2002). In permeabilized fibers, membrane pores in dissected muscle fibers are opened 

with saponin. This allows respiratory substrates and ADP to reach the mitochondria, 

and measurements of respiration can be performed with the mitochondria intact in their 

natural milieu. In contrast, isolation of mitochondria involves stepwise removal of mus-

cle tissue until a fraction with a high abundance of mitochondria remains. Respiratory 

measurements are then performed on this fraction and the protein content in the isolated 

fraction can easily be determined, thereby allowing for IMR to be calculated. In perme-

abilized fibers, the content of mitochondria cannot easily be determined. During a train-

ing intervention, when the mitochondrial content and/or function are expected to 

change, differentiation between these parameters cannot be made. The isolation of mito-

chondria has been previously described (Tonkonogi and Sahlin, 1997) and modifica-

tions are found in (Larsen et al., 2011b). The composition of the isolation- and respira-

tion medium and the preservation solution have previously been published (Gnaiger and 

Kuznetsov, 2002). 

Glucose tolerance and metabolic measurements 

In both interventions, oral glucose tolerance tests (OGTT) were performed in the morn-

ing after a ~12 hours fast. The last meal was standardized and provided by the research 

team. Each subject also had its standardization for the timing of meals, biopsies, and 

OGTT. During the test, 75 grams of glucose was dissolved in 300 ml of water and in-

gested by the subject. Before glucose ingestion, and at each 15-minute timepoint for 2 

hours, venous blood was sampled and immediately analyzed for glucose and lactate in 
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an automatic analyzer (Biosen C-line Clinic). Blood samples collected at each 30-mi-

nute timepoint were used for analyzing insulin, c-peptide, free fatty acids and ketones. 

The OGTT is a simple and established test that is used in screening for diabetes. As op-

posed to the intravenous glucose tolerance test or the hyperinsulinemic-euglycemic 

clamp, which offers further possibilities to study insulin action and glucose uptake, glu-

cose tolerance during an OGTT is affected by gastrointestinal factors, gluconeogenesis, 

and insulin secretion. Our ambition was to study the whole-body responses to a glucose 

load in an applied setting and therefore choose the OGTT. We also measured the meta-

bolic responses to glucose ingestion using an indirect calorimetric method. Measure-

ments of VO2 and VCO2 were performed at rest, 30-45 minutes after glucose intake 

(when blood glucose values are at their highest), and at the end of the OGTT. Substrate 

metabolism was calculated using the Brouwer equation (Brouwer, 1957). A schematic 

of OGTT and timepoints of measurements are presented in figure 4. 

 

Figure 4. A schematic of measurements during OGTT. RMR = resting metabolic rate. 
Blood samples were collected at 15 minutes intervals for analysis of glucose. Samples 
at 30 minutes intervals (15 ml) were analyzed for insulin, c-peptide, FFA and BOH. The 
figure is a reprint from paper I in Cell Metabolism. 
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Results 

Excessive exercise training causes mitochondrial 
functional impairment 

In intervention I, we studied the physiological responses to different training loads with 

emphasis on mitochondrial function and glucose tolerance. We observed that progres-

sive HIIT at first induced the expected positive adaptations on performance and physio-

logical parameters. These adaptations included an increased work capacity and oxygen 

uptake during HIIT. When the HIIT load was increased and involved almost daily ses-

sions, we observed a 40 % reduction in intrinsic mitochondrial respiration (Fig 5A). 

This response was evident regardless of substrate combinations during state 3 respira-

tion (CI, CII, and CI+II).  We investigated several potential candidates that could ex-

plain this large loss of mitochondrial function but found that proteins involved in the an-

tioxidative system, mitochondrial remodeling, mitophagy, glucose transport, and metab-

olism were not negatively affected. However, along with the changes in mitochondrial 

function, we found that the activity of aconitase (Fig 5B), a redox-sensitive enzyme in 

the TCA cycle, and mitochondrial H2O2 emission was reduced (Fig 5C). Global markers 

of oxidative stress (carbonyl content and peroxidated lipids) were however unaltered. 

Global oxidative stress appeared therefore to be in balance whereas the contribution 

from the individual mitochondria was reduced. In search of a mediator of this effect, we 

measured the abundance of Nrf2, a protein pointed out as a master regulator of the anti-

oxidative system and involved in metabolic control, and its repressor Keap1. We found 

that the amount of Nrf2 decreased and its repressor Keap1 increased after excessive 

training. The Nrf2/Keap1 ratio is presented in Fig 5D. The reduced IMR can therefore 

be interpreted as a strategy to preserve redox homeostasis under exposure to an exces-

sive training load. 



 

 32 

Glucose tolerance and insulin sensitivity are reduced after 

excessive exercise training 

Knowing that negative changes in mitochondrial function are associated with reduced 

glucose control, we repeatedly measured glucose tolerance using OGTTs during the 

training intervention. We found that glucose tolerance decreased after excessive exer-

cise training (Fig 5E and F), and that insulin secretion (Fig 5G) and the calculated AUC 

HOMA-β, a measure of insulin sensitivity, were reduced at the same timepoint (Fig 

5H). The changes in mitochondrial function and glucose AUC were also found to be 

correlated (Fig 5I). In contrast to the reduced glucose tolerance, proteins involved in 

glucose transport (Glucose transporter protein 4; GLUT4 and the Akt substrate of 160 

kDa; AS160) and glycogen synthesis (glycogen synthase; GS), as well as the activity of 

hexokinase, were not negatively affected at the same timepoint. Nor did we find any 

changes in substrate oxidation during OGTT. Although the coincidence between the 

loss of IMR and glucose tolerance could not be explained, we were further interested if 

athletes, who are regularly exposed to high training loads, could show signs of reduced 

glucose control. Therefore, we performed continuous glucose monitoring in a separate 

cohort of elite-active endurance athletes and healthy age, sex, and weight-matched con-

trols (Fig 5J). We found that the mean values of blood glucose did not differ between 

the groups, but that the athletes spent more time in hypo- and hyperglycemia than con-

trols. Overall, these observations indeed implicate that performing high loads of exer-

cise training can affect glucose regulation in a manner that normally is regarded as neg-

ative. 

Markers for mitochondrial content and proteins for 
mitochondrial remodeling are not negatively affected 
during excessive training loads 

In contrast to the over 40 % loss of IMR, we found a positive association between train-

ing loads and markers of mitochondrial content. These markers included the protein 

abundance and activity of citrate synthase, mitochondrial outer membrane protein 

VDAC1, crista organizer mitofilin, and proteins in the complexes of the electron 

transport system. We also found that proteins involved in mitochondrial remodeling re-

sponded positively to increased training loads. Fusion proteins MFN2 and OPA1 both 
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increased after excessive training loads and fission proteins DRP1, MFF, and FIS1 all 

responded in a balanced manner. 

 

 

Figure 5. A) maximal coupled mitochondrial respiration activating complex I and II ex-
pressed per µg protein in the mitochondrial fraction, B) aconitase activity, C) mito-
chondrial hydrogen peroxide production, D) Nrf2/Keap1 ratio, E) glucose curves dur-
ing the OGTT, F) the area under the curve for glucose during OGTT G) the area under 
the curve for insulin during OGTT, H) calculated insulin sensitivity during OGTT, I) a 
Pearson correlation showing group mean changes in mitochondrial respiration and 
glucose tolerance during OGTT between each phase of training load, J) continuous glu-
cose monitoring in elite endurance athletes and controls. All values are means ± SEM. 
BL = baseline, LT = light training, MT = moderate training, ET = excessive training 
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and RE = recovery. n = 11 in A, C, D, E, F, G, H, n= 10 in B, n = 51 in I, and n = Elite 
15 and Controls 12 in J. # denotes the main effect of time (p < 0.05); repeated measures 
one-way ANOVA or Friedmans’ test in case of non-normal distributed data. Dunnett’s 
or Dunn’s test was used as a post-hoc test to compare ET to all other phases (* p < 
0.05). The panels included in the figure are reprints from paper I in Cell Metabolism. 

Tracking physiological and psychological markers during 
progressive training load  

In intervention I, we made considerable efforts to measure performance and the physio-

logical responses to HIIT. We also measured the physiological responses during sub-

maximal work rate and assessed psychological variables. The ambition was to find 

physiological and psychological markers for early detection of the transition into the 

maladaptive state. During overreaching, a decrease in performance is often regarded as 

the desired outcome. Although we observed a robust decrement in mitochondrial func-

tion during the most intensive phase of training, performance staled rather than de-

creased (Fig 6A). We identified several measurements that were associated with mala-

daptive training loads. During HIIT, we found that heart rate (Fig 6B), blood lactate 

(Fig 6C), and blood glucose (Fig 6D) were reduced. We also noted an increased VO2-

response to submaximal work rate, but when the values were adjusted for substrate me-

tabolism, significance was lost. We also found that several parameters (lactate, heart 

rate, and power output) were at their lowest in the maladaptive state when put into rela-

tion to RPEs. The fatigue parameter in the POMS questionnaire was also affected with 

the subjects having their highest scores in the maladaptive phase (Fig 6E). After the re-

covery week, when the training load was reduced, all these parameters were back to 

normal. 
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Figure 6. A) mean power output during HIIT, B) maximal heart rate during HIIT, C) 
lactate at end of HIIT, D) glucose at the end of HIIT, E) POMS fatigue scores, F) a 
Pearson’s correlation between changes in intrinsic mitochondrial respiration from 
mean normal respiration and the number of scores from the diagnostic model. All val-
ues are means ± SD. BL = baseline, LT = light training, MT1 and MT2 = moderate 
training, MAL = maladaptive training load and RE = recovery, HIIT 1-8 = trainings 
sessions. n = 11 in all phases, in F, n = 55. # denotes the main effect of time (p < 0.05); 
repeated measures one-way ANOVA or Friedmans’ test in case of non-normal distrib-
uted data. No post-hoc tests were performed. 

Developing a diagnostic model to identify maladaptations 
to exercise training 

We proceeded with the construction of a model based on the physiological and psycho-

logical measurements that could indicate the transition into the maladaptive state. In the 

first step, we wanted to establish individual baselines for each subject and parameter. 

The measured values during all phases where maladaptations did not manifest (BL, LT, 

MT1, and RE) were used to calculate mean values. These means represent the expected 

individual responses for each parameter during non-excessive training loads and are 

hereafter referred to as normal values.  

 

In the second step, we wanted to determine cut-off values for each parameter that can be 

used to indicate a markedly different response during MAL compared to normal values. 
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Instead of using solely individual data, we here used the group means of normal values 

and during MAL as this approach stabilizes each parameter. After trying different ap-

proaches, we found that defining the cut-off values as half of the difference between the 

mean normal values and the mean MAL values leads to sensitive, and not too harsh cut-

offs. In all phases and for all parameters, deviations from individual normal values that 

exceeded a cut-off value could thereby be identified and given a score of 1. If a cut-off 

value was not exceeded, the score was 0. Cut-offs for the parameters that were included 

in the model are presented in Table 2.  

 

In the third step, by stepwise exclusion, we identified the easily assessable parameters 

that together had the highest predictive power to identify the transition into the mala-

daptive state. During HIIT, these parameters were measurements of HR, lactate, glu-

cose, and RPEs. We also included the fatigue variable in the POMS questionnaire. The 

number of subjects who achieved a score for the included parameters are presented in 

Table 2 and a summary of scores is presented in Table 3. We found that having 3 or 

more of the maximal number of 5 scores was associated with being in a maladaptive 

state (all 11 subjects had 3 or more scores during MAL, Table 3). Therefore, using this 

model, we successfully identified all the subjects at risk of having maladaptations dur-

ing the phase of the most intensified training, whereas none was falsely identified dur-

ing the other phases. Using the same approach, we also calculated normal values of 

IMR and did a correlation analysis between the number of scores during each phase of 

training loads, and the deviations in IMR from normal values in each phase. We there 

found a negative association (Fig 6F).  

     

Number of subjects who achieved a 

positive score for each parameter 

Diagnostic 

parameter 

Mean 

normal 

Mean 

MAL 

Mean 

diff 

Cut-

off  B
L

 

L
T

 

M
T

1
 

M
T

2
 

M
A

L
 

R
E

 

POMSfatigue 42.6 51.9 +9.3 +4.7 0 2 1 3 9 1 

HRmax 183.6 178.5 -5.1 -2.5 1 0 5 5 10 2 

Glucoseend 6.11 4.68 -1.43 -0.71 2 2 0 7 9 0 

Lactateend 13.28 12.03 -1.25 -0.62 4 3 7 6 7 1 

RPEmean 17.5 18.5 +1.0 +0.5 0 0 0 5 9 9 

 

Table 2. The left side of the table show cut-off values for each parameter. Cut-offs were 
determined as half the difference between the group mean during MAL, and the group 
means from measurements in all other phases. The right side shows the number of sub-
jects who achieved a positive score for the selected parameters; POMSfatigue (score), 
HRmax (bpm), glucoseend and lactateend (mmol · L-1), and Borg RPEmean (scale 6-20) dur-
ing HIIT. n = 11 in all phases. BL = baseline, LT = light training load, MT1 and MT2 
= moderate training load, MAL = maladaptive training load, RE = recovery. 
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Table 3. The number of subjects having n or more of 5 scores during each phase of 
training load. n = 11 in all phases. BL = baseline, LT = light training load, MT1 and 
MT2 = moderate training load, MAL = maladaptive training load, RE = recovery. 

Prolonged exercise training acutely reduces glucose 
tolerance and insulin sensitivity in endurance-trained 
subjects 

In intervention II, we further investigated the acute responses of different types of exer-

cise on mitochondrial function and glucose tolerance. We compared measurements of 

glucose tolerance during OGTT in a rested state to ~14 hours after exercise of either 

HIIT or three hours of continuous cycling at 65 % of VO2max. At this timepoint, the 

health-promoting effects of exercise on glucose handling are believed to be optimal. We 

also wanted to investigate whether endurance-trained subjects had different responses 

than non-endurance adapted controls. We found that HIIT had no major effects on glu-

cose tolerance ~14 hours after exercise. This was expected as the subjects in both 

groups had high insulin sensitivity and high glucose tolerance during baseline measure-

ments. After the three-hour exercise session, we observed a robust decrease in glucose 

tolerance in the endurance-trained group (Fig 7A-C). Insulin levels were however not 

affected (Fig 7D), but the endurance-trained subject showed a reduced insulin sensitiv-

ity (Fig 7E), had reduced carbohydrate oxidation during OGTT (Fig 7F), and had in-

creased values of fasting serum FFA (Fig 7G) and β-hydroxybutyrate (BOH) (Fig 7H). 

All these responses to prolonged exercise were less pronounced in the controls and not 

significantly different compared to baseline measurements. To assess which parameters 

were most associated with changes in glucose tolerance, we calculated the individual 

mean values from the three measurements (rest, HIIT, 3 hours) and the deviation be-

tween the mean values and the values in each situation. All subjects were included in 

this analysis. We found that fasting values of serum FFA and BOH, as well as substrate 

metabolism during OGTT, were the parameters that were most associated with changes 

Scores BL LT MT1 MT2 MAL RE 

≥1 of 5 5 6 9 9 11 9 

≥2 of 5 2 1 4 6 11 4 

≥3 of 5 0 0 0 6 11 0 

≥4 of 5 0 0 0 4 6 0 

5 of 5 0 0 0 1 5 0 
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in glucose tolerance. A correlation between changes in respiratory exchange ratio (RER) 

and changes in AUC glucose is shown in Fig 7I. 

Reduced glucose tolerance after prolonged exercise is not 
associated with negative changes in intrinsic 
mitochondrial respiration 

We did not find any meaningful changes in mitochondrial parameters during state III 

respiration regardless of respiratory states (CI, CII, and CI+II), or after the different 

types of exercise. However, the three hour-session induced a different response in mito-

chondrial H2O2 emission. The endurance-trained subjects were found to have increased 

H2O2 emission during state 3 respiration whereas the controls had the opposite response 

(Fig 7J and K). 
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Figure 7. A) glucose curves for END, B) glucose curves for CON, C), glucose AUC dur-
ing OGTT, D) insulin AUC during OGTT, E), glucoseAUC/insulinAUC ratio, F) carbohy-
drate oxidation during OGTT, G) fasting serum FFA, H) fasting serum ketones during 
OGTT, I) Pearson’s correlations between changes in AUC glucose and changes in res-
piratory quotient during OGTT (the 95 % confidence interval is shown), open circles = 
RE, filled black circles = 3h, filled grey circles = HIIT. J and K) mitochondrial H2O2 
emission during state 3 respiration. All values are group means ± SD. END = endur-
ance trained, CON = controls. RE = rest, 3h = 3 hours at 65 % of VO2max, HIIT = 5x4 
min at ~95 % of VO2max.  In figures A-H: n = 9 in END, n =8 in CON, in I: n = 51, in 
J-K: n = 6 in END, n =8 in CON. Repeated measures two-way ANOVA or mixed-effect 
model were used in case of missing values. # (p< 0.05) denotes a significant main effect 
of time and group. Dunnett’s or Dunn’s test was used as a post-hoc test between 3h and 
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RE, and 3h and HIIT within groups, and a significant difference is denoted with; * p < 
0.05, ** p < 0.01. 

Adaptations to HIIT can potentially reduce aerobic 
efficiency 

Exercise training serves, in part, to increase performance through an increase in cardi-

orespiratory fitness and the ATP-generating capacity of the muscles. On the mitochon-

drial level, this can potentially be accomplished by reconfiguration of the protein con-

tent of the mitochondria in favor of either increased efficiency or maximal ATP produc-

tion. It can be speculated that there is a trade-off between efficiency and power and that 

these two determinants of oxidative capacity cannot be optimized at the same time 

(Nilsson et al., 2019). It can also be speculated that HIIT would induce adaptations in 

favor of the latter, i.e., power. In intervention I where the participants performed solely 

HIIT, we surveilled the metabolic responses to submaximal work rate (100 W) and dur-

ing HIIT. We there found submaximal O2-economy to be at its lowest during the phase 

with the highest training load. Submaximal gross efficiency was not significantly al-

tered but had its lowest values during the same phase. Following the same pattern, the 

calculated O2 per W during HIIT was at its highest during the phase with the highest 

training load. In a separate publication (Flockhart and Larsen, 2019) we briefly dis-

cussed the functional meaning of potential alterations in the power-efficiency relation-

ship after exercise training. This was a response to a publication by Rönnestad et al, 

who reported on VO2 responses to exercise in the athlete with the highest measurements 

of VO2max (Rønnestad et al., 2019). In that paper, his VO2max was extraordinarily high 

before systematic endurance training began, it continued to increase during his career, 

and was later reduced during detraining after the athlete had ended his carrier as an elite 

cyclist. In our response, we calculated gross efficiency from the published data and 

pointed out that the observed changes in VO2 uptake (metabolic power) were accompa-

nied by the opposite changes in gross efficiency. We suggested that sacrificing meta-

bolic efficiency for metabolic power could represent a favorable metabolic strategy and 

constitute an adaptive response to exercise training, thereby partly explaining the ex-

traordinarily high VO2max in the athlete. 
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Discussion 

Performing exercise training induces acute and chronic adaptations that increase the ox-

idative capacity of the skeletal muscles and improve glucose control – but is more train-

ing always better? While the positive effects of exercise on metabolic parameters are 

well documented, potential negative outcomes are not. We here show that mitochondrial 

function and glucose tolerance can be impaired after excessive training loads and that 

glucose tolerance can be reduced in endurance-trained subjects ~14 hours after pro-

longed exercise training. Using an integrative perspective and putting parameters asso-

ciated with metabolic health in the center, we here expand the knowledge on exercise as 

a health-promoting tool, and for understanding the physiological adaptations to exercise 

training that affects athletic development and performance. 

Mitochondrial function can be reduced after excessive 

training loads 

The main finding within the scope of this thesis is that IMR can be severely reduced in 

healthy subjects after a week of almost daily HIIT sessions. We found the respiratory 

inhibition to be present during state 3 respiration (CI, CII, and CI+II) but that markers 

of mitochondrial density and oxidative enzymes and activity increased during the inves-

tigation. A disassociation between training-induced changes in whole body oxygen up-

take, performance, abundance, and activity of oxidative enzymes, mitochondrial density 

markers, and IMR has previously been reported (Larsen et al., 2016). In that paper, as 

well as in paper I, measurements were performed on isolated mitochondria. It has been 

up for debate whether the isolation process itself or respiratory measurements per-

formed in mitochondria outside their natural environment, can produce non-physiologi-

cal results (Hawley and Bishop, 2021; Picard et al., 2010). Later research has however 

confirmed our findings also in permeabilized fibers (Cardinale et al., 2021). We ob-

served a partial recovery of IMR and aconitase activity after ~10 days of reduced train-

ing load, i.e., the recovery week. The inhibition appeared, therefore, to be transient, but 

it is unknown how long a period with a reduced training load would be needed for a full 

recovery. 
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Responses to oxidative stress can partly explain the 

decreased mitochondrial function 

At the same timepoint that IMR and aconitase activity was severely reduced in interven-

tion I, we found intrinsic mitochondrial H2O2 emission to be decreased, but that the lev-

els of carbonylated proteins and peroxidated lipids (markers for global oxidative stress) 

were unaltered. Elevated mitochondrial ROS production is associated with insulin re-

sistance (Houstis et al., 2006) and a low mitochondrial capacity (Konopka et al., 2015), 

but the evidence for causality is not strong. In the study by Konopka et al, a training in-

tervention resulted in an increase in IMR and a decrease in H2O2 emission (Konopka et 

al., 2015). Likewise, a lowered mitochondrial H2O2 emission has been found in obese 

prediabetic subjects after a training intervention using HIIT (Flensted-Jensen et al., 

2021). A different response was found in the study by Larsen et al as sprint training re-

duced IMR in vastus lateralis whereas mitochondrial H2O2 emission was unchanged 

(Larsen et al., 2016). A suggested mechanism that can cause a decrease in oxidative ca-

pacity after exposure to increased oxidative stress is the inactivation of aconitase. Aco-

nitase is a redox-sensitive TCA-cycle enzyme that mainly resides in the mitochondria 

and can act as a metabolic regulator under exposure to altered levels of oxidative stress. 

Aconitase catalyzes the isomerization of citrate to isocitrate. When aconitase is inacti-

vated by increased levels of ROS, citrate accumulates and can act as an antioxidant 

(Larsen et al., 2016). Bursts of ROS during exercise training are important for the cellu-

lar adaptations to exercise (Henríquez-Olguín et al., 2019; Ristow et al., 2009). How-

ever, if the intracellular antioxidative system cannot effectively handle the increases in 

ROS, cellular damage can occur. We measured several antioxidative enzymes but found 

them to be unaltered during the intervention. The levels of Nrf2, a coordinator of the an-

tioxidative system (Kasai et al., 2020), were however reduced after excessive training. 

High doses of ROS can suppress Nrf2 expression, thereby reducing the expected exer-

cise-induced adaptations of the antioxidative system (Kasai et al., 2020). It is possible 

that excessive HIIT caused an increase in ROS production that, short-term, over-

whelmed the antioxidative system and had negative effects on Nrf2. As markers of 

global ROS were unchanged, it is probable that non-mitochondrial ROS production in-

creased. The reduced IMR could therefore be interpreted as a responsive action to pre-

serve cellular redox status under influence of increased oxidative stress. 



 

 43 

Mitochondrial function – a discreet maladaptation to 

exercise training 

We believe that the observed reduction in IMR is indeed a maladaptation to exercise 

training and not a natural, or necessary, step in the process of adapting to exercise train-

ing (Hawley et al., 2014; Perry et al., 2010). Although non-functional overreaching and 

overtraining have been discussed for almost a century, knowledge of what constitutes 

physiological maladaptations is not well known, and the symptoms and outcomes have 

in general been studied (Armstrong and VanHeest, 2002; Halson and Jeukendrup, 2004; 

Meeusen et al., 2013). Changes in IMR, therefore, have the possibility to be used as a 

marker of maladaptive training loads but are difficult to assess. While the total respira-

tory capacity of the mitochondrial pool is related to whole-body VO2max, performance, 

and the activity of oxidative enzymes, IMR is not. Also, mitochondrial respiration is not 

limiting for whole-body VO2max. During whole body exercise, mitochondria work sub-

maximal (Boushel et al., 2011) and a performance test can therefore not be used to de-

tect a reduced mitochondrial capacity or function. Indeed, in the present study, we noted 

a steady increase in whole body VO2 and preserved performance during HIIT despite 

the loss of 40 % in IMR. Measurements in muscle biopsy material might therefore be 

needed to verify any changes in IMR. This is however not without difficulties as respir-

atory measurements are dependent on the homogenization process and chemicals in me-

dium and substrates. A clinical standard for measurements, as well as individual refer-

ence values, would be needed for diagnosis. Therefore, markers of excessive training 

loads that can be used to identify the maladaptive state can be a substitute for a clinical 

diagnosis. 

A multidimensional approach can be used to monitor 
training loads and for early detection of maladaptations 

During intervention I, we closely surveilled the physiological responses to HIIT during 

the transition into the maladaptive state instead of using separate performance tests. 

This strategy has been recommended as additional maximal tests risk worsening the 

health status of subjects experiencing overtraining (Halson, 2014). The usage of a spe-

cific training session to gain insights into the physiological and performance status of an 

athlete offers further advantages as the session can be adjusted to personal preferences, 

and sport-specific needs and be integrated into a training program. In many endurance 

sports, athletes and coaches collect large amounts of data during daily training. These 

metrics can include measures of performance (power output, speed, distance, time, etc.) 
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and physiologic variables (HR, lactate, VO2, etc.). The data is often analyzed in various 

programs that use different, often linear approaches to determine training stress. This 

setup is not surprising since the organization of the training, including periodization, is 

in general performance-based and relies on a belief that adaptations to training follow a 

predictable and linear pattern. Hence, an athlete is supposed to increase training volume 

over time, and along with the acquired adaptations be able to train more and/or harder 

and thereby progress further. This concept has, however, with all fairness, been ques-

tioned (Kiely, 2018). Indeed, the responses to exercise-induced stress are not linear and 

therefore, a complex system-based view of the training process has been advocated 

(Balagué et al., 2020; Montull et al., 2022). Support for this view is found in a meta-re-

view by Saw et al (Saw et al., 2016). There, subjective measurements of training loads 

(mood, stress, etc.) were shown to have a superior association with training loads com-

pared to objective (physiological) measurements (Saw et al., 2016). Likewise, session 

RPE using the BORG scale has high sensibility to predict internal training loads, as op-

posed to an external load (power output, etc.) (Foster et al., 2021). In contrast to subjec-

tive measures, it is well recognized that the use of a single physiological parameter can 

be misleading for determining both training load, stress, and readiness for training. In-

deed, although we found several physiological parameters during self-paced HIIT that 

were affected by training load, the subject’s ability to perform during exposure to differ-

ent amounts of accumulated fatigue cannot be neglected. For example, a reduced lactate 

response to HIIT can be the result of a less straining performance during HIIT instead of 

performing in a maladaptive state. However, if lactate- and performance measurements 

are combined with RPEs, additional information is available as low RPE ratings would 

indicate a less severe HIIT session and invalid lactate as a marker of maladaptation. If 

RPEs instead are high, a reduced lactate response to HIIT indicates accumulated fatigue 

and a possible negatively affected ability to perform. Although subjective measurements 

of mood states (Halson et al., 2002; Kenttä et al., 2006; Morgan et al., 1987) and RPEs 

(Foster et al., 2021) are well proven to be sensitive to changes in training loads and 

readiness for training (Heidari et al., 2018), these measurements are rarely integrated 

into models including physiological parameters (Urhausen and Kindermann, 2002), alt-

hough exceptions exist (Jeukendrup et al., 1992; Snyder et al., 1995; Urhausen et al., 

1998). In our multidimensional model presented in paper II, we selected the parameters 

that together were most associated with having maladaptations. These parameters were 

the objective measurements of heart rate, lactate, glucose, and the subjective measure-

ments of POMS (fatigue) and RPEs. Using the model, we could successfully identify all 

the subjects as being exposed to excessive training load during the phase with the most 

intensified HIIT. We further found the achieved number of scores to be negatively asso-

ciated with changes in IMR. This is important as the measurement of a parameter can 
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change because of alterations in training load, and not necessarily be a consequence of a 

maladaptation. 

Is a decrement in performance the best way to induce a 
supercompensation, or should it be avoided? 

In paper I and II we show that excessive amounts of HIIT induce negative outcomes on 

IMR and glucose regulation whereas performance and whole-body oxygen uptake were 

not compromised. After ten days of reduced training load, HIIT performance and sev-

eral physiological parameters were at their highest. According to the concept of over-

reaching and supercompensation (Halson and Jeukendrup, 2004), we thereby exercise 

our subject with reserve and did not meet the criteria of a reduced performance during 

overreaching. Also, according to the concept, since an overload of training did not oc-

cur, maladaptations cannot be causal to excessive training. We, therefore, believe that 

the concept, as it is described, needs revision. Indeed, the necessity of a successful over-

reaching (inducing a decrement in performance) to achieve a supercompensation has re-

cently been debated (Bellinger, 2020). A few studies have found less enhancement of 

performance and adaptations to training in athletes experiencing functional overreach-

ing compared to athletes that completed the same training loads without being over-

reached (Aubry et al., 2014; Bellinger et al., 2020). In our study, performance peaked 

after ten days of reduced training load, but IMR, glucose tolerance, and aconitase activ-

ity had not returned to baseline values. During the whole intervention, performance in-

creased in a stepwise manner except during the week of excessive training loads. If the 

positive adaptations would not have been interrupted, perhaps performance after the re-

covery phase would have been even better? In any case, the return of investment in 

training was certainly low during the phase of most intense training and it is hard to find 

any positive effects of inducing metabolic maladaptations. Future studies should investi-

gate whether performance and relevant adaptations can be optimized by avoiding transi-

tion into the maladaptive state. Measurements of IMR and the use of our diagnostic 

model would there be useful. 

The effects on glucose regulation during excessive 
training and after different training intensities 

Together with mitochondrial parameters, glucose regulation was a primary measure-

ment within the aim of this thesis. In intervention I, we found a substantial decrease in 
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glucose tolerance after excessive HIIT that occurred concomitantly to the reduced IMR. 

We also found in intervention II that glucose tolerance was reduced in endurance-

trained subjects, but not in controls, after a session of prolonged exercise. IMR was 

there found to be unchanged. This implies that a separate mechanism is responsible for 

the observed glucose intolerance and that a different response can be expected depend-

ing on the training and/or fitness status of the subjects. In intervention I, we found that 

excessive training caused a decreased insulin release and insulin sensitivity (AUC 

HOMA-β) during OGTT, but no negative effects on c-peptide, proteins for glucose 

transport (GLUT4, AS160), glycogen levels or glycogen synthesis (GS and hexokinase 

activity). Substrate metabolism was also unaltered. In contrast, after prolonged exercise 

in intervention II, the endurance-trained subject had increased values of FFA, displayed 

mild ketosis, and had reduced carbohydrate oxidation and increased lipid oxidation dur-

ing OGTT. The responsible mechanisms that caused the impaired glucose tolerance af-

ter excessive training are unknown. Although mitochondrial dysfunction and impaired 

glucose regulation are highly associated (Pinti et al., 2019), the causality is debated 

(Holloszy, 2013). Nevertheless, we interpret the reduced glucose tolerance to be a mala-

daptation to excessive training. In contrast, we believe that the observed acute response 

on glucose regulation in endurance athletes after prolonged exercise training is not a 

maladaptation. Instead, the metabolic switch for prioritizing fat metabolism can be a re-

sponse with a purpose. Endurance training induces several adaptations that serve to 

spare glucose. During exercise, these mechanisms involve a reduced glucose uptake 

(Coggan et al., 1995a; Kjaer et al., 1986), a reduced hepatic glucose output (Coggan et 

al., 1995b), and high lipid oxidation, as shown in paper III. It is reasonable that a higher 

capacity to oxidize lipids is also accompanied by a higher sensitivity to changes in sub-

strate delivery. Therefore, small changes in circulating FFA might stimulate an increase 

in lipid oxidation in endurance-trained subjects that is not evident in subjects with a 

lower oxidative capacity and that are less adapted to endurance work. The blunted insu-

lin sensitivity that we observed in endurance-trained subjects might merely be a conse-

quence of prioritizing lipids as a metabolic substrate. Indeed, when pancreatic insulin 

release is not limited during a hyperinsulinemic-euglycemic clamp during lipid infusion, 

athletes are shown to have a higher glucose uptake, preserved lipid oxidation, and in-

creased glycogen synthesis compared to controls (Dube et al., 2014).  

 

That endurance athletes can have a reduced glucose tolerance and insulin sensitivity af-

ter exercise might be unexpected considering the large support in the literature that has 

associated exercise training with improved glucose regulation. The usage of glucose 

monitoring as a metric has increased rapidly in recent years after skin-mounted sensors 

that measure glucose in the interstitium were introduced on the market. Using this 

method, we demonstrated in paper I that endurance athletes spend more time in hypo- 
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and hyperglycemia than controls. Thomas et al also found that athletes spent large 

amounts of time in the hyperglycemic range, above 6 mM, but no group of controls was 

included in that study (Thomas et al., 2016). Intriguingly, a seemingly large discrepancy 

exists between the assumption that exercise is healthy, and that endurance athletes show 

reduced glucose control. Athletes in endurance sports are not known to develop meta-

bolic pathologies and are, more or less, always in a post-exercise state within the 

timeframe when glucose regulation is affected by previously performed training ses-

sions (King et al., 1995). During the right circumstances, reducing insulin sensitivity 

can constitute a protective action to preserve glucose homeostasis and possibly rescue 

performance during exercise in, for example, a state of severe energy deficit. On the 

other hand, a reduced glucose uptake can reduce the recovery of glycogen after exercise 

and have a negative effect on performance that relies on glycogen as an energy sub-

strate. The understanding of the responsible mechanisms that affect glucose regulation 

in endurance athletes in normal training, and during periods of intensified training are 

therefore required to be further studied. 

Can adaptations to HIIT change metabolic efficiency and 
affect O2 economy and gross efficiency during cycling? 

 

Any study that measures performance and oxygen uptake also produces data that can be 

used to calculate work economy and efficiency. Although changes in metabolic effi-

ciency and work efficiency can substantially affect performance, and measurements 

have been carried out for over a century, little is known about what governs these pa-

rameters (Lundby et al., 2017). In a separate investigation that was carried out parallel 

to intervention I, we studied the metabolic trade-offs between aerobic capacity and effi-

ciency (Nilsson et al., 2019). We there documented the VO2 responses at a variety of 

workloads during cycling, from resting on the bike up to VO2max. In the study, an en-

zymatic constrained model was combined with proteomics data, and different metabolic 

strategies for muscle ATP-synthesis were identified. The computerized model predicted 

that the preferred metabolic strategy during low-intensity work rates prioritized a high 

metabolic efficiency, but that efficiency was sacrificed for power as the work rate in-

creased. This was achieved by bypassing complex I in the ETS. Our measurements of 

human subjects confirmed the changes in efficiency and power in response to the in-

creasing work rate that was predicted by the model (Nilsson et al., 2019). How exercise 

training can affect the efficiency/power trade-off is to a large extent unknown (Lundby 

et al., 2017). Acutely, nitrate supplementation has been shown to increase gross effi-

ciency during submaximal cycling (Larsen et al., 2007) and affect maximal performance 
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and VO2max (Larsen et al., 2010). These changes in work efficiency have been shown 

to be dependent on changes in mitochondrial oxidative phosphorylation efficiency (P/O 

ratio) (Larsen et al., 2011a). It is possible that performing HIIT induces mitochondrial 

adaptations that favor power over efficiency. In contrast to the situation during lower 

work rates, HIIT has the potential to activate type II fibers to a higher extent. The fiber-

type specific adaptations might translate into a lower metabolic efficiency that is meas-

urable during exercise. Therefore, we also surveilled the metabolic responses to sub-

maximal (100 W) and maximal (HIIT) efforts during cycling in intervention I. Indeed, 

we there found the submaximal O2 economy to be at its lowest during the phase with 

excessive training load. Submaximal gross efficiency was not significantly altered but 

was at its lowest value during the same phase. Likewise, the calculated O2/W during 

HIIT was at its highest during excessive training load. On the topic, we commented 

upon a publication wherein data was shown for changes in aerobic capacity during the 

career of the athlete with the highest recorded VO2max (Rønnestad et al., 2019). In that 

paper, gross efficiency was markedly reduced while whole body VO2 increased during 

his career. After detraining, the causality was the opposite as VO2max was reduced and 

gross efficiency was restored. We suggested this constituted an adaptation to increased 

training loads (Flockhart and Larsen, 2019).  

Conclusions and perspectives 

In this thesis, several important questions are addressed. We have demonstrated that 

metabolic maladaptations can be the consequence of performing high loads of exercise 

training, thereby showing that the dose-response for positive training adaptations fol-

lows a bell-shaped curve, rather than having a linear association. We further investi-

gated the effects of training on glucose regulation and demonstrated that glucose toler-

ance can be reduced after acute as well as after excessive training. By integrating ad-

vanced physiological methods and concepts into a sport- and training-relevant context, 

we aimed to contribute with new perspectives to the field of exercise physiology. Our 

results can be used to further understand the complex relationship between exercise, 

health, and performance and help to update existing concepts. We hope that our results 

can be directly implemented by athletes and coaches for further advancements in train-

ing methodology and practice.  
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Sammanfattning 

Mitokondrien är central för energiomsättningen. Genom att bryta ner fett och kolhydra-

ter kan energin i maten vi äter omvandlas till energi som kan användas till muskelrö-

relse, värmeproduktion och för att driva alla nödvändiga energikrävande processer i 

kroppen. Skelettmuskulaturen har en hög mitokondriell kapacitet och förmåga att ändra 

sin metabola aktivitet. Skelettmuskulaturen är också den främsta upptagaren av glukos 

från blodet har därmed en central betydelse för metabol hälsa. En stor mängd forskning 

har genom åren visat att en hög muskulär oxidativ kapacitet skyddar mot utvecklandet 

av metabola sjukdomar som typ II diabetes. Uthållighetsträning används därför förebyg-

gande och behandlande vid många sjukdomstillstånd. Uthållighetsträning stimulerar till 

att muskelns oxidativa kapacitet ökar. Generellt antas detta ske i ett dos-responsförhål-

lande, där mer träning ger större adaptationer. Även muskelhälsa, med avseende på in-

sulinkänslighet, glukos- och fettmetabolism samt försvar mot oxidativ stress ökar med 

uthållighetsträning. Inom idrotten är det dock känt att för hög träningsbelastning kan ge 

negativa konsekvenser på prestationsförmåga och hälsa. I allvarliga fall kan överträ-

ningssyndrom diagnostiseras. Det går därför att anta att det finns en övre gräns för trä-

ningsbelastning, där de positiva effekterna upphör, och negativa effekter i stället upp-

står. Denna gräns är inte väl definierad, och det är heller inte känt vad potentiella nega-

tiva effekter vid överdriven träning består av.  

 

I studie I undersökte vi detta genom att rekrytera 11 friska försökspersoner till en fyra 

veckor lång träningsintervention med högintensiv intervallträning (HIIT). Vi doserade 

träningspassen för att åstadkomma perioder med olika träningsbelastning, och tog efter 

varje period muskelbiopsier och studerade hur mitokondrierna anpassade sig. Vi mätte 

också glukostolerans med ett oralt glukostoleranstest (OGTT) och hur olika arbetsfysio-

logiska mått påverkades under HIIT. Vårt huvudfynd i denna undersökning var att 

funktionen, definierat som syrekonsumtion per mitokondrieprotein, hos mitokondrierna 

sjönk drastiskt med över 40 % efter veckan med högst träningsbelastning, där uttöm-

mande HIIT-pass utfördes nästan dagligen. Vi fann också en försämrad glukosreglering 

vid samma tidpunkt. Detta är anmärkningsvärt eftersom en försämring av dessa para-

metrar utgör negativa anpassningar till träning. Vi sökte efter orsakerna till denna effekt 

och mätte status för flertalet proteiner involverade i mitokondriell kvalitetskontroll 

(uppbyggnad, nedbrytning och strukturering) och i försvaret mot oxidativ stress. Vi fann 
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dock inga avvikelser som vi uppfattade som negativa som kunde förklara varför funkt-

ionen hos mitokondrierna var kraftigt sänkt. Tvärtom verkade de generella anpassning-

arna till träning fortgå på ett kontrollerat vis. En tidig hypotes var att mitokondrierna 

kunde ta skada av den ökade oxidativa stress som intensiv träning kan generera. Vi 

mätte därför aktiviteten hos akonitas, ett enzym i citronsyracykeln som är känsligt för 

oxidativ stress och fann att dess aktivitet var sänkt. Vi mätte också markörer för total 

oxidativ stress men fann dessa oförändrade genom hela studien medan den mitokondri-

ella produktionen av väteperoxid däremot var nästan halverad när den uttrycktes mot 

mängden mitokondrieprotein. Detta var oväntat, men ledde oss till att vidare undersöka 

Nrf2, ett protein som koordinerar muskelns försvar mot oxidativ stress men som också 

är involverad i metabol kontroll och fann att även mängden Nrf2 i muskelprover var 

kraftigt sänkt efter perioden med högst träningsbelastning. Den mitokondriella häm-

ningen kunde därmed uppfattas som ett försvar mot ökad oxidativ stress. Genom att 

sänka mitokondriernas energiproduktion kunde den totala oxidativa stressen hållas kon-

trollerad. Vi tolkade vidare förändringen av glukoskontroll som en möjlig negativ kon-

sekvens av den mitokondriella hämningen. Detta då förändringar i mitokondriell funkt-

ion och glukostolerans korrelerade. Att hård träning kan medföra en sänkt glukostole-

rans är kontroversiellt. Detta då individer som tränar mycket generellt har god gluko-

skontroll. För att ytterligare studera om hög träningsbelastning kan avspeglas i sänkt 

glukoskontroll utrustade vi därför 15 landslagsaktiva uthållighetidrottare och 12 kon-

trollindivider med portabla glukosmätare, och mätte kontinuerligt hur glukos varierade 

under en period på upp till två veckor. Till stöd för vår hypotes fann vi att uthållighets-

idrottarna tillbringade mer tid både över och under ett referensspann för normal glukos 

än kontrollindividerna. 

 

I studie II ville vi vidare undersöka utfallet i samma träningsintervention, men ur ett 

träningsrelevant perspektiv. Inom träningslära är det allmänt vedertaget att mängd 

och/eller intensitet av träning behöver öka i takt med att en individ anpassar sig till nu-

varande träningsbelastning. Anpassningar sker dock under förutsättning att tid för åter-

hämtning ges. Detta sätter slutligen en övre gräns för hur hög träningsbelastning som 

kan tolereras med positivt resultat. En vanlig strategi inom uthållighetsträning för att 

komma förbi denna gräns, och nå en så kallad formtopp, är att kortsiktigt genomföra en 

överbelastningsperiod. Enligt teorin ska en överbelastningsfas ske för att initiera de nöd-

vändiga fysiologiska adaptationerna, men på bekostnad av ackumulerad trötthet. En 

sänkning av prestationsförmågan under överbelastningsperioden används ofta för att ve-

rifiera överbelastningsperioden. Efter följer en period med sänkt träningsbelastning. Vid 

optimal tajming ska så slutligen fysiologiska parametrar vara optimalt anpassade samti-

digt som idrottaren är utvilad. Konceptet för överbelastning - superkompensation har 

dock ifrågasatts då en överbelastning inte nödvändigtvis resulterat i en formtopp. Det är 
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inte heller väl känt vad negativa effekter av överdriven träningsbelastning kan bestå av. 

Således saknas även bra markörer för att upptäcka negativa anpassningar i tid. 

 

Vi bedömde den mitokondriella hämningen som en effekt av överdriven träningsbelast-

ning. Detta skedde utan att prestationsförmågan var sänkt vid samma tidpunkt, förmod-

ligen på grund av positiva anpassningar i det syretransporterande systemet. Utan vet-

skap om de negativa fysiologiska effekterna som vi dokumenterade hade samma till-

stånd förmodligen inte uppfattats som obalanserat och potentiellt negativt. Mitokondri-

ella mätningar i material från muskelbiopsier är dock inte möjligt att genomföra på 

idrottare. Därför analyserade vi övriga fysiologiska och psykologiska parametrar som 

mättes under försöksperioden för att beskriva denna process utifrån variabler som nor-

malt mäts inom idrotten. Under vila, uppvärmning och HIIT lade vi stor omsorg vid att 

löpande mäta prestation, samt fysiologiska parametrar som hjärtfrekvens, syreförbruk-

ning, laktat och blodglukos. Vi mätte också psykologiska variabler som känslan av trött-

het och sinnesstämning i vardagen (POMS) och upplevd ansträngning under arbete 

(RPE). Vi fann att en förändring av flera av parametrarna var associerade med överdri-

ven träningsbelastning. Tolkning av enstaka mätparametrar är dock svårt då stora skill-

nader kan bero på omständigheter vid mätningarna, snarare än att indikera en underlig-

gande problematik. Olika parametrar behöver därför tolkas i kontext av varandra och ut-

ifrån våra resultat konstruerade vi en modell som innehöll parametrarna; hjärtfrekvens, 

RPE, laktat och glukos vid HIIT, samt parametern ”trötthet” i POMS-formuläret. Med 

vår modell kunde vi identifiera samtliga försökspersoner att vara i riskzonen för överbe-

lastning efter den mest intensiva träningsperioden. Modellen gav inga falska utslag för 

någon försöksperson efter de andra träningsperioderna. Vi fann också att graden av risk-

bedömning korrelerade med förändring av mitokondriell funktion. 

 

I studie III undersökte vi vidare de akuta effekterna på glukostolerans och mitokondri-

ell funktion efter olika former av träning. Som tidigare nämnts finns det ett starkt veten-

skapligt stöd och konsensus för att uthållighetsträning ger positiva effekter på glukosre-

glering. Ett fåtal studier har dock fått avvikande resultat, med en försämrad glukosregle-

ring dagen efter träning, den tidpunkt då de hälsofrämjande effekterna bör vara som 

starkast. Gemensamt för dessa studier är att vältränade individer ofta deltagit som för-

sökspersoner, samt att träningspassen varit av uttömmande karaktär och involverat hög 

intensitet och lång träningsduration. Eftersom vältränade individer normalt har en god 

glukoskontroll och eftersom en hög konditionsnivå agerar skyddande mot att utveckla 

glukosintolerans under åldrande var vår hypotes att denna potentiella effekt kan utgöra 

en anpassning till uthållighetsträning. Vi ville också studera om en eventuellt akut för-

ändrad glukostolerans kunde vara påverkad av förändringar på mitokondriell nivå.  
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Vi rekryterade därför nio uthållighetstränande individer och åtta kontroller som inte be-

drev uthållighetsträning och mätte glukostolerans (OGTT) och mitokondriefunktion vid 

tre olika situationer; efter två dagars vila, 14 timmar efter HIIT och 14 timmar efter tre 

timmar låg till medelintensiv uthållighetsträning på cykel. Vi fann att långvarig uthållig-

hetsträning markant försämrade glukostolerans i den uthållighetstränade gruppen medan 

samma effekt var mindre påtaglig, och ej säkerställd i kontrollgruppen. De uthållighets-

tränade skilde sig även från kontrollerna genom att ha förhöjda nivåer av fria fettsyror 

och ketonkroppar i blodet, en förändrad metabolism med en ökad fettoxidering och 

sänkt glukosoxidering under OGTT, samt uppvisade en ökad insulinresistens. HIIT på-

verkade ingen av dessa parameters. Vi fann ingen skillnad för mitokondriell funktion i 

någon av grupperna vid någon av situationerna, men noterade en skild respons för ox-

idativ stress. Den uthållighetstränade gruppen uppvisade förhöjd mitokondriell produkt-

ion av väteperoxid efter träning medan responsen var den motsatta i kontrollgruppen. 

Att uthållighetstränade uppvisar sämre glukostolerans efter långvarig träning är inte väl 

känt, och konsekvenserna av detta inte väl undersökta. En viktig anpassning till uthål-

lighetsträning är att kapaciteten för att använda fett som energisubstrat ökar. Det är där-

för möjligt att den höga kapaciteten för fettmetabolism och det omfattande träningspas-

set skapade en metabol situation där kolhydrater nedprioriterades som energisubstrat. 

Denna effekt var tydlig hos uthållighetstränade men inte hos kontroller vilket indikerar 

att denna respons, till del, utgör en anpassning till uthållighetsträning. En potentiell an-

ledning till att fysiologiskt minska muskelns glukosupptag skulle kunna vara att säker-

ställa glukostillgång för hjärnan. Detta skulle i teorin kunna motverka trötthet och öka 

uthållighetskapaciteten vid långvarigt arbete. En negativ effekt av ett minskat muskulärt 

glukosupptag skulle däremot kunna innebära en försämrad återhämtning av glykogende-

påerna och försämra prestation vid högintensivt arbete. 

 

I publikation IV skrev vi en kort kommentar på ämnet aerob effektivitet och anpass-

ning till uthållighetsträning. I en tidigare publikation beskrev Rönnestad et al föränd-

ringen av maximal syreupptagningsförmåga under karriären hos den atlet med det 

högsta publicerade värdet för maximal syreupptagningsförmåga (Rønnestad et al., 

2019). Vi har tidigare i en separat publikation visat att human muskelvävnad kan 

anamma olika metabola strategier beroende på energikrav vid arbete. Vid låg energiom-

vandling prioriteras effektivitet före effekt, medan en ökning av arbetsbelastning leder 

till ett skifte där effektivitet offras för att maximera effekt (Nilsson et al., 2019). I studie 

I noterade vi också en ökad syreförbrukning i relation till arbetsbelastning efter perioden 

med överdriven träningsbelastning. Vi diskuterade här huruvida den av Rönnestad et al 

redovisade förändringen i syreupptag delvis kan vara resultatet av en sänkt aerob effek-

tivitet, och att detta kan vara en anpassning till träning.  
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