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Abstract  

Skeletal muscle is not only the largest energy metaboliser in the body, obesity effects directly on 

contractile function have been suggested to contribute to a negative obesity cycle. There is now a 

growing body of published work examining the effects of obesity on the contractile performance of 

skeletal muscle, and recent work using an isolated skeletal muscle model has been used to develop 

an understanding obesity effects directly at the muscle. Despite some ambiguity in findings, there is 

evidence to indicate that obesity will have a muscle and contractile modality specific effect on muscle 

function.  The present thesis used an isolated skeletal muscle model to assess key gaps in the 

knowledge examining the effects of high fat diet (HFD) feeding duration on contractile function and 

assessing the influence of HFD on thermosensitivity of skeletal muscle. Furthermore, the present work 

uniquely examines the effect of HFD on eccentric muscle function, the interaction between muscle 

ageing and obesity and to what extent the effects of HFD can be reversed using calorie restriction and 

voluntary exercise. In order to establish muscle specific effects of the contractile function of isolated 

mouse soleus, extensor digitorum longus (EDL) and diaphragm are assed using isometric and work 

loop assessments. The work loop technique provides a more accurate evaluation of muscle function 

during dynamic muscle activity as per that used in vivo.  Results from the present thesis are 

confirmatory of previous work indicating a contractile modality and muscle specific HFD effect, with 

evidence of an increase in absolute muscle performance in postural muscles and a reduction in muscle 

quality (muscle performance normalised to muscle size). These data provide an important novel 

contribution to our understanding of HFD effects on muscle by uniquely indicating HFD consumption 

may induce negative effects on eccentric function and do not follow the same patterns as the effects 

of concentric data, suggesting the mechanism which impact these changes may be different. 

Furthermore, these data indicate the importance of fat accumulation, rather than HFD duration is the 

most effective mediator of changes in muscle function. Here we demonstrate that a relatively short 

duration (8 weeks) of a HFD can induce negative effects on contractile function if high volumes of lipid 

accumulation occurs. Our results add clarity to ambiguous findings previously reported by indicating 
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the effects of HFD on muscle function in the most part occur only around physiological temperatures, 

questioning the application of previous isolated muscle work examining HFD effects at lower 

temperatures, as well as reporting a HFD does not alter the thermosensitivity of skeletal muscles. 

Finally, these data uniquely indicate that long duration HFD consumption has limited effects on age 

related changes in muscle function, where   a reduced calorie diet was beneficial for both morphology 

and contractility, whilst exercise gave greater contractility benefits but no such morphology changes.  
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1 General Introduction  

1.1 The Importance of Examining the Effect of Obesity on Skeletal Muscle Function  

Obesity, defined as a body mass index (BMI) ≥30, is a worldwide epidemic with the World Health 

Organisation (WHO 2017) reporting 1.9 billion adults classed as overweight or obese. It has been 

predicted that by 2025, 47% of all men and 36% of all women will be clinically obese (McPherson, 

Marsh and Brown 2007). This is disproportionally higher in westernised counties (World Obesity 

Federation, 2015). Calorie rich food and a modern sedentary lifestyle lead to a positive calorific 

imbalance, which causes visceral, subcutaneous and ectopic adipose tissue accumulation (Nguyen and 

El-Serag 2010). The increase of obesity has been closely linked with an increase in diabetes, cardiac 

issues, some cancers and other potentially life-threatening illnesses and diseases (Field et al., 2001).  

Obesity has been associated with a poorer quality of life and increased mortality (Adams et al., 2006;  

Fontaine and Barofsky 2001;  Hammond and Levine 2010). Obesity also causes global finical problems, 

with strains on medical costs as well as affecting human productivity. This financial burden has been 

estimated in excess of $215 billion annually for the USA alone (Hammond and Levine 2010). Recent 

evidence has indicated that the previously outlined obesity-associated health implications may be 

related to the effect of adipose tissue accumulation on skeletal muscle function.   

The accumulation of adipose tissue has been shown to negatively impair muscle contractile 

performance when normalised to muscle mass (muscle quality) by altering contractile mechanisms  

(Tallis et al., 2017). Given that skeletal muscle is the primary site of substrate metabolism (Zurlo et al., 

1990), and that contractile function is need for movement and calorie expenditure, it has been 

proposed that obesity effects on muscle function may be a catalyst to a negative obesity cycle (Tallis 

et al., 2018). In the thesis, the effects of obesity on skeletal muscle will be reviewed looking at both in 

vivo (Table 1) and in vitro testing methods (table 1.1). 
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Author  Participant 
Information  

Muscle(s) Tested  Testing Equipment  Experimental Protocol  Outcome Measure  Results  

               

(Aucouturier et 
al., 2007)  

6-8 M/F  Nonspecific lower 
body  

Cycle ergometer   Force- velocity test  CPP (W)                     
CPP (W/kg-1BM)  
CPP (W/kg-1FFM)  
  

Ob > Con  
Con > Ob  
Ob = Con  

(Szymura  et  
al., 2011b)  

9-11  
M/F  

Nonspecific lower 
body  

Cycle ergometer   Force- velocity test  CPP (W)  
CPP (W/kg-1BM)  
CPP (W/kg-1FFM)  
  

Ob > Con  
Con > Ob  
Ob = Con  

(Ward et al.,  
1997)  

9-11  
F  

Elbow flexor  
  
  
Shoulder extensor  

Isometric  
tensiometer  
  
Isometric 
tensiometer  

cable  

cable  

Isometric MVC  
  

Force (N)  
Force (N/kg-1BM)  
Force (N/kg-1FFM)  
Force (N)  
Force (N/kg-1BM)  
Force (N/kg-1FFM)  
  

Ob > Con  
Con > Ob  
Con > Ob  
Ob > Con   
Con > Ob   
Ob = con  
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Con  
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Table 1.1 
Summary 

of in vivo 
studies 

showing 
effects of 
obesity on 

muscle 
function 

(adapted 
from 

review 

(Maffiuletti et al., 2013). Age is shown in years; M: male; f: female; Ob: obese; Con: Control (non-obese); CPP: cycling peak power; FFM: fat free mass; BM: 
body mass; MVC: maximal voluntary contraction. TPT: time to peak torque; HRT: half-relaxation time.  

   

(Blimkie et al.,  
1989)  

10-12  
M  

Elbow flexor  
  
  
  
  
Elbow flexor  
  
  
Knee extensor   
  
  
Knee extensor  

Custom dynamometer  
  
  
  
  
Isokinetic dynamometer  
  
Isokinetic dynamometer  
  
Isokinetic dynamometer  
  

Isometric MVC  
  
  
  
  
Isokinetic  
concentric   
  
contraction Isometric 
MVC  
  

Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m/cm-3MVarm)  
TPT(ms)  
HRT(ms)  
Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m/cm-3MV arm)  
Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m/cm-3MV arm)  
Torque (N.m)  

Ob = Con  
Con > Ob  
Ob = Con  
Ob = Con  
Ob = Con  
Ob = Con  
Ob = Con  
Ob = Con  
Ob = Con  
Con > Ob  
Ob =  
Ob =  
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    Isokinetic concentric 

contraction  
Torque (N.m/kg-1BM)  
Torque (n.m/cm-3MV arm)  

Con > Ob 
Ob = Con 

(Garcia- 
Vicencio et al., 
2015)  

13-14  
F  

Knee extensor  Isokinetic dynamometer  
  

Repeated 5 second 
maximal voluntary 
contraction  

Absolute torque (N.m)  
Time to 55% of initial toque  

Ob > Con  
Ob < Con  
  

(Abdelmoula et 
al., 2012)  

13-15  
M  

Knee extensor  Custom dynamometer  Isometric MVC  Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m/kg-1FFM)  
Torque (N.m/kg-1LMthigh)  
Torque (N.m/kg-1MMthigh)  

Ob > Con  
Con > Ob  
Ob = Con  
Ob > Con  
Ob > Con  

(Maffiuletti et 
al., 2008)  

14-16  
M  

Knee extensor  Isokinetic dynamometer  Isometric MVC (40°)  
Isometric MVC (80°)  
Isometric  MVC  
(180°/s)  

Torque (N.m)  
Torque (N.m/kg-1FFM)  
Torque (N.m)  
Torque (N.m/kg-1FFM)  
Torque (N.m)  
Torque (N.m/kg-1FFM)  

Ob > Con  
Ob = Con  
Ob = Con  
Ob = Con  
Ob > Con  
Ob = Con  

(Duche et al.,  
2002)  

13-15  
M  

Nonspecific lower 
body  

Cycle ergometer  Force velocity test  CPP (W)  
CPP (W/kg-1BM)  
CPP (W/kg-1FFM)  

Ob > Con  
Con > Ob  
Ob = Con  



  
  

Con  
Con  
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(Blimkie, Sale 
and  Bar-Or  
1990)  

15-17  
M  

Knee extensor  
  
  
  
  
  
  
  

Custom dynamometer  
  
  
  
  
  
Isokinetic dynamometer  

Isometric MVC  
  
  
Electrically-evoked 
twitch   
  
Isokinetic concentric 
contraction  

Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m/kg-1FFM)  
Twitch torque (N.m)  
TPT (ms)  
HRT (ms)  
Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque(N.m/cm3/MVthigh)  

Ob = Con  
Con > Ob  
Ob = Con  
Ob = Con  
Ob = Con  
Ob = Con  
Ob = Con  
Con > Ob  
Ob = Con  

(Maffiuletti et 
al., 2007)  

25-30  
M  

Knee extensor  Isokinetic dynamometer  Isometric MVC  
  
  

Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m/kg-1FFM)  
Torque (N.m)  

Ob > Con  
Con > Ob  
Ob =  
Ob >  

 
    Isokinetic concentric  

contraction  
  

Power (W)  
Torque (N.m/kg-1BM)  
Power (W/kg-1BM)  
Torque (N.m/kg-1FFM)  
Power (W/kg-1FFM)  

Ob > Con 
Con > Ob 
Con > Ob  
Ob = Con  
Ob = Con  

(Capodaglio et 
al., 2009)  

27-32  
F  

Knee extensor  
  
Knee flexor  

Isokinetic dynamometer  
  
  

Isokinetic concentric  
contraction  
  

Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m)  
Torque (N.m/kg-1BM)  

Ob > Con  
Con > Ob  
Ob = Con  
Con > Ob  

(Hulens et al.,  
2001)  

35-45  
F  

Knee extensor  
Knee flexor  
Trunk extensor  
Trunk Flexor  

Isokinetic dynamometer  
  
  

Isokinetic concentric  
contraction  
   

Torque (N.m)  
Torque (N.m)  
Torque (N.m)   
Torque (N.m)   

Ob > Con  
Ob = Con  
Ob > Con   
Ob > Con   



  
  

Con  
Con  
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Left trunk rotator  Torque (N.m)   Ob > Con  

(Paolillo et al.,  
2012)  

44-55  
F  

Knee extensor  Isokinetic dynamometer  
  

Isokinetic concentric 
contraction  

Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m/kg-1FFM)  

Ob = Con  
Con > Ob  
Con > Ob  

(Miyatake  et  
al., 2000)  

20-40   
M/F  
40-60  
M/F  
60-80  
M/F  

Knee extensor  Custom dynamometer  Isometric MVC  Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m)  
Torque (N.m/kg-1BM)  
Torque (N.m)  
Torque (N.m/kg-1BM)  

Ob > Con  
Con > Ob  
Ob > Con  
Con > Ob  
Ob = Con   
Con > Ob  

(Villareal 
 et al., 
2004)  

75-77  
M/F  

Knee extensor  
  
Knee flexor  
  

Isokinetic dynamometer  Isokinetic concentric 
contraction  

Torque (N.m)  
Torque  (N.m/kg-1FFMlower  
limb)  
Torque (N.m)  
Torque  (N.m/kg-1FFMlower  
limb)  

Con > Ob  
Con > Ob  
  
Con > Ob  
Con > Ob  

(Rolland et al.,  
2004)  

78-82  
F  

Knee extensor  
  
  
Elbow extensor  

Statergometer  
  
  
  

Isometric MVC  
  
  
  

Force (N.m)  
Force (N.m/kg-1MMthigh)  
  
Force (N.m/kg-1MMthigh)  

Ob > Con  
Ob = Con (Sedentary)   
Ob >  (Active)  
Ob >  
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       Force (N.m)  Ob = Con 
       Force (N.m/kg-1MMarm)  Ob = Con 
 Hand grip  Hand grip dynamometer  Maximal strength  Force (N.m)  
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1.2 The Effect of Obesity on Skeletal Muscle Function Measured In Vivo  
  

  

The impact of obesity on concentric skeletal muscle performance has been fairly extensively examined 

using in vivo testing methods. A range of different methods have been used to attain measurements 

for peak power or peak force, with isokinetic dynamometry and cycle ergometry among the most 

commonly used. Currently, only concentric and isometric contractions have been examined with the 

effect of obesity on eccentric function is yet to be considered (Maffiuletti et al., 2013). What is initially 

clear from the sample of literature provided in Table 1.1, is muscle function is defined in a number of 

ways. Commonly absolute muscle performance, performance normalised to body mass and 

performance normalised to whole body fat free mass (Abdelmoula et al., 2012;  Aucouturier et al.,  

2007;  Duche et al., 2002;  Maffiuletti et al., 2007;  Maffiuletti et al., 2008;  Szymura et al., 2011a;   

Villareal et al., 2004;  Ward et al., 1997), limb mass (Blimkie et al., 1989;  Blimkie, Sale and Bar-Or  

1990;  Rolland et al., 2004), or an estimated muscle mass (Abdelmoula et al., 2012;  Blimkie et al., 

1989;  Blimkie, Sale and Bar-Or 1990;  Rolland et al., 2004;  Villareal et al., 2004) as an estimate of 

muscle quality. Muscle quality refers to the contractile performance of the muscle in relation to its 

size, low muscle quality results in a larger muscle being synthesised to do the same job, resulting in 

further elevated body masses and high energy demand for protein synthesis within skeletal muscle. 

Knowing muscle quality is important, as producing the highest contractile performance per quantity 

of tissue reduces the muscle mass required, hence lowering body mass, and decreases the cost of 

maintaining that muscle mass Each of these measures is important in providing in vivo results that 

consider whole body effects and the interpretation of obesity effects on muscle function is influenced 

by the outcome parameter. Although these measurements attempt to provide an indication of the 

effect on muscle quality, true muscle quality cannot be measured without the knowing wet muscle 

mass, which is currently difficult to accurately determine. Examining muscle quality using known 

muscle mass provides benefits using other measurements as any differences found in results can be 

attributed to the contractile function of the muscle alone.  
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There is evidence to indicate that obesity may increase the peak force producing capacity of 

‘antigravity’ or postural muscles (Abdelmoula et al., 2012;  Aucouturier et al., 2007;  Capodaglio et al.,  

2009;  Duche et al., 2002;  Hulens et al., 2001;  Maffiuletti et al., 2007;  Maffiuletti et al., 2008;  

Miyatake et al., 2000;  Rolland et al., 2004;  Szymura et al., 2011a;  Ward et al., 1997) whilst nonweight 

bearing muscles appear to be less affected (Blimkie et al., 1989;  Blimkie, Sale and Bar-Or 1990;  

Capodaglio et al., 2009;  Hulens et al., 2001;  Paolillo et al., 2012;  Rolland et al., 2004). This data 

suggests that the additional body mass of obese individuals may act as a training stimulus evoking a 

mechanical stimuli for muscle growth that is needed in order to allow postural muscles to support the 

increased load. An increase in anti-gravity muscle performance is not always demonstrated however, 

Rolland et al., (2004), reported that older obese participants who were sedentary as having similar 

isometric knee extensor strength to lean counterparts, however, obese people who were more active 

had an increase in isometric knee extensor strength. This supports the suggestion that the training 

stimulus which additional body mass may bring is only beneficial if the individual is active.   

In addition to the potential training adaptions which may occur through additional body mass, gait 

mechanics may also be altered, further exacerbating the difference in specific muscle strength 

between lean and obese individuals. Lerner et al (2014), reported a change in gait mechanics and 

muscle recruitment of obese individuals which resulted in greater activation of the gluteus medius, 

altering kinematics. This change is kinematics alters the contribution of use for individual muscles 

(increase soleus activation and decrease Vasti activation). This suggests that adipose tissue 

accumulation affects biomechanics in everyday tasks, which in turn changes the way muscles are 

recruited. This change in muscle activation and use may contribute to the changes in muscle strength 

stated in table 1.1.  

Unsurprisingly, when muscle performance is normalised to body mass, the non-obese groups 

performed better in almost all cases reported (Abdelmoula et al., 2012;  Aucouturier et al., 2007;   
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Blimkie et al., 1989;  Blimkie, Sale and Bar-Or 1990;  Capodaglio et al., 2009;  Duche et al., 2002;  

Maffiuletti et al., 2007;  Maffiuletti et al., 2008;  Miyatake et al., 2000;  Paolillo et al., 2012;  Szymura 

et al., 2011a;  Ward et al., 1997). This was reported across all ages (Miyatake et al., 2000). In terms of 

locomotion, this would result in the obese group having greater difficulty moving due to increased 

body masses. Interestingly, when muscle performance is related to whole body fat free mass (FFM), 

many studies report no difference between obese and non-obese groups (Abdelmoula et al., 2012;  

Aucouturier et al., 2007;  Duche et al., 2002;  Maffiuletti et al., 2007;  Maffiuletti et al., 2008;  Szymura 

et al., 2011a;  Villareal et al., 2004;  Ward et al., 1997). This suggests that muscle quality (force 

producing capabilities of the muscle per kg) is unaffected by obesity, however, muscle strength/ 

torque in relation to whole body FFM is a poor representation of muscle quality as true muscle mass 

is not known.   

A relatively small number of studies attempted to assess muscle quality further by relating muscle 

performance to local FFM, usually FFM of the limb being tested. The results from such tests are 

equivocal, this may be due to the variation in the method for assessing local FFM or muscle mass 

(MM). Computed axial tomography (CT scans) has been previously used to assess muscle cross 

sectional area (CSA) (Blimkie et al., 1989;  Blimkie, Sale and Bar-Or 1990), more recently dual energy 

x-ray absorptiometry (DXA) has been used to attempt to quantify limb fat free soft tissue (Abdelmoula 

et al., 2012;  Rolland et al., 2004;  Villareal et al., 2004). Although it has been reported that these 

methods of measuring local fat free mass/muscle mass are relatively accurate (Heymsfield et al., 

1990), true muscle mass cannot be measured in vivo, and therefore true muscle quality cannot be 

assessed from in vivo testing methods.  

To date, only a small number of in vivo studies have attempted to measure the effect of obesity on 

muscle fatigue (Garcia-Vicencio et al., 2015;  Maffiuletti et al., 2007;  Maffiuletti et al., 2008;  Minetto 

et al., 2013;  Paolillo et al., 2012). These studies report equivocal results with some showing no 

difference in fatigability between lean and obese groups (Maffiuletti et al., 2008;  Minetto et al., 2013) 
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and others reporting a decrease in fatigability in obese individuals (Garcia-Vicencio et al., 2015;  

Maffiuletti et al., 2007;  Paolillo et al., 2012). Maffiuletti et al., (2007) reported obese individuals to 

fatigue more quickly than their lean counterparts when performing voluntary concentric contractions 

of the knee extensor using an isokinetic dynamometer. This difference was not replicated when the 

same groups underwent 5 minutes of stimulated isometric contractions (involuntary, externally 

stimulated contractions). Poalillo et al., (2013) reported obese individuals fatigued significantly 

quicker than their lean counterparts in absolute average power terms using an isokinetic 

dynamometer, however, when average power was normalised using either body mass for fat free 

mass, there was no difference. Irrespective of discrepancies with methods/participants used for in 

vivo fatigue tests, it is argued that true skeletal muscle fatigability cannot be accurately measured as 

obese participants will be required to produce more force in the moving limb to overcome greater  

inertia (Tallis et al., 2017).  

 

Figure 1.2.1 - Overview of the interacting mechanisms which contribute to loss of muscle mass 
(sarcopenia) and muscle strength and power (dynapenia) in older adults (Seene and Kaasik, 2012).  
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This and further work indicates that the increase in absolute muscle function of postural muscles may 

not be apparent in older adults (Fragala, Kenny and Kuchel 2015; Rolland et al., 2004), where muscle 

function is influenced by an age related decline in muscle function and often muscle mass 

(sarcopenia). Figure 1.2.1 provides an overview of mechanisms that have been attributed to the age 

related decline in muscle function. The interaction between ageing and obesity is considered in further 

detail in experimental chapter 4. To date, there has been a very limited number of studies which assess 

the impact of a obesity in an aged population in vivo (Miyatake et al., 2000;  Rolland et al., 2004;  

Tomlinson et al., 2016;  Villareal et al., 2004;  Zoico et al., 2004)Denies et al., 2014;  Hill et al., 2019). 

Sarcopenia refers to the age-related decline in muscle mass and strength (Cruz-Jentoft et al., 2010). 

The mechanisms behind this age-related decline are closely linked to those affecting obesity (Hill et 

al., 2019). Impaired calcium handling, impaired cross bridge kinetics, a shift in fibre type, increased 

lipid accumulation and chronic inflammation as described in a recent review (Tallis, James and 

Seebacher 2018; Larsson et al., 2019) and in more detail in section 1.7.   

Although in vivo work has provided a valuable insight into obesity-mediated effects on skeletal muscle 

contractile function, the methodological practice of in vivo work to examine muscle function in obesity 

presents a number of limitations. Firstly, many studies using in vivo testing methods use gross joint 

movement which incorporates multiple muscles of a range of fibre types; this makes assessing muscle 

specific effects difficult (Tallis et al., 2017). For example, the quadricep femoris is made up of 4 

individual muscles (rectus femoris, vastus lateralis, vastus medialis and vastus intermedius) (Kary 

2010). Activation of the quadricep in vivo would not be specific enough to solely activate one of these 

muscles only and as they have individual fibre type make up (rectus femoris has a larger proportion of 

fast-twitch fibres compared with the vastus medialis has a larger proportion of slow-twitch fibres 

(Andersen and Henriksson 1977;  Aniansson and Gustafsson 1981). As well as isolating a single muscle 

from a group working on a single movement, in vitro work also allows for isolation of muscle which 

cannot be testing in vivo due to their location and function. For example, an important functional 

effect of obesity on health is often linked with problems with respiratory function (Buras et al., 2019).  
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The increased adipose tissue around the rib cage causes added stress on the respiratory system and 

reduces functional residual capacity (Salome, King and Berend 2009). In vivo muscle testing does not 

allow for the diaphragm power to be examined due to its anatomical location and role, whereas 

isolated studies will allow for the dissection and testing of the diaphragm. Further issues with in vitro 

testing for the obesity effects could be that neuromuscular responses, mainly activation patterns of 

the muscle have also been reported to be affected by obesity. Mehta (2015) reported a significant 

decline in neuromuscular responses of obese participants when examining the fatigability of handgrip 

strength. Blimkie et al., (1990), suggested that reduced motor unit activation may be a contributor to 

poorer motor performances, especially gross motor tasks involving large muscle groups, as well as a 

reduction in muscle quality. Maximal voluntary muscular contraction is prohibited by the central 

nervous system (CNS) in an attempt to reduce muscle damage via reciprocal inhibition, meaning true 

maximal force cannot be achieved in vivo. One important variable problematic in human obesity work 

is the individual variation among participants. Although obese groups may be closely matched for 

body composition, participants may vary in diet; both current diet (main sources of calorie intake) and 

the diet which led to them becoming obese. As well as diet, duration in an obesogenic state and having 

additional body fat may also have an effect as many of the mechanism effected by obesity which are 

believed to affect muscle performance are not instantaneous but rather worsen over time (fibre type 

change, chronic inflammation, change in protein synthesis).   
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1.3   In vitro testing methods of skeletal muscle function  
  

 

Figure 1.3.1- Benefits of using an isolated muscle study over in vivo work when accurately assessing the impact 
of a HFD across a range of contractile modalities.  

An in vitro testing method refers to work on a part or parts of tissue removed from a living organism, 

which takes place in a controlled environment outside the living organism. In vitro experiments are 

often used alongside or as an alternative to in vivo experiments as they overcome many of the 

problems which arise when examining muscle in vivo.  The benefits of this testing method (shown in 

figure 1.3.1) will be explained below.  

Isolated muscle studies can be performed using a whole muscle tendon unit, a smaller muscle fibre 

bundle or a single muscle fibre. Throughout this thesis, a whole muscle tendon unit was used, as this 

allows for better replication of in vivo performance. However, using a whole muscle can increase the 

risk of muscle damage through the build-up of an anoxic core due to the increased time required for 

diffusion of oxygen (Barclay 2005). The use of a mouse muscle, which has a relatively small 

crosssectional area, reduces this risk. Throughout experiments for this thesis, individual muscle 

performance was tracked over time to determine where an anoxic core affected performance and 

was later corrected for in the analysis of the data collected.  
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One major benefit of isolated muscle studies is the removal of the effects of the CNS. When testing a 

whole muscle in vivo, the CNS sends an impulse through the spinal cord and the anterior motor neuron 

to the muscle to evoke muscle activation (McArdle et al., 2010). Blimkie et al., (1990), suggested that 

obese individuals have a lower rate of neuromuscular recruitment and any resulting difference in 

strength between lean and obese groups could potentially be due to a lower percentage of active 

muscle fibres. Blimkie reported that the obese group recruited 10.2% fewer fibres compared to their 

lean counterparts (85.1% compared to 95.3%) during maximal voluntary isokinetic strength test of the 

knee extensors. In contrast, work on isolated muscle would allow comparison of performance 

between muscles independently of any possible differences in the effects of CNS on the muscle.  

Isolated animal muscle studies allow for very strict control over key individual factors that could affect 

the results of the experiment. Control over the exact age of the animals could be a key factor 

considering the impact of an age related decline in muscle function could have (Larsson et al., 2019). 

Control over diet (both quantities and calorie source), activation levels and environment can also be 

controlled, all limiting differences between animals.  

Isolated muscle studies also allow for more specific muscle testing In vivo, it is common to recruit 

multiple muscles when completing a movement, this makes it difficult to test the effect of a HFD of 

specific muscles or specific muscle fibre types. Many in vivo studies examining force production use 

techniques involving gross joint movements, such as knee extension on an isokinetic dynamotor. 

These involve recruitment and activation of multiple muscles (Yamaguchi et al., 2005), these muscles 

can be made up of different fibre type composition and therefore greatly differ in terms of contractile 

function due to their in vivo mechanical role, it has also been reported that different phenotypes are 

uniquely affected by a HFD (Tallis et al., 2017). In vitro work allows for dissection and isolation of a 

specific muscle to analyse performance.  

Whilst isolated, muscle is surrounded by an oxygen infused buffer that is delivered at a constant rate.  
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The buffer contains an energy source, such as glucose, to maintain fuel for muscle metabolism. This 

buffer is delivered at a set temperature depending on the methodology of the specific experiment; a 

physiologically relevant temperature (37°C for many mammals) would cater for any thermoregulation 

necessities. Maintenance of temperature is important as James et al., (2015), reported that skeletal 

muscle produces force more quickly, relaxes more quickly, and produces more power at higher 

temperatures (35-40°C) compared to lower temperatures (15-25°C). The isolated muscle is directly 

stimulated at set parameters that elicit maximal force.   

The main techniques used to test skeletal muscle properties are isometric, isovelocity and isotonic 

tests. More recently, the work loop technique has also been used as it can more closely replicate in 

vivo parameters (James et al., 1996; Tallis et al., 2014). In vivo studies often report muscle 

performance in terms of maximal voluntary contraction, as true maximal contraction is inhibited by 

the CNS in an attempt to prevent muscle damage (Fuller et al., 2010).  

1.3.1 Isometric testing method  
  

Isometric testing keeps the muscle at a constant length during the course of the electronic stimulation 

and is used to determine the maximal force producing capacity of the muscle. Typically, isometric 

twitch and tetanus assessments are performed on isolated skeletal muscle, this can be used to 

examine the maximal force producing capacity of the muscle as well as force normalised to estimated 

cross section area as a measure of specific force or muscle quality. These assessments are also used 

to optimum muscle length, stimulation amplitude and frequency needed to elicit maximal isometric 

force production (Tallis et al., 2014). Although isometric contractions were used in the current study 

to predict optimal length, Josephson et al., (2000), reported that optimal length for twitch 

contractions were 2% greater than the optimal length for work output. To overcome this, passive work 

loops were performed at the beginning of every experiment to check if the muscle was overstretched.  
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Although isometric studies have been the main method used in previous work, James et al., (1996), 

reported that if Isometric properties were used to predict work loop performance, the result would 

over estimate total power output by up to 300%. Another criticism of isometric studies comes as 

isometric studies do not allow for the muscle change length, therefor do not predict in vivo style 

dynamic muscle action, required for locomotion. For the isometric method to be accurate, muscles 

would have to shorten and lengthen instantaneously, this is not the case. As muscles cannot shorten 

indefinitely, the negative work associated with muscle lengthening and re-lengthening cannot be 

measured, this may be particularly important when assessing skeletal muscles from an obese 

population due to high passive forces when lengthening due to increased intramuscular lipid 

accumulation.   

1.3.1.1 Twitch response  
  

A twitch response is the most basic activity of a muscle; a single action potential on the surface of a 

fibres’ membrane causes the smallest contractile response (Baylor and Hollingworth 2012). Once the 

electrical stimulation has been provided a small electromechanical delay, termed the latency period, 

occurs before the muscle contracts (Cavanagh and Komi 1979). The speed of this delay is muscle fibre 

type dependant (Hollingworth, Kim and Baylor 2012). This lag time is caused by the time required for 

the action potential to spread along the T-tubule system and for calcium (Ca2+) to be released from 

the sarcoplasmic reticulum (SR). This Ca2+ blinds to troponin-C which caused tropomyosin to shift, 

exposing the actin binding site for myosin. Myosin heads then bind to actin allowing the formation of 

cross-bridges, the rotation of the myosin heads and therefore force production (Rampichini et al., 

2014).  

Twitch responses were used in this thesis for the purpose of finding the optimal physical length and 

stimulation amplitude for the muscle to produce force. Optimum length for a muscle is key due the 

length-dependence of its force generating potential (Maganaris, 2001). The length dependence of 
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force production has been linked back to (Huxley 1957) original cross bridge relationship theory in 

reference to the extent of overlap between the myosin and actin.  

1.3.1.2 Tetanus response   
  
A fused tetanus response occurs when the muscle is subjected to multiple stimuli at a sufficient 

frequency so that the muscle cannot fully relax between stimuli, causing an increased amount of 

available Ca2+ to bind to troponin-C. This allows for greater availability of actin binding sites, thus more 

cross-bridge formations and therefore greater force generation (MacIntosh, Gardiner and McComas  

2006). The frequency of the stimulation determines whether the tetanus will be fused or unfused 

(MacIntosh and Willis 2000). An unfused tetanus allows for slight relaxation between stimuli, due to 

the stimulation frequency being too low. If the stimulation frequency is increased, the stimulations 

will be closer together. This decreases the time for muscle relaxation and increases the concentration 

of Ca2+ therefore producing greater force.   

The time taken to for the muscle generate force or to relax after activation can be measured to 

indicate the speed of calcium-dependent kinetics of muscle during isometric testing, a key factor when 

assessing an obese or aged obese model. Time to half-peak tetanus (THPT) can be measured from the 

first point of stimulation to the time taken for the muscle to produce half the maximal force. The time 

taken from the last stimulation to the point at which the muscle is producing half of the maximal force 

(last stimulus to half relaxation; LSHR) can also be measured from tetanus responses. Although a 

tetanus response does not replicate most in vivo muscle actions, it is the most commonly used method 

to measure maximal force in in vitro. Activation and relaxation data will be of interest for the 

experimental chapters throughout this thesis due to obesity-associated changes in mechanism 

affecting calcium handling and cross bridge kinetics (discussed in chapter 1.7).  
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1.3.5 Isotonic testing  
Isotonic testing can be used to assess how shortening velocity effects force generation. This test 

involves keeping the muscle at a constant force during shortening. The aim of this type of testing is to 

produce a force-velocity relationship (Hill 1938).  

Before any isotonic testing takes place, isometric testing is used to optimise of length, stimulation 

amplitude and stimulation frequency. Post optimisation, the muscle is stimulated with isometric 

tetani. The muscle is then allowed to shorten when the muscle reaches maximal force. From this set 

resistive force, maximal shortening velocity (V0) is recorded. The force-velocity curve (figure 1.3.5) 

shows that the velocity of the contraction is inversely proportional to the load. The mechanism being 

the force–velocity relationship is primarily due to cross-bridge properties at the sarcomere (Fenwick, 

Wood and Tanner 2017). Fewer cross-bridges are formed at higher velocities with binding sites 

becoming unfavourable due to the speed of the actin sites and myosin heads passing over each other 

(Stehle and Brenner 2000). Inversely, at high loads, more cross-bridges are formed producing greater 

force, but shortening velocity is slower. The most important aspects of the force velocity relationship 

are the curvature of the line and the muscle’s maximum shortening velocity (Vmax); (Barclay and 

Lichtwark 2007).  
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Figure 1.3.5; The isotonic force-velocity relationship of a typical mouse soleus muscle (Askew & Marsh, 
1998)  

  
As well as the sliding filament theory, increased shortening velocity Power output (PO) can be 

calculated as force multiplied by velocity. Rarely is this maximal level of PO achieved in vivo due to the 

multiple shortening velocities that occur during cyclical movement (James et al., 1996). The 

importance of assessing a force-velocity relationship in an obese model is of particular importance 

due to the mechanisms affecting contractility following a HFD (discussed in chapter 1.7). However, 

this information is insufficient when looking at sustained PO and full movements (Josephson 1993). 

The isotonic testing method provides poor reflections of in vivo skeletal muscle action. James et al., 

(1996), tested rabbit latissimus dorsi for isometric and isotonic properties and found that isotonic 

overestimates PO of the muscle by up to 50% when compared to PO attained through the work loop 

technique. The force velocity curve produced through isotonic testing does not take into consideration 

the negative work of muscle re-lengthening and assumes the muscle can shorten indefinitely. James 

et al., (1996) proposed numerous conditions which would have to take place for this method to 
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produce accurate PO values. The muscle must activate and relax instantaneously as well as muscle 

force and shortening velocity remaining at optimal levels whilst shortening, these are unrealistic in 

vivo conditions as the uptake and release of Ca2+ is unaccounted for.  

1.4.1 Isovelocity Testing  
  

Another way of testing isolated skeletal muscle is through isovelocity testing. This involves shortening 

the muscle at a constant speed to attain a force-velocity relationship and a PO prediction. There are 

different methods to achieve this technique with the most common being the step-release protocol. 

This involves an initial stimulation of the muscle to produce an isometric tetanus; once the force 

production has peaked the length of the muscle is shortened to a new length which results in a 

decrease in force production. This is followed by another length change (shortening) at a velocity that 

allows for the muscle to maintain its new level of force. Although shortening velocity is a valued part 

of muscle contractility isovelocity testing, like the other ‘iso’ testing which has been discussed, gives a 

poor representation of how a muscle function in vivo.  

The ‘iso’ testing methods can provide vital information on three skeletal muscle characteristics, 

velocity, force, and length. This fundamental knowledge of muscle contractility has been gained 

through these ‘iso’ studies, however the majority of muscles in vivo do not act in these unidimensional 

ways.  ‘Iso’ testing does not account for passive work. The previous work also assumes that the muscle 

can shorten indefinitely and therefore the negative work of the muscle re-lengthening is not 

considered. A further limitation of ‘iso’ testing is that the time taken for relaxation and activation is 

underestimated. One method which accounts for these limitations is the work loop technique.   

  

  

1.4 The Work Loop Technique  
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Many muscles work in antagonist pairs and must undergo  cyclical length changes in order to allow for 

locomotor movements such as running and walking, and respiratory function during inhalation and 

expiration (Josephson 1985). The work loop technique better replicates in vivo muscle length changes 

as opposed to the other isolated testing methods which have previously been discussed (James et al., 

1996). The work loop technique is the main testing method used in the current work as it can 

accurately determine the amount of work a muscle is able to produce during a cyclical length change.  

Machin and Pringle (1960), were the first to develop the technique in an attempt to investigate the 

mechanics of asynchronous flight muscle. This work was further developed by (Josephson 1985) who 

outlined the advantages of the work loop technique in comparison to other in vitro testing methods; 

these advantages included the technique accounting for activation events  and shortening dependant 

deactivation.  

The work loop method can deliver different types of wavelength changes alongside phasic electrical 

stimulation; throughout this thesis sinusoidal wavelengths were used, though previous work has used 

a sawtooth waveform to examine work as explained later. Although in vivo waveforms will be more 

complex than sinusoidal, in vivo muscle length change patterns have not been directly measured for 

mice during locomotion and respiration, so a direct comparison is currently unavailable. Sinusoidal 

wavelength changes also allows for a more direct comparison with previous literature using the work 

loop technique (Hill et al., 2017;  Hill et al., 2019;  Tallis et al., 2014;  Tallis et al., 2017b;  Tallis et al., 

2017c). Once the physical length of the muscle has been optimised using twitch stimulations, 

symmetrical patterns of lengthening, shortening and re-lengthening occur (figure 1.4.1). A motor that 

initiates the alteration in length is controlled and manipulated by computer software; this is 

referenced to as strain. Typically a strain of around 0.10 (refers to a 5% increase in length from resting 

length (L0) and a 5% decrease in length from L0, causing a 10% total length change) is used to attain 

maximal work in mammalian muscle (Altringham and Young 1991;  James, Altringham and Goldspink 
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1995;  Tallis et al., 2014); however this is dependant of the selected length change velocity (referred 

to as cycle frequency [CF}).   
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Figure 1.4.1 Example of the sinusoidal length trajectory at a cycle frequency of 5 Hz. Strain changes 
with sine waves (A) Centre sections shows force produced by a mouse soleus. The black horizontal bars 
show the time for which the muscle was stimulated, where P is muscle force whilst shortening and P0 
is isometric stress (B). Lower panel shows instantaneous net power output, this was calculated as force 
X velocity (C) (Adapted from Askew et al.,, 1997).  

The work loop technique can be used to imitate the length changes and stimulation of muscle action 

in vivo. An electrical stimulation (this can be in the form of single or multiple stimuli) is sent to the 

muscle at a selected time (phase) within the cycle. The area of the work loop represents the net work 

per cycle; this is formed by plotting muscle stress (force ÷ cross-sectional area) against strain (length 

change ÷ initial length) over a full cycle (Van Leeuwen and Spoor 1992). The net work generated is the 

difference between the energy required to stretch the muscle and the work produced during 

subsequent shortening (Josephson 1985); Figure 1.4.3).  
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Figure 1.4.2 - Example of the ‘sawtooth’ length change. (A) Sinusoidal (sin); (B) sawtooth with shortening for 25% of the cycle 
(saw25%); (C) saw50%; (D) saw75%  

As well as the sinusoidal length change protocol, a non-symmetrical protocol has also been used in 

previous work. Askew and Marsh (1997), used the ‘sawtooth’ trajectory (figure 1.4.2). This protocol 

has shown enhanced PO values of 5-10% in mouse EDL and soleus muscles when compared to the 

sinusoidal wavelength. This increase in PO is due to a longer shortening phase when compared to the 

re-lengthening phase; therefore, the stimulation period was increased.  
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Figure 1.4.3- Net active work (A) and net passive work (B) plotted separately to show how the final 
work loop is created (Josephson 1985).  

As shown in figure 1.4.3 the work loop technique accounts for the negative work which the muscle 

absorbs (Josephson 1985), this is the only in vitro technique to do this to date. For example, if the 

bicep muscle is producing force when shortening and relaxing when re-lengthening this would result 

in a positive net energy output, however if the bicep was inactive during the shortening phase and 

provided resistance when elongating the net energy output would be negative because a force, 

external to the bicep, is required to do work on the muscle to stretch it. Negative work of a muscle 

can be minimised by the muscle being relaxed during the re-lengthening phase (James et al., 1996). 

Some muscles in vivo do not produce positive net work, if the muscle is used for joint stabilisation or 

acting eccentrically for braking then this would result in negative net work (Dickinson et al., 2000).   

The amount of passive work required to re-lengthen a muscle is largely size dependent as the passive 

work comes from the energy requirement of lengthening connective tissue within the muscle. 

Generally, the larger the muscle is the greater amount of connective tissue there will be and therefore 

the greater the passive work will be. There are other factors which could impact passive work input 

A   B   
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independently of size, including muscle damage; a damaged muscle will have increased collagen levels 

which in turn offer greater resistance to stretch. As shown in figure 1.4.3, the direction of the work 

loop indicates whether the net work is negative (clockwise) or positive (anticlockwise). Average PO (J 

s-1) is calculated by multiplying net work output per cycle (Joules) by cycle frequency (s-1) (Josephson, 

1993). The use of a range of cycle frequencies is a novel point to the thesis as to date, PO has not been 

assessed in an obese model over a range of shortening velocities. Using a range of cycle frequencies 

will again allow for a more in-depth view of the effects of a HFD. In vivo muscle function requires 

skeletal muscles to produce power at a range of velocities, the PO-CF curves gained through this thesis 

will help to assess the impact of a HFD on contractility over a range of contraction speeds, providing 

a more holistic view.  
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1.5 Review of isolated muscle studies examining the effects of a HFD   

Table 2.5 A summary of previous studies assessing the effects of a HFD on muscle contractility, taken from review paper Tallis et al., 2018  
Author  Animal   Feeding Protocol  Muscle(s) Examined   Experimental  

Protocol  
Change  in  Muscle  

Function  
Mechanisms  

(Ayre  and  
Hulbert 1996)  

3  wk old  
Wistar rats  

Male  For 9 weeks:  
1) Diet deficient in 

essential fatty 
acids   

2) High  in 
 fatty  
acids  

3) Enriched  with 
fatty  acids  
(EFAD)  

  
Some  animals 
subjected to further 
6 wk standard lab 
chow  

Isolated 
soleus  

hole EDL &   Isometric  
force,  
tetanus for   
frequency   
frequency fa   
repeated tet    
34ºC  

twitch 
isometric  

- 

EDL – EFAD ↓  fatigue 
time during high 
frequency 
stimulation, ↑ fatigue 
resistance during low 
frequency  
stimulation  
  
Soleus – EFAD ↓ 
twitch stress, twitch 
activation time, twitch 
relaxation time, stress 
during low frequency  
stimulation  
  
After 6 weeks 
standard lab chow 
contractility measures 
were reversed  

  

(van  Lunteren  
1996)  

3-4 month old 
genetically obese  
Zucker rats  

N/A  Isolated  strips  of   
sternohyoid  &  

diaphragm  

Isometric 
force, 
tetanus 
frequency 
submaximal  

twitch 
isometric 

force 
curve, 

fatigue  

Sternohyoid  –  No  
effect  
  
Diaphragm – Lower  
twitch-to-tetanic 
tension ratio  

N/A  
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    via repeated tetani at 
37ºC  

  

(Shortreed et al.,  
2009)  

10 wk old Male  
C57BL/6J mice  

HFD for 8 wk 
compared to a lean 
control  

In situ assessment of 
gastrocnemius/plantaris  
complex  
  
Biochemical analysis of 
soleus, EDL, peroneus  
longus & tibialis anterior   

Isometric tetanus 
force-frequency 
curve pre and post 
low frequency fatigue 
induced via repeated  
tetani  

  

No effect  ↑  type I and IIA fiber 
type  
  
No change in SDH  
activity  
  
EDL -  ↓ palmitate and 
glucose oxidation  
rates  
  
Soleus - ↑ SCHAD  
enzyme activity  

(Thomas et al.,  
2014)  

 3  wk old  Male  
C57BL/6J mice  

HFD for 3 wk 
compared to a lean 
control  

In situ assessment of   
triceps surae  
  
Biochemical analysis of  
tibialis anterior & soleus   

 Isometric  fatigue  
protocol consisting of   
5 min of 100 Hz 
stimulation lasting  

 100 msec in 1 sec 
trains, followed by 5 
min of 300 msec of 
100 Hz stimulation in 
trains of 400 msec  

No effect   HFD did not affect 
performance during a 
progressive treadmill  
test  
  
Tibialis Anterior -  ↑ 
Type IIa/x fibres, ↓ 
Type IIb fibres, No 
change in SDH density, 
capillary  
density   
  
Soleus - ↑ Type IIa 
fibres, SDH density, ↓ 
capillary density  
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(Ciapaite et al.,  
2015)  

12 wk old  Male  
C57BL/6J mice  

HFD containing lard 
(HFL) or palm oil  
(HFP), or low-fat diet  
(LFD) for 5 wks   

Isolated whole soleus &  
EDL  

Isometric twitch and 
tetanus force at 20ºC  

EDL - ↑ twitch 
relaxation time for HFL  
and HFP  
  
Soleus - ↓ normalised 
twitch force, twitch 
relaxation  time 
normalised 
 tetanus force 
in HFP  

EDL - ↑ PGC1α and 
mitochondrial 
oxidative 
phosphorylation 
pathway complexes 
III, IV and  
ATP synthase  
  
Soleus - ↑ Tnnt1, ↓  
Tnnt3  
  
No change in MHC 
isoform, SERCA  
isoform  

(Matsakas et al.,  
2015)  

4-5 month old 
C57Bl/6 (WT) &  
Mstn−/− mice  

HFD for 10 wks 
compared to a lean 
control  

In vitro assessment of  
EDL  

Isometric twitch and 
tetanus force  

WT - ↓ absolute 
twitch force, absolute 
& normalised tetanus  
force  
  
Mstn−/−  - no effect  

WT - ↓ exercise 
induced fatigue, ↑ 
SDH activity, gene 
products that regulate 
fatty acid uptake and 
oxidation  
  
Mstn−/− - ↓ exercise 
induced fatigue, gene 
products that regulate 
fatty acid uptake and 
oxidation  
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 (Bott  et  al.,  
2017b)  

20 wk old Male  
C57BL/6J mice  

 1) Baseline  lean  
control group  

Isolated whole EDL & 
soleus  

Isometric twitch and 
tetanus force at 25ºC  

EDL - ↑ twitch 
activation & relaxation 
time, ↓ tetanus  

N/A  

 
  2) Ageing (33 wk) 

lean 
 control  
group   

Ageing (33 wk) HFD 
group   

   relaxation  time  
compared to baseline  
  
Soleus - ↓ tetanus 
relaxation time  
compared to baseline  

 

(Eshima et al.,  
2017)  

 8  wk old  Male  
C57BL/6J mice  

HFD for 4 or 12 wk  
compared to a lean  
control  
  

Isolated whole EDL   Isometric twitch and 
tetanus force  

12 week HFD -  
absolute & normali  
tetanic force acr  
maximal submaxi  
stimulation 
frequencies  

↓  

and  

12 week HFD - ↑ 
percentage of type 
IIa/x myosin heavy 
chain fibers  at the 
expense of decreased 
type IIb fibers, ↑ 
mitochondrial  
oxidative enzyme 
activity, ↓ 
fasttroponin T-protein  
expression  
  
No change in 
expression levels of 
calcium 
handlingrelated 
proteins and 
myofibrillar proteins 
(myosin heavy chain  
and actin)  
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(Seebacher et al.,  
2017)  

9-10 wk old 
zebrafish (Danio  
rerio)  

  
1) Control fish fed 

once a day to 
satiety for 9-10 
wk  

Isolated section of 
rostral (anterior dorsal) 
muscle fibres   

Isometric tetanus 
force, WL power and 
fatigue resistance via 
repeated tetani  

Obese group ↓ 
tetanus stress, 
normalised work loop 
power, relaxation 
rate, locomotor  
performance  

Obese group ↑ 
resting metabolic 
rate, ↓ maximal 
metabolic rate which 
was reversed in the 
obese lean group.  

     2) Obese fish fed 
three times per 
day to satiety for 
9-10 wk  

Obese-lean fish fed 
three times per day 
for 4-5 wk, then once 
per day for 4-5 wk  

    
Obese lean group - ↓ 
tetanus stress, 
normalised work loop 
power, relaxation rate, 
locomotor  
performance  

  
Obese and obese lean 
group ↓ fast:slow  
MHC expression  
  
  

(Tallis 
2017c)  

et  al.,   4  wk  old  
female mice  

CD1  HFD for 16 wk 
compared and were  
to a lean control   

Isolated whole EDL, 
soleus & diaphragm  

Isometric tetanus 
force, WL power and 
fatigue resistance (50 
consecutive WLs) at  
37ºC  

Soleus - ↓ absolute 
tetanus force, fatigue 
resistance, ↑  
relaxation time  
  
EDL - ↓ tetanus stress, 
WL power normalised  
to muscle mass  
  
Diaphragm - ↓ tetanus 
stress, relaxation time, 
WL power normalised 
to muscle mass  

No change in fast:slow  
MHC expression  
  
↓ AMPK activity of 
soleus  
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The effect of HFD on the contractile performance of isolated muscle has been the subject of a recent 

review (Tallis et al., 2018). In general, the current findings indicate that a HFD induced increase in body 

mass may improve the absolute muscle function of postural muscles (Maffiuletti et al., 2013), but has 

the potential to reduce muscle quality (Hurst et al., 2019, Tallis et al., 2017). Making overarching 

conclusions is challenging given that such results appear to be muscle and contractile modality specific 

with other works challenging these trends which is likely related to methodological discrepancies 

between published works. The aim of this section is to provide a review of previous work examining 

HFD effects directly on skeletal muscle function and outline the potential causes of ambiguity in 

findings.   

The EDL (fast twitch) and soleus (slow twitch) muscle are commonly used in in vitro muscle studies 

due to their difference in fibre type composition. Maximal isometric force is the most commonly used 

assessment techniques used to examine isolated skeletal muscle function. One study using genetically 

obese rodents (ob/ob), reported there was no difference in isometric force between obese and lean 

group in the EDL and the soleus. However, when assessing stress (force relative to muscle 

crosssectional area), the soleus produced significantly less in the obese group (Warmington, Tolan and 

McBennett 2000). These results have not been replicated in other genetically obese models (van 

Lunteren 1996), although different muscles were used (stripes of the sternohyoid & diaphragm). The 

obesity model used is important as studies using genetically obese rodents have reported a decrease 

in muscle mass (Kemp et al., 2009;  Warmington, Tolan and McBennett 2000), and change towards a 

slower phenotype (Warmington, Tolan and McBennett 2000) whereas studies using diet induced 

obesity model have reported either no change (Ciapaite et al., 2015;  Eshima et al., 2017), or an 

increase in muscle mass (Ciapaite et al., 2015;  Tallis et al., 2017, Hurst et al., 2018) and no change in 

phenotype (Tallis et al., 2017) or a change towards faster muscle fibres (de Wilde et al., 2008;  

Seebacher et al., 2017;  Stuart et al., 2013). This difference in muscle mass could offer some 

explanation in the equivocal results between the studies. Dietary-induced obesity also offers closer 
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replication to in vivo studies and better transferability to human generalisation compared to genetic 

models of obesity.  

The current literature for studies using dietary-induced obesity models also offers some ambiguity, 

although the data is slightly more weighted towards a decrease in isometric stress, indicating that HFD 

consumption can potentially evoke a reduction in the force producing capacity of the contractile 

proteins. The results from the current literature also show that the effect of HFD on skeletal muscle is 

not uniform and is muscle specific. Ciapaite et al., (2015),  Eshima et al., (2017) and  Tallis et al., (2017) 

report a decrease in isometric stress in the EDL, soleus and diaphragm, however Shortreed et al., 

(2009) and  Thomas et al., (2014) have reported limited changes in the plantaris complex and triceps 

surae. Part of this uncertainty can be attributed to the variance in the fatness of the animals, gained 

through a range of HFD feeding duration. As there is no specific criteria to define obesity for rodents, 

studies have used a range of HFD feeding durations ranging from 3-33 weeks (Bott et al., 2017a;  

Thomas et al., 2014), although 3 weeks of a HFD does not elicit a change in contractility, it did elicit an 

increase in body mass and change fibre type composition, increasing percentage of type IIa fibres, 

decreasing percentage of type IIb fibres (Thomas et al., 2014) However, longer feeding durations (16 

weeks) have shown changes in contractility (Tallis et al., 2017). Evidence indicates that HFD initially 

causes an increase in percentage of slow type I fibres to increase oxidation levels (de Wilde et al., 

2008), this system then becomes overwhelmed and an increase in percentage type II begins (fibre type 

change is discussed in more detail in chapter 1.7.1). This change in mechanism over time stresses the 

importance of assessing the effect of HFD over a range of feeding durations as the mechanistic repose 

resulting in a change in muscle function are likely related to magnitude and duration of lipid 

accumulation. As well as feeding duration, it was also been reported that source of calories in the diet 

can also cause different effect on muscle function. Ciapaite et al., (2015), reported differences in the 

isolated muscle testing results following a high fat diet of palm oil compared to a HFD from lard. The 

results reported a greater reduction in the slow twitch tetanic peak force in HFP compared to HFL 

group.  
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Further discrepancies in the methodology from the literature include the testing temperature, studies 

in the area having used testing temperatures ranging from 20-37C (Testing temperatures displayed in 

table 2.5). Intrinsic properties of the muscle change with different temperatures, warmer 

temperatures lead to faster activation and relaxation times which elite greater peak forces (Bennett 

1984;  James 2013b;  James, Tallis and Angilletta 2015;  Rall and Woledge 1990b). In lean young mice, 

isometric twitches and power output all improve at temperatures which reflect a physiologically 

relevant range 35-40°C (James 2013). James (2015), reported how the peripheral soleus was less 

thermally sensitive compared to the diaphragm form the core of the body, this was due to the stable 

temperature of the core of compared with the peripheral, which in humans, can change by up to 15C 

as their environment warms or cools in extreme conditions (Ranatunga 1998). The mechanics behind 

these changes in muscle function with a increase in temperature include calcium handling and cross 

bridge kinetics (Colombini et al., 2008;  Hou, Johnson and Rall 1992), these mechanisms are also 

affected by obesity (Bruton et al., 2002;  Ciapaite et al., 2015). This could suggest that lower testing 

temperature may mask some of the effect’s HFD has on skeletal muscle. Previous works has used test 

as low as 20°C in work (Ciapaite et al., 2015), questioning the application of the results with respect to 

real work muscle function. There is currently no literature available assessing if testing temperatures 

effects the impact of HFD on muscle function. However, this will be covered in this thesis (study 2, 

chapter 5).  

As previously described, isometric tetanus force poorly replicates in vivo dynamic muscle power 

production. The work loop technique better replicates in vivo muscle action, however there is a dearth 

of research using this method assessing the effects of HFD. To date there is only 2 study which assess 

the impact of a HFD on muscle performance using the work loop technique in young rodents 

(Seebacher et al., 2017;  Tallis et al., 2017c). Seebacher et al., (2017), assessed the effects of 10 weeks 

of a HFD on zebra fish anterior dorsal muscle contractility as well as if the effects of 5 weeks of a HFD 

can be reversed through a dietary intervention for a further 5 weeks. Seebacher reported HFD induced 

decreases in locomotor performance, isometric stress, WL PO, and relaxation rates of the muscle.  
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These negative changes were not reversed by weight loss. However, the HFD induced increase in 

resting in metabolic rate and decreased maximal metabolic rate did return to similar rates to the lean 

group following a diet treatment period of 5 weeks. Although the changes were not reversed by 5 

weeks of weight loss, the results could be difficult to compare to those human or rodent work as 

muscles in the zebra fish are not weight bearing unlike rodents or humans. The added weight of the 

additional adipose tissue acts as a training stimulus for skeletal muscles and can improve absolute 

power (Maffiulti, 2013).  

Tallis et al., (2017), reported increased isometric force of the soleus in young female mice following 16 

weeks of a HFD. Isometric stress, absolute or normalised WL power were unaffected. The diaphragm 

and EDL saw reduced stress and normalised WL PO in the obese groups. All muscles had a reduced 

fatigue resistance following the HFD. These results demonstrate a muscle specific response to a HFD 

and a reduction in muscle quality. This supports human literature suggesting a training adaptation due 

to an increased body mass and may also suggest a decrease in muscle quality as bigger muscles with 

less power producing capabilities are being synthesised. The difference in results from different 

muscles suggests that HFD affects skeletal muscle differently depending on the anatomical location, 

function and phenotype (Tallis et al., 2017).   

Skeletal muscles which undergo repeated bouts of activity show a decline in performance over time 

(Allen, Lamb and Westerblad 2008). Sustained muscle use is needed in everyday life, making fatigue 

resistance an important characteristic. Fatigue resistance has been measured in vitro in obese isolated 

muscle using repeated tetani at both low and high stimulation frequencies (Thomas et al., 2014) and 

using repeated work loops (Seebacher et al., 2017;  Tallis et al., 2017c). Seebacher et al., (2017) and 

Thomas et al., (2014) reported no difference in time to fatigue between obese and lean groups, 

however Tallis et al., (2017) reported that the soleus from obese mice fatigued significantly quicker 

than their lean counterparts. Although Tallis et al., (2017) stated no change in time to fatigue in the  
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EDL or diaphragm, fatigue was reported as a percentage of change from maximal work, so 

theoretically, if all muscles were working at the same intensity, the obese muscles would fatigue much 

quicker as they would be functioning at a higher percentage of their maximal power (as they produced 

less peak power than lean controls) than their lean counterparts. Any change in fatigability found in 

isolated obese muscle would be magnified when relating to in vivo function as bodily inertia would 

increase due to additional mass (Tallis et al., 2017).  

To date, the effect of obesity or a HFD on eccentric muscle function has been completely overlooked 

in both humans (Maffiuletti, 2013), and in rodents, with the focus being on isometric or concentric 

contractions. The topic has been highlighted as a suggestion for future work by a recent review (Tallis 

et al., 2018). Eccentric muscle function is vital for activities of daily living (ADL) including stair descent 

and sitting (LaStrayo et al., 2003). Given that obesity is associated with large body masses demand on 

the muscles to produce greater eccentric forces for breaking and descending movements will be 

greater in an obese population compared to their lean counterparts.   

Eccentric muscle function cannot be explained through the same cross bridge mechanisms as 

concentric function due to the high forces and low energy cost involved (Herzog 2014). Residual force 

enhancement (RFE) refers to the higher isometric forces achieved by a muscle following lengthening 

compared to the same muscle without the pre isometric lengthening. Herzog (2018), suggested RFE 

was potentially caused by some form of spring action, this elastic potential involved was caused 

through titin, a giant structural protein spanning from the Z-line to the M-band in the sarcomere. The 

difference in contractile mechanism and the involvement of titin, suggest there could be a difference 

in the response to obesity or a high fat diet compared to the previously reported isometric or 

concentric action.  

To date, there has been a paucity of studies that assess the impact of a HFD on aged animals (Denies 

et al., 2014;  Hill et al., 2019). Sarcopenia refers to the age-related decline in muscle mass and strength 

(Cruz-Jentoft et al., 2010). The mechanisms behind this age-related decline are closely linked to those 
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affecting obesity (Hill et al., 2019). Impaired calcium handling, impaired cross bridge kinetics, a shift in 

fibre type, increased lipid accumulation and chronic inflammation as described in a (Tallis, James and 

Seebacher 2018). Hill et al., (2019), used 79-week-old animals which had received 9 weeks of a high 

fat diet (HFD started at weeks 70 of age), the study reported an increase in animal body mass and 

gonadal FPM, with no differences in contractility of the soleus or EDL, however, the normalised PO of 

the diaphragm was reduced. DeNies et al., (2014), used a 52-week HFD feeding program to assess the 

impact on fibre type composition of the soleus and plantaris muscles. The 52-week feeing program 

produced increased body mass and relative fatness. Although contractility was not measured, DeNies 

et al., (2014) did report that a shift towards a faster fibre type was present in the male, but not female 

mice suggesting a HFD may affect different sexes in an individual manner.  

There have only been 2 studies which have used isolated in vitro muscle experiments to assess if a 

dietary intervention method may improve muscle function following a HFD (Seebacher et al., 2017; 

Ayre and Hulbert., 1996). Ayre and Hulbert (1996), reported that a 6 week dietary intervention 

successfully reversed damaging changes in muscle function induced by a diet lacking in essential 

fatty acids. Seebacher et al., (2017), used Zebra fish to examine the effects of a 10 week high fat diet, 

and 5 week diet intervention using reduced calorie intake on muscle performance of the isolated 

anterior dorsaland muscle and metabolism rates. Obesity induced changes in metabolic scope, 

including an increase in resting metabolic rate and a reduction in maximal metabolic rate. These were 

reversed by diet change. The HFD also caused a decrease in muscle stress, work loop power output 

and contraction rates were not reversed by weight loss. Similarly, changes in myosin heavy chain 

(MCH) were also not reversed. Although the changes in muscle performance were not reversed, the 

short duration of 4-5 weeks of diet may not be a sufficient period of time to induce such changes. It 

would be possible that these changes may have been reversed through exercise, the current thesis 

plans to assess both diet intervention and exercise intervention to individually assess the effects of 

both in experimental chapter 4. Although zebra fish are commonly used in obesity models (Lieschke 

and Currie 2007;  Oka et al., 2010;  Seebacher et al., 2017;  Song and Cone 2007), the current thesis 

https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
https://jeb.biologists.org/content/221/13/jeb163840.long?utm_source=TrendMD&utm_medium=cpc&utm_campaign=J_Exp_Biol_TrendMD_0#ref-5
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uses rodents as the weight bearing muscles will allow for the training effect of increased body masses 

due to obesity to have an impact, it also allows of a better representation of what happens in vivo.  

This also allows for better comparisons to human results due to the use of mammalian muscle.  

1.7 Mechanisms of obesity on muscle performance   
  

Although the literature describes the effects of obesity on muscle contractility, there is currently a 

dearth of knowledge or explanation of the mechanisms which cause and effect these changes. The 

effects on contractility have a trend of being muscle and contractile specific (Tallis et al., 2017), it is 

likely that the mechanisms which affect these will follow the same trend. Although there is little 

evidence for direct links to the mechanism, any that have been suggested and will be reviewed in the 

following chapter.  

1.7.1 Fibre type shift  
  

Skeletal muscle is not simply one group of homogenous fibre types, but rather a varied combination 
of fibre types which each have unique mechanisms for ATP production, myosin heavy chain isoform, 
and motor neuron innervation. The two main muscle fibre types are type I (slow twitch) and type II 
(fast twitch), however type II fibres can be split further into type IIa, IIx and IIb. In humans, type IIb 
muscle fibres are not expressed in skeletal muscle at all, regardless of the gene encoding to express it 
being present (Schiaffino and Reggiani 2011). The main differences between the fibre types can be 
found in table 1.7 below.  

  Type I  Type IIa  Type IIx  Type IIb  
Contraction time  Slow  Moderately fast  Fast  Fastest  

Fatigue resistance  High   Fairly high  Intermediate   Low  

Mitochondrial 
density  

High   High   Medium   Low   

Capillary density  High   Intermediate   Low   Low   
Force production  Low   Medium   High   Very high  

Main activity used  
for  

Aerobic   Long  term  
anaerobic   

Short  term  
anaerobic   

Short  term  
anaerobic   

Table 1.7:  Differences between skeletal muscle fibre types (McArdle et al., 2010).  
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Skeletal muscles have the ability to remodel in response to a range of stimuli, including disease, use 

and disuse (Denies et al., 2014). This remodelling and transformation of fibre types can be determined 

by the muscle’s environment (Pette, 2006). For example it has been well documented that endurance 

training alters fibre type (FT) composition towards slower phenotype as this favours endurance 

activities (Ingjer 1979; Jansson, Sjödin and Tesch 1978). Human studies show as much as 45% of the 

muscles composition (Simoneau and Bouchard 1995) can be altered to ensure the specific needs of 

the muscle are met (in terms of anatomical location and function), with roughly 40% being down to 

genetics (Simoneau and Bouchard 1995). Pette and Staron (1997), proposed the nearest-neighbour 

theory for how muscle fibres transform which proposes fibre types shift to the next closest speed fibre 

type through a hybrid of the two. For example, a type I fibre would transform into type I/IIa fibre 

before transforming to a whole type IIa fibre.   

Muscle phenotype synthesis is dependent on myocyte enhanced factor-2 (MEF2). Activation of MEF2 

by Ca2+ signalling via calcineurin promotes the formation of slow twitch type I fibres, however histone 

deacetylases (HDAC) suppresses MEF2 and therefore the formation of type I fibres is reduced. As 

obesity levels increase, AMPK activation decreases, increasing the suppressive effects of HDAC, 

causing reduced MEF2 activation and therefore less type I fibres are synthesised, causing a shift 

towards faster fibre type composition. Previous literature has recognised this shift to faster muscle 

phenotype (Eshima et al., 2017;  Tanner et al., 2002;  Thomas et al., 2014). This shift in fibre type is 

not conclusive as previous literature has reported no change  or even a change from fast to slow FT 

(Kemp et al., 2009;  Tankersley et al., 1998;  Warmington, Tolan and McBennett 2000). The equivocal 

results may be due to participants examined, methodological discrepancies make direct comparisons 

between published work difficult. Eshima et al., (2017), reported mice which had received 4 weeks of 

a high fat diet endured no change in muscle fibre type, however mice which had received 12 weeks of 

a high fat diet did show a change to a faster phenotype. A similar shift from slow to fast fibre type 

composition can be seen following a relatively high sugar or high fat diet in the absence on obesity  
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(Hyatt et al., 2016). Contrary to this, studies using Ob/Ob mice (obese leptin knockout mice) have 

reported a shift towards slow twitch muscle fibres (Warmington, Tolan and McBennett 2000). The 

variation in these results could be due to the Ob/Ob mice being genetically obese as opposed to having 

dietary-induced obesity. As well as the discrepancies with fibre type shift, muscle mass and 

crosssectional area of the Ob/Ob mice show a decrease, whereas dietary-induced obese mice show an 

increase in muscle mass (Kemp et al., 2009).   

Interpretation from the research suggests that a change in fibre type may play a role in changes in 

contractile performance. It is unlikely that this would not be a mechanism causes an initial change as 

changes in muscular strength have been shown without a change in fibre type (Tallis et al.,, 2017). A 

change in fibre type does not fully explain the obesity-induced reduction in contractile performance, 

however a shift in fibre type could provoke more significant mechanical consequences after longer 

durations of feeding.  

1.7.2 Insulin  
  

For decades, there has been a clear link between obesity and type 2 diabetes due to the rate of insulin 

resistance reported in the obese population (Kahn and Flier 2000). Insulin is a pancreatic hormone 

which is used to control blood sugar levels, preventing both hyperglycaemia (blood sugar levels being 

too high) and hypoglycaemia (blood sugar level being too low). Obesity-related insulin resistance is 

characterised by decreased insulin stimulated glucose transport and metabolism in skeletal muscle 

(Reaven 1995).  

Obesity-related insulin resistance has been shown to negatively impact the function of mitochondria 

(Lowell and Shulman 2005;  Petersen et al., 2004;  Schrauwen-Hinderling et al., 2007). This may impact 

on the contractility of skeletal muscle as the mitochondria’s primary function is to produce ATP to 

provide the chemical energy for cross bridge kinetics. If this process is disrupted, muscle contractility 

and indeed locomotion as a whole, could be affected. Beyond this, mitochondria also plays a part in 
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calcium signalling within the muscle (Dirksen 2009) as up to 80% of ATP used in muscle contraction is 

used in Ca2+ reuptake by the SR during muscle relaxation (Allen, Lamb and Westerblad 2008).  

1.7.3 Calcium Handling  
  

Obesity can affect calcium handling by affecting sarco-(endo)plasmic reticulum ATPase (SERCA). The 

main function of SERCA is in the reuptake of calcium after muscle contraction, controlling muscle 

relaxation and preparing for the next contraction (Periasamy et al., 2017). Previous work has reported 

an increase in time taken for a muscle to relax following a single contraction in obese individuals (Tallis 

et al., 2017). Tallis et al., (2017) reported an increase in relaxation time in the slow twitch soleus and 

the diaphragm (mixed phenotype) but reported no such changes in the fast twitch EDL, a result that 

has been replicated by Eshima et al., (2017). Bayley et al., (2016), used leptin knock-out ob/ob mice to 

assess SERCA content in obese mice and reported a 67% reduction. As SERCA content is 5-7 fold higher 

in fast type II fibres (Lamboley et al., 2014), it is possible that the increased relaxation time is caused 

by reduced SERCA levels.   

Bruton et al., (2002), offers an alternative hypothesis as to why muscle relaxation is slower in obese 

individuals, the first being that fibres from obese individuals have higher Ca2+ sensitivity, therefore 

myofilaments can generate force at a lower Ca2+ level than their lean counterparts. It was also 

suggested that cross bridge detachments are slower in obese muscle fibres. Although plausible, both 

of these theories require further research.  

Troponin isoforms expression within skeletal muscle can influence calcium handling and contractile 

performance (Ogut, Granzier and Jin 1999;  Wei and Jin 2011). In skeletal muscle, troponin isoform 

tnnt1 (slow) and tnnt3 (fast) are coded by separate genes (Ciapaite et al., 2014). Ciapaite et al., (2014) 

reported a 5 week HFD resulted in no changes in tnnt isoform variation in the fast twitch EDL, however 

the slow twitch soleus had a 15% reduction in the fast tnnt3 isoform and a 31% increase in tnnt1 

isoform. To confirm the hypothesis that tnnt isoforms only change in slow twitch type I fibre types, 

the tnnt isoform composition was done measured on the diaphragm, and no changes were present.  
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1.7.4 Inflammation  
  
Increased intramuscular adipose tissue acts as chemoattractant to macrophages (Kewalramani, Bilan 

and Klip 2010). This in turn leads to an increase in levels of interleukin – 6 (IL-6) (Park, Park and Yu 

2005). An elevated level of proinflammatory cytokines such as IL-6 leads to chronic muscle 

inflammation, which has been shown to be directly involved in muscle protein breakdown (Erskine et 

al., 2016). The extent of which this protein breakdown leads to a decrease in muscle quality remains 

relatively unclear. Erskine et al., (2016), report a linear increase of IL-6 with adiposity and it was also 

reported that this increase of IL-6 had a negative effect on neuromuscular recruitment, reducing 

maximal voluntary contraction.  

During growth or repair in skeletal muscle, satellite cells are activated, proliferate, differentiate and 

form myofibers which then grow to replace the damaged muscle fibres (Akhmedov & Berdeaux, 2013). 

This process of myogenesis is important to elicit muscle hypertrophy, recover from damage and 

undertake the remodelling of contractile proteins that is a continuous process needed to maintain the 

contractile function of skeletal muscle. Complications with these processes cause inefficient muscle 

regeneration, which subsequently may affect overall muscle protein synthesis and muscle mass, thus 

impairing the force and power producing capacity of muscle.   

Previous work has used freeze injury or myotoxins to determine whether obesity affects the ability of 

rodent skeletal muscle to regenerate from injury. Hu et al., (2010) gave mice 8 months of a HFD and 

observed a reduced muscle mass in the tibialis anterior (TA) after a cardiotoxin injury. This reduction 

in muscle mass was associated with a decrease in the size of contractile fibres, alongside larger 

interstitial spaces and increased levels of collagen. The HFD caused insulin resistance which impairs 

muscle regeneration by stopping myofiber maturation. A similar reduction in muscle regeneration was 

shown after just 3 weeks of a HFD by (Woo et al., 2011). Young mice of 3-6 weeks of age were given 3 

weeks of a HFD. Following a freeze injury, the rodents showed impaired muscle regeneration as well 

as a decreased number of satellite cells. Granted, proliferation was not measured in the Woo et al., 
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(2011) study, the data suggests that proliferation of satellite cells was depressed due to increased 

levels of adiposity. The findings of Nguyen et al., (2010) are not consistent with these results. Nguyen 

et al., (2010) used a duration of 12 weeks of a HFD but reported no changes in the size of the myofibers 

of the EDL. Although collagen was not reported, histochemical sections shown large interstitial spaces, 

suggesting this section of the results is consistent with (Hu et al., 2010). The equivocal results may be 

down to the difference in muscles used for the studies, although both the TA and EDL are mainly 

composed of fast twitch type IIb/IIx fibres the TA has more oxidative type IIA fibres. Slow twitch muscle 

fibres contain more satellite cells per fibre therefore they are better equipped to facilitate 

regeneration.  

Sitnick et al., (2009), assessed the ability of skeletal muscle to grow in response to an increasing load, 

following a 14-week HFD. Following functional overload of the plantaris muscle, mice which had 

received a HFD displayed a 10% reduction in absolute muscle growth compared to lean counterparts, 

after 30 days, this further reduced to 16%. Sitnick et al., (2009) suggested a reduction in protein 

translation was the cause for the reduction in muscle hypertrophy. This data suggests chronic HFD 

consumption may impair the skeletal muscle ability for hypertrophy in response to increased 

mechanical loading  

  

1.7.5 Metabolic profile  
  

Skeletal muscle is the largest regulator of metabolism in the body (Tallis et al., 2017). De Wilde et al., 

(2008) proposed that an increase in lipid accumulation within skeletal muscle causes a two-stage 

response in both muscle phenotype and metabolic capacity. The first stage involves an increase in 

oxidative enzymes, increased mitochondria and slow twitch muscle fibre percentage, increasing 

overall oxidative capacity of the muscle. This is done in an attempt to reduce the increase in lipid 

accumulation. This process becomes overwhelmed and the second stage begins. This involves the 

opposite response to stage one; a reduction in oxidative enzymes, a reduction in size and quantity of 
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mitochondria and a shift towards fast twitch muscle fibres. The magnitude of the second stage is 

greater than the first resulting in an over shift towards a faster phenotype.  

AMP-activated protein kinase (APMK), is an enzyme which is activated by energy depletion, either 

through calorie restriction or by exercise (O'Neill et al.,, 2013). AMPK detects low levels of the high 

energy ATP and high levels of low energy AMPK to stimulation ATP production (Cantó et al., 2009). 

AMPK also regulates skeletal muscle glycolysis, fatty acid oxidation and the tricarboxylic acid cycle. 

Adiponectin also induces AMPK activity, increased adipose tissue within skeletal muscle has been 

shown to cause levels of adiponectin, and therefore, AMPK activation to decrease (Yamauchi et al.,, 

2002), with this effect greater in men than women (Arita et al., 1999). Obesity suppresses AMPK 

activity (Steinberg et al., 2006), as AMPK is important for energy sensing, this reduction results in 

reduced  ATP availability and therefore exacerbates exercise intolerance for obese individuals 

(LeeYoung et al., 2011).  

As well as increased adipose tissue within skeletal muscle, obesity also causes increased triglyceride 

content (Pagliassotti et al., 1995). Although the quantity of triglycerides is relatively small when 

compared to the amount of adipose tissue, it is nevertheless associated with a change in metabolic 

capacity of the muscle (Kelley et al., 1999), as well as insulin resistance (Simoneau et al.,, 1995).  

1.8 Gaps in the literature  
  

The following experimental chapters will aim to explore the current gaps in the literature:  

  

 There has been ambiguity in previous literature assessing the impact of short durations of a 

HFD consumption on skeletal muscle contractility (Table 2.5). This may be due to the different 

levels of adiposity caused by the relative durations of HFD provision and dietary composition. 

Experimental chapter one aims to assess a range of durations of feeding to evaluate how short 

to intermediate durations of a high-fat diet (2-12 weeks) affect contractility compared to 

agematched control animals.  
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 Similarly, previous literature has performed testing of skeletal muscles in vitro using test 

temperatures which range from 20-37⁰C. As temperature has substantial effects on   

contractility, experimental chapter two aims to assess whether a range of temperatures, from 

hypothermic temperatures through to the physiologically relevant 37⁰C, affects the impact of 

a HFD on muscle performance  

 James et al., (2015) reported that the soleus was less thermally sensitive than the diaphragm 

in young lean mice. The local temperature of the core is subject to less temperature 

fluctuation than the soleus at the periphery of the body. As HFD increases body mass and 

therefore heat production as well as increased levels of insulation through additional adipose 

tissue accumulation. Does the local temperature of the peripheral muscle from an obese 

individual become more thermally sensitive than those from lean animals? Experimental 

chapter 2 will assess the difference in thermosensitivity between obese and lean groups.  

 Currently, all previous data assessing the effect of a HFD on muscle function has been on 

isometric or concentric function. There is currently no data assessing the impact of HFD on 

eccentric muscle function using an isolated muscle model, where such muscular actions are 

vital for everyday locomotor function. Moreover, emerging evidence has demonstrated that 

exercises utilising eccentric muscular activities are recommended for exercise prescription in 

obese populations. Experimental chapter 3 uniquely compared isolated muscles of differing 

phenotypes in vitro using repetitive cyclical eccentric activity.  

 The review of the literature has indicated that both HFD and ageing effects on skeletal muscle 

may share mechanistic similarities.  Changes in calcium handling, fibre type composition and 

protein synthesis (as described in chapter 1.7), have been documented to change in response 

to both increasing age and HFD consumption. There is currently a dearth of evidence that 

examines if HFD exacerbates the ageing response. Recent evidence has shown no effect of an 

acute (9-weeks) provision of a HFD on locomotor muscle force and work loop power in 

79week-old animals, whilst diaphragm power output was negatively affected. Additionally, 
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DeNies et al., (2014) reported that 52 weeks of a HFD produced an increased body mass and 

relative fatness although contractility was not measured. Therefore, experimental chapter 

four will be the first to assess whether prolonged provision (52 weeks) of a HFD exacerbates 

the age-related decline in skeletal muscle contractile function compared to an age-matched 

control group.  

 To date, only one study has examined the reversibility of dietary-induced obesity in relation 

to isolated muscle mechanics, where Seebacher et al., (2018) used resistance-based swimming 

in obese zebrafish.  In addition to exercise, calorie restriction has been shown to promote 

favourable changes in body composition and the association between calorie restriction and 

longevity of life has gained traction. However, no study to date has directly compared the 

efficacy of both treatments on morphology and isolated muscle function in rodents. 

Therefore, experimental chapter 4 will also be the first to concomitantly examine whether 10 

weeks of voluntary wheel running or a 10 week calorie-restricted dietary intervention has the 

greatest impact on animal morphology and isolated muscle function in old obese mice.  
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2 Aims and hypothesis  

Study 1 (chapter 4) - INVESTIGATING A DOSE RESPONSE RELATIONSHIP BETWEEN HIGH FAT DIET  

CONSUMPTION AND THE CONTRACTILE PERFORMANCE OF ISOLATED MOUSE SOLEUS, EDL AND 

DIAPHRAGM MUSCLES.  

The study aimed to answer the following questions:  

1. Are the changes in stress, force, normalised PO and fatigue, which are present following 16 

weeks of a HFD (Tallis et al.,, 2017), caused by lower duration of a high fat diet, from either 2,  

4, 8 or 12 weeks, and is this alteration linear?  

2. Are any changes in absolute force or power linked to increased body masses?  

3. Is the diet induced changes in muscle function linear with the duration of feeding, or is there 

some form of threshold?  

4. How does the shape of the PO-CF curves change with increasing diet duration? A prolonged 

HFD diet has been shown to cause a shift to a fast fibre type, so optimal CF for maximal PO 

may shift.  

5. Will the diaphragm be affected in the same way as posturally loaded soleus or the weight 

baring EDL?  

Hypotheses:  

1. The shortest duration of feeding will produce changes in body mass, as seen from 3 weeks of 

a HFD in Thomas et al., (2014), but this may be too short to elicit any changes contractility.  

  
2. It is expected that with an increase in dietary duration, there is a reciprocal increase in body 

mass and indices of fat accumulation. It is expected that there shall be an increase in absolute 

force and power in line with diet, but a decline in muscle quality.  
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3. The increase in morphological measures including body mass, gonadal fat pad mass and 

circumference will increase linearly with the increase in duration of HFD  

4. The quality of the diaphragm might decline linearly with increasing diet duration, but the 

posturally loaded soleus might show no effect or an increase in absolute force and power   

5. As changes in fibre type composition have been reported in short duration of a HFD, it could 

be predicted that a change in optimal PO  

Study 2 (Chapter 5) - THE EFFECTS OF TEMPERATURE AND HIGH FAT DIET TREATMENTS ON THE 

CONTRACTILE PERFORMANCE OF CORE AND PERIPHERAL SKELETAL MUSCLES IN ADULT MICE.  

The study aimed to answer the following questions:  

1. Does temperature effect skeletal muscle from obese individuals in the same manner that it 

affects muscles from lean individuals? (faster activation/relaxation times, greater force and 

power)   

2. To what extent does test temperature affect the activation/relaxation speed, force and PO of 

a thermally sensitive core muscle (diaphragm), and a less thermally sensitive peripheral 

muscle (soleus)?  

3. As previous studies assessing the effects of a HFD on contractility have been performed at 

temperatures below 37⁰C, an aim of this study was to test if the differences in contractility 

seen at 37⁰C in Tallis et al., (2017) and Hurst et al., (2018) are present at lower temperatures 

of 20 and 28⁰C as these testing temperatures have been used in the literature.  

Hypotheses:  

1. Core muscles (diaphragm) will be affected at a greater magnitude than peripheral muscles 

(soleus) in response to changes in temperature due to the temperature stability of their local 

environment in vivo, as seen in James et al., (2015).  
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2. Muscles from the obese animals would have greater thermosensitivity (having a greater 

reduction in contractile performance at lower temperatures) than lean animals because of the 

multiple effects of HFD on thermoregulation including greater heat production through a 

larger body mass and added insulation from adipose tissue.  

3. Muscles from the HFD group will be affected by the temperature at a greater magnitude than 

their lean counterparts  

4. At a test temperature of 37⁰C, it has been shown that a HFD will result in increases in soleus 

force and WL PO and a cause a reduction in EDL stress and normalised power compared to 

lean control animals. Although changes in temperature will alter contractility, it is 

hypothesised that the magnitude of difference between HFD and lean groups will remain 

unaltered at different test temperatures  

Study 3 (Chapter 6) - THE EFFECT OF A HIGH FAT DIET ON THE CONCENTRIC AND ECCENTRIC 

CONTRACTILE PROPERTIES OF ISOLATED MOUSE SOLEUS AND EXTENSOR DIGITORUM LONGUS 

MUSCLES.  

The study aimed to answer the following questions:  

1. What is the effect of a HFD on eccentric PO, eccentric fatigue and recovery following eccentric 

fatigue on the predominantly slow-twitch soleus and the predominantly fast-twitch EDL 

isolated from young female mice?  How do these results compare to different exercise 

modalities (concentric function)?  

2. Does a HFD affect the eccentric PO normalised to muscle mass in locomotory muscles?  

Causing a reduction in muscle quality  

3. Are concentric and eccentric muscle function affected by a HFD in the same way e.g. if 

normalised concentric PO is reduced in a muscle, will normalised eccentric PO also be 

reduced?  
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4. Is the effect on eccentric function muscle specific? Is the impact of a HFD the same in the 

soleus as it is in the EDL?  

5. Is there a difference in the time-course of fatigue during repeated concentric and eccentric 

work loops?  

6. Does a HFD alter the ability for either the soleus or EDL to recover following the eccentric 

fatigue protocol?  

Hypotheses:  

1. Like concentric function, eccentric function will be negatively affected when normalised to 

muscle mass (normalised PO or stress) following a HFD,  

2. Absolute concentric function (force and PO) may improve due to the training effect of larger 

body masses, however the effect on eccentric function may not have the same effect bearing 

in mind the opportunity for eccentric locomotion is severely limited in caged environments, 

so eccentrically loaded muscles are more unlikely than concentrically loaded muscles  

3. The magnitude off effect will differ between the two contractile methods, with concentric 

function being more affected.  

4. Like the effect of a HFD on concentric function, the effect on eccentric function will be muscle 

and contractile specific.  

5. The soleus will not fatigue to the same magnitude as the following the eccentric fatigue 

protocol compared to concentric fatigue, replicating eccentric fatigue data from an aged 

population (Hill et al.,, 2018).  

Study 4 (Chapter 7) - THE EFFECT OF 10 WEEKS OF CALORIE RESTRICTION OR VOLUNTARY WHEEL 

RUNNING ON THE CONTRACTILE PERFORMANCE OF ISOLATED EDL, DIAPHRAGM AND SOLEUS 

MUSCLE OF 74-WEEK-OLD OBESE FEMALE MICE.  

The study aimed to answer the following questions:  
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1. What is the impact of a prolonged (52 weeks) HFD on animal and muscle morphology, and 

contractility of isolated soleus, EDL and diaphragm of CD-1 strain female mice 74 weeks of 

age?  

2. Does chronic consumption of a HFD result in a similar change in animal and muscle 

morphology and function as with shorter duration diets in study 1?  

3. Does a 52-week long duration of a HFD consumption exacerbate the age-related decline in 

muscle function?   

4. Do the synergistic effects of old age and long periods of a HFD impact the cycle frequencies 

which elicited the optimal PO?   

5. If diet induced changes in muscle performance are present, can they be altered through a 

10week calorie restrictive diet or voluntary running wheel? If so, which methods provide the 

most benefits to contractile function of animal morphology?  

Hypotheses:  

1. Similar to work by Hill et al., (2018), the aged mice will not be able to produce the same 

amount of power or sustain power as well over a period of time as their younger counterparts 

due to the age-related decline in contractility.   

2. Although aging will have an effect on contractility, 52 weeks of a HFD will still have an effect 

on animal morphology, with an increase in body mass and fat pad mass.  

3. 10 weeks of diet manipulation will improve whole animal morphology to a greater magnitude 

than the exercise intervention but have limited effects on muscle contractility. Although by 

reducing body mass, the force/body mass ratio may improve.  

4. 10 weeks of self-paced voluntary wheel running will improve both whole animal morphology 

and muscle performance compared to the group which remain obese. The additional body 



 

68  
  

mass gained through the 52 weeks of a HFD will act as a training stimulus when exercising, 

allowing for gains in absolute force and power to be made.  

5. Fatigue resistance from the exercise group should surpass all other groups due to the in vivo 

training the rodents endured in the form of running.  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
3 General methods  

3.1 Animals   

Throughout the duration of the present thesis and following approval from the Coventry University 

ethics committee, white female CD1 mice (Charles River, UK; Harlan Laboratories, UK) were purchased 

and housed in the Coventry University animal unit. The animals were kept in a 12:12 hour light/dark 
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cycle at 50% humidity. Animals were kept in cages containing 7-10 age-matched mice, unless the 

treatment required the animals to be single caged. All were given water and standard lab chow ad 

libitum. Mice that were in specific high fat diet groups also received husked sunflower seeds in addition 

to the standard lab chow ad libitum. Although all mice in a HFD group received the same source of 

additional fat, the amount eaten per animal could not be recorded given the large sample sizes. It was 

not possible to individually cage animals (this is also not recommended by the home office) and as 

such animals had to be caged in groups. Therefore, it was not possible to measure diet consumption 

or activity level for each individual. Behavioural differences between mice could result in differences 

in the amount of food consumed and therefore changes in body mass and fat pad mass. The duration 

of feeding the sunflower seeds depended on the experimental group which the mice were in. A specific 

feeding plan along with treatment groups can be found in the individual chapters.  

The nutritional value of both the lab chow and the sunflower seeds is provided in table 3.1. Throughout 

the thesis, the terminology used when referring to animals is the effect of “a HFD” and when referring 

to human studies is the effect of “obesity”. This is due to the lack of a well-recognised obesity 

classification system for mice.  

  

  

  

  
Table 3.1: Nutritional value for standard lab chow and high fat forage diet used in all studies 
throughout the thesis  

  SDS RM-1 Maintenance  Advanced  Protocol  PicoLab  
Natural Sunflower Seeds  

Calories provided by:  

Protein (%)  

  

17.49  

  

17.95  

Fat (%)  7.42  63.66  
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Carbohydrates (%)  75.09  18.39  

Gross energy (Kcal.g)  3.52  5.24  

Digestible energy (Kcal.g)  2.57  3.80  

Fatty acids content: Saturated 
(%)  

  

0.51  

  

2.61  

Monounsaturated (%)  0.88  5.36  
  

A qualified vet regularly checked the animals’ health and removed animals that were in clear physical 

discomfort were unable to walk or had large visible growths. Mice were kept in cages without running 

wheels unless stated. Mice in certain experimental groups for study 4 of the thesis were moved to 

individual cages with running wheels, the wheels had an electronic sensor to monitor activity levels 

and gave a total number of rotations which was recorded weekly. Distance ran was calculated using 

the number of rotations and the wheel circumference. Control groups in any study involving running 

wheels were also moved to individual cages.   

Once an experimental group was of age, animals were weighed and sacrificed via cervical dislocation 

in accordance with British Home Office Animals (Scientific Procedures) Act 1986, Schedule 1. Either 

the rig cage or rear legs of the animal were removed and placed in chilled (~5DEG C), oxygenated (95% 

O2; 5% CO2) Krebs-Henseleit solution of chemical composition: [mM] NaCl 118; KCl 4.75; MgSO4 1.18;  

NaHCO3 24.8; KH2PO4 1.18; glucose 10; CaCl2 2.54; pH 7.55 at room temperature (James et al., 2005).  

The target muscle was then removed from one of the legs or the diaphragm rib cage and dissected 

under a microscope.   

3.2 Dissections and preparation  

The limb containing the target muscle (EDL or soleus) or the rib cage containing the whole, intact 

diaphragm (n=8 per experimental group) were isolated and pinned out on an agar dish containing 

frequently changed; chilled, oxygenated (95% O2, 5% CO2) Krebs-Henseleit solution; dissections were 
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performed at room temperature (24°C). Once the muscle had been isolated, aluminium foil T-clips 

were used to wrap around the tendons to ensure they could be held by the crocodile clips in the rig 

with minimal slippage. A small piece of bone was left at the proximal end of the muscle to secure the 

muscle in the rig. Two ribs were left intact for the diaphragm to allow for anchoring in the muscle rig, 

with the costal tendon of the diaphragm wrapped in a t-foil clip. If the muscle tore away from the bone 

it was possible on some occasions to use an aluminium clip at the proximal end of the soleus and EDL 

as well, as long as there was no clear visible damage.  

3.3 Experimental set up  

  

The rig used for the experimental testing was custom built (see figure 3.3), it allowed for changes in 

both muscle length and the stimulation parameters. The rig also allows for the isometric force to be 

measured, as well as dynamic muscle contraction presented as work loops. As previously stated, the 

muscle is held in the rig by a foil T clip attached to crocodile clips, and a piece of bone left on the 

muscle being placed in crocodile clips attached to a 25g or 55g force transducer (UF1, Pioden Controls 

Ltd, UK) and a motor (V201, Ling Dynamic Systems, UK). The size of the force transducer depended on 

the size of the animal and muscle, for example, an EDL from a larger mouse would produce high forces, 

and therefore require the 55g force transducer, however, the soleus from a smaller mouse would 

produce much lower force and therefore require the 25g force transducer. The position of the motor 

arm was detected via a Linear Variable Displacement Transformer (DFG5.0, Solartron Metrology, UK).  

The motor arm was used to change the length of the muscle once inside the bath. The bath containing 

the muscle had a constant flow of oxygenated Krebs-Henseleit solution heated to and maintained at 

a physiologically relevant 37°C ± 0.2°C (except in the case of experimental chapter 2, the 

thermosensitivity study), which was pumped into the bath by peristaltic pumps. The Krebs-Henseleit 

solution was pumped from a 500ml reserve placed inside a heated bath (Grant LTD6G, Grant 

Instruments Ltd, UK) to ensure the correct solution temperature was maintained. A digital 
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thermometer (Checktemp C, Harvard Apparatus, UK) was placed inside the bath to confirm the 

temperature was in the selected range.   

The muscle stimulation was provided via parallel electrodes which were submerged in the 

KrebsHenseleit solution in the bath, with the voltage and amplitude of this stimulation controlled by 

a tabletop power source (PL320, Thurlby Thandar Instruments, Huntingdon UK)   

Once the muscle had been given an electrical stimulation, the force transducer would provide a signal 

through the rig box to an oscilloscope, showing a visual trace for both force and length Force which 

were both sampled at a rate of 10 kHz. A custom version of Testpoint software (Testpoint, CEC,  

Massachusetts, USA) would also receive this information via the data acquisition board (KPCI3108, 

Keithley Instruments, Ohio, US.  
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Figure 3.3 -A diagram of the experimental set up  
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3.4 Calibration procedure  

3.4.1 Force calibration  
  

A weekly calibration of the force transducer was implemented to ensure the correct values for force 

were given. This was achieved by hanging known weights from the force transducer and plotting the 

data of the electrical signal from the oscilloscope (as in figure 3.4). Determining the slope and intercept 

of this data allowed the calculation of the calibration (in mN/V) of the force transducer.  

 

  

Figure 3.4 Calibration of the force transducer; y = force production (dependant variable); x = voltage 
recorded on the oscilloscope (independent variable)  

  

3.5 Experimental testing  

Once the muscle was successfully clamped in the rig, there was a 10 minute equilibration period. Once 

equilibrated to the buffer and temperature, the physical length of the muscle and stimulation 

amplitude varied to attain optimal length and therefore maximal twitch force. Following the twitch 

response, stimulation period and stimulation frequency were altered to produce maximal tetanus 

force. A 5 minute recovery period was imposed between each stimulation to ensure muscle sufficient 

recovery. As well as maximal force being recorded during the tetanic tests, the force trace on the 

oscilloscope was used to measure activation time (time to half-peak tetanus; THPT) and relaxation 
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time (time from last stimulus to half tetanus relaxation; LSHR). Each muscle used a modified 

combination of the parameters in table 5 to allow maximal tetanic response.  

  Stimulation voltage(V)  Stimulation  

(ms)  

period  Stimulation 
frequency (Hz)  

Soleus  12 - 16  320   120 – 140  

EDL  14 - 18  200   200 – 220  

Diaphragm  10 - 16  250   120 - 140  

Table 3.2: Stimulation parameters for twitch and tetanus contractions.  

The muscle length used for the optimal isometric tests was measured by an eyepiece graticule fitted 

to a microscope and was defined as L0. Mean muscle fibre length was calculated as 85% and 75% of L0 

for soleus and EDL muscle respectively (James, Altringham and Goldspink 1995). Due to the variances 

in each diaphragm dissection, no such estimation of muscle fibre length exists; therefore, the exact 

length reading obtained from the graticule was used (Tallis et al., 2012).  

Post isometric optimisation and a 5 minute rest, the work loop technique was used. This technique 

assesses the ability of the muscle to produce power whilst undergoing cyclical length changes (James 

et al., 1996;  James et al., 2005;  Josephson 1985). During the work loop technique, the optimal 

parameters gained through tetanic force were active. A motor arm allows the muscle to undergo 4 

sinusoidal length changes at a symmetrical strain on 0.10, lengthening the muscle from its original L0 

length by 5% and then shortening the muscle to 5% less than L0, before returning to L0. During this 

work, a range of cycle frequencies were used alongside phase and burst duration to attain maximal 

work loop power at a given cycle frequency. Using a range of cycle frequencies for each muscle allows 

for cycle frequency power output (PO CF) curves to be produced. Whilst PO CF curves have been 

produced for the soleus EDL and diaphragm in previous literature (Altringham and Young 1991;  Hill et 

al., 2019;  James et al., 2011), to date, there has been no work producing PO CF in a young obese 

model. This could offer valuable insight into a potential shift in the optimal CF which produces the 
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greater power and also offer some evidence for potential mechanistic changes. Between each work 

loop, a 5 minute rest period was used to ensure sufficient recovery (Tallis et al., 2012). The impact of 

each of these parameters is discussed below.  

Cycle frequency - During work loops, the rate at which the muscle undergoes length change is 

dependent upon the cycle frequency. Due to the differences in physiological make up, the different 

muscles used (soleus, EDL and diaphragm) produce maximal power at different cycle frequencies. The 

force/velocity curve explains the relationship between cycle frequency and power output. At the lower 

cycle frequencies, the muscle contracts slower, allowing more cross bridge formations to take place, 

therefore producing greater net work. However due to the slower contractions, the power output is 

less. The opposite is true with the higher cycle frequencies. The faster muscle contractions allows for 

less cross bridge formations to form, reducing power output.  

Strain - Strain is responsible for the magnitude of length change of the muscle from L0 during the 

contractions. The length change is determined by the value put into the Testpoint software and carried 

out through the motor arm. Skeletal muscle initially passively lengthens from L0 to maximal length, 

followed by an electrical stimulation prior to the muscle reaching it’s maximal length (see ‘phase’). An 

electrical stimulation then causes the muscle to contract and therefore shorten to its’ shortest length, 

before passively re-lengthening back to L0. To ensure maximal force is being produced, the muscle 

needs to make maximum cross bridge formations; an incorrect strain value could cause the muscle to 

under or overstretch. This would result in a lower amount of force being generated. The larger the 

value input for stain, the larger the length change. For example, a strain of 0.10, or 10% total length 

change, caused the muscle L0 length to increase by 5% and then shorten by 10% (5% short than L0) and 

then re-lengthen by 5% back to its original length.  Similarly, a strain of 0.15 would result in a total 

length change of 15%.  The strain was changed for each muscle in a response to the shape of the work 

loop in an attempt to achieve maximal work for each cycle frequency for each muscle.  
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Burst duration - Burst duration refers to the number of stimuli that the muscle receives during the 

work loop in the form of electric stimulation. As with strain, burst duration has an initial value which 

is used but was altered for each cycle frequency in relation to the shape of the work loop to ensure 

maximal power output if required. It’s in this period of electrical stimulation, at which calcium is 

released from the sarcoplasmic reticulum, which in turn causes cross bridge bonds to occur. If the 

burst duration is too short, then maximal power output cannot be achieved as the lack of Ca2+ release 

results in less cross bridge formations. If the burst duration is too long, then the muscle will still be 

activated during muscle re-lengthening, causing increased eccentric work and lower power output.  

Phase – Phase was altered to ensure the muscle was maximally stimulated during shortening. A 

negative value was used (-10ms for soleus, -5ms for diaphragm and -2ms for EDL). The value of -10ms 

used for the soleus meant that 10ms prior to maximal muscle length during muscle lengthening, the 

muscle was stimulated. This meant that 55ms (based on a burst duration of 65) of stimulation occurred 

during shortening.  

3.5.2 Fatigue and Recovery Protocol  
  

Following the final work loop, each muscle was rested for 10 minutes to allow for the muscle to fully 

recover before the fatigue protocol began. The fatigue protocol was performed in experimental 

chapters 1,3 and 4. Each muscle was subjected to 50 consecutive work loops, this was performed at a 

set cycle frequency for each muscle to elite maximal force (at 5Hz, 7Hz and 10Hz cycle frequency for 

soleus, diaphragm and EDL respectively) to assess fatigue resistance. Net work was analysed for every 

second work loop until the muscle began to produce negative work (Or until work loop 50 if the muscle 

was still able to produce force. This protocol has been used previously to assess fatigabilty in isolated 

skeletal muscle (Hill et al., 2017;  Hill et al., 2019;  Tallis et al., 2014;  Tallis et al., 2017c)  

Each muscle underwent a 30-minute recovery period with 4 work loops being performed at each of 

10, 20 and 30 minutes. These were used to measure the ability of the muscle to recover following  

fatigue (Tallis et al., 2014;  Tallis et al., 2017c).   
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The total time for each experiment depended on the muscle used and which experimental chapter it 

was from, ranging from 2-4 hours.  

3.6 Muscle mass measurements  

Once the experiment had ended, and remaining tendon, bone or aluminium clips were removed from 

the muscle. Any excess fluid remaining on the muscle was removed using tissue paper. The muscle 

was then weighed to attain wet muscle mass to the nearest 0.0001g (Mettler-Toledo B204-S, Zurich, 

Switzerland). Muscle cross-sectional areas were then calculated from the wet muscle mass, fiber 

length and an assumed muscle density of 1060 kg.m-3 (Mendez and Keys 1960). Isometric stress was 

calculated as force divided by the mean muscle cross-sectional area. Muscle power output was 

normalised to muscle mass to express power as W.kg-1  

3.7 Correction of results  

During each experiment, activation of the muscle using a pre-determined control cycle frequency was 

used to measure the rate of decline of net work over time (5Hz, 10Hz and 7Hz for the soleus, EDL and 

diaphragm respectively). This decline was caused by the build-up of an anoxic core (Barclay 2005). 

With each muscle this control cycle frequency was used after every 3 cycle frequencies. The control 

cycle frequency with the highest net work was classed as 100% and each of the other cycle frequencies 

was corrected relative to the maximal obtained net work. For example, if after 3 sets of work loops 

the control cycle frequency power output had declined by 8% then the power output of the 3 work 

loops which had been done previous to the second control would need to be increased by 2%, 4% & 

and 6% respectively. (Tallis et al., 2012) has shown a decrease in power output whilst using the work 

loop technique by 13.8% in the EDL and 15.4% in the diaphragm.  
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3.8 Statistical analysis  

A detailed statistical analysis section is available in each experimental chapter of the thesis through a 

general statistical approach to the thesis is provided below.  

Excel (Microsoft, Washington, USA) was used to calculate the mean, standard deviation and standard 

error of the mean (S.E.M.) for all recorded measures. These values include all of the body composition 

measurements both before and after sacrifice of the animal (body mass, length, circumference, fat 

pad mass, muscle mass and BMI) as well as nutritional intake (lab chow, sunflower seeds, water), and 

values from the oscilloscope (THPT, LSHR, twitch force, tetanic force, specific tetanic stress, absolute 

PO, corrected PO, fatigue, and recovery). The level of significance used in this thesis was P<0.05 

throughout.  
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4 Chapter 1 – Investigating A Dose Response Relationship Between High Fat Diet Consumption and  
The Contractile Performance of Isolated Mouse Soleus, EDL and Diaphragm Muscles  
  

Abstract  
  

Introduction: Recent evidence has demonstrated HFD induced, skeletal muscle specific, reduction in 

contractile performance. The extent and magnitude of these changes in relation to total dose high fat 

diet consumption remains unclear. This study examined the dose response relationship between a 

high fat diet and isolated skeletal muscle contractility.    

Methods: 120 female CD1 mice were randomly assigned to a normal weight control group or groups 

receiving 2, 4, 8 or 12-weeks of a high calorie diet (N=24). At 20 weeks soleus, EDL or diaphragm muscle 

was isolated (n=8 each case) and isometric force, work loop power output and fatigue resistance were 

measured.  

Results: When analysed with respect to feeding duration, there was no effect of diet on the measured 

parameters prior to 8 weeks of feeding. Compared to controls, 8-weeks feeding caused a reduction in 

normalised power of the soleus (P=0.03). 8 and 12 weeks feeding caused reduced normalised 

isometric force, power and fatigue resistance of the EDL (P=0.03). Diaphragm from the 12-week group 

produced lower normalised power (P=0.01), whereas 8 and 12-week groups produced significantly 

lower normalised isometric force compared to controls (P=0.04). Correlation statistics indicated that 

body fat accumulation and decline in contractility are specific to the animal and independent of the 

feeding duration.   

Conclusion: The data indicated that a high fat diet causes a decline in muscle quality with specific 

contractile parameters being affected in each muscle. We also uniquely demonstrated that the 

amount of fat gain, irrespective of feeding duration, may be the main factor in reducing contractile 

performance  
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4.1 Introduction  
Recent data has indicated that 1.4 billion adults (approximately 19% of the world’s population) over 

the age of 18 are either overweight or obese (WHO 2017), which is disproportionally higher in adults 

residing in westernised nations (WOF 2017). The increased prevalence of obesity has been closely 

linked with an increase in diabetes, cardiovascular disease, cancer and other potentially 

lifethreatening illnesses and diseases (Kopelman 2007). Furthermore, there is an emerging body of 

evidence suggesting that obesity significantly affects the contractile performance of skeletal muscle  

(Ciapaite et al., 2015;  Tallis et al., 2017c;  Tomlinson et al., 2016;  Tuttle, Sinacore and Mueller 2012). 

Given that skeletal muscle is the primary site of substrate metabolism in the body (Zurlo et al., 1990), 

and that contractile function is needed to fulfill activities of daily living and increase calorie 

expenditure, it has been proposed that the effects of obesity on skeletal muscle may be a catalyst for 

obesity related disease (Tallis et al., 2014).  

Human in vivo studies that have examined the effects of HFD on muscle performance have 

demonstrated an improvement in the absolute force producing capacity of postural and locomotor 

muscles (Abdelmoula et al., 2012;  Maffiuletti et al., 2007;  Szymura et al., 2011b), but little effect on 

the contractile performance of other muscles (Capodaglio et al., 2009;  Hulens et al., 2001). The 

improved performance in postural and locomotor muscles has been proposed to relate to a positive 

training adaptation induced by the elevated body mass of obese individuals. When contractile function 

is reported as a function of body mass, in humans, muscle function is significantly reduced in obese 

individuals in both sexes and across a range of ages (Aucouturier et al., 2007;  Miyatake et al., 2000;  

Rolland et al., 2004;  Szymura et al., 2011b;  Ward et al., 1997).   

Although in vivo work has offered a valuable insight into the effects of HFD on skeletal muscle function, 

a more comprehensive understanding can be gained by also undertaking studies using isolated skeletal 

muscle. It has been suggested that human studies do not make accurate assessments of HFD 

associated changes in muscle quality (muscle performance normalised to size [Tallis et al., 2017]).  
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Understanding HFD induced changes in muscle quality is important, as producing the highest 

contractile performance per quantity of tissue reduces the muscle mass required, hence lowering body 

mass, and decreases the cost of maintaining that muscle mass (Tallis et al., 2017). It is common for in 

vivo research to report absolute changes in contractile performance, or that normalised to body mass 

(Abdelmoula et al., 2012;  Miyatake et al., 2000;  Paolillo et al., 2012;  Ward et al., 1997) which provide 

little insight into HFD induced changes in muscle quality. Only a very small number of in vivo studies 

have used techniques such as magnetic resonance imaging (MRI) or computed tomography (CT) scans 

in an attempt to assess muscle quality (Blimkie et al., 1989), however, these only provide estimates of 

muscle size which has led to ambiguity with respect to the effect of HFD on the intrinsic force 

producing capacity of the contractile proteins. Whilst accurate assessments of cross sectional area can 

be made, it is better to normalise power to mass, given that power is a product of both force and 

length so normalising force to CSA alone may be misleading.  

Isolated skeletal muscle studies allow for a more accurate assessment of muscle quality as the whole 

muscle mass can be determined, and the performance of one particular muscle is measured. 

Furthermore, an isolated skeletal muscle approach allows assessment of the fibre type and muscle 

specific effect of HFD on contractile performance without the confounding effects of the central 

nervous system, including central inhibition. Previous work has stated that the effect of HFD on 

skeletal muscle fatigue cannot be accurately measured in vivo as the muscle of the obese individual 

will be working at a greater intensity to overcome the increased body inertia (Tallis et al., 2017c). As 

such, it has been proposed that assessment of the fatigue resistance of isolated skeletal muscle allows 

a true examination of the effects of HFD on skeletal muscle performance.   

To date, only a small number of studies have assessed the effect of HFD on isolated skeletal muscle 

contractility with the majority of these studies using rodents (Bott et al., 2017b;  Ciapaite et al., 2015;  

Eshima et al., 2017). The findings of these studies demonstrate that the effect of HFD is muscle and 

contractile parameter specific. There is evidence to suggest that the absolute force and power 
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producing capacity of skeletal muscle is either increased or maintained, whereas there is an HFD 

induced reduction in muscle quality, meaning that HFD may result in a reduction in the intrinsic force 

producing capacity of the contractile proteins (Tallis et al., 2017c). Tallis et al., (2017) suggested that 

the differences in findings between studies assessing the effects of obesity on skeletal muscle 

performance, are likely related to methodological approach (i.e. mechanical assessment method and 

differences in the temperature at which the experiments were performed), or feeding duration, with 

previous work administering HFD for durations between 3 and 16 weeks (Ciapaite et al., 2015;  Tallis 

et al., 2017c;  Thomas et al., 2014). Although this has not been thoroughly investigated, several 

proposed mechanisms, such as a reduction in protein synthesis (Akhmedov and Berdeaux 2013;  

Anderson et al., 2008), changes in the expression of proteins involved with calcium handling (Bruton 

et al., 2002;  Warmington, Tolan and McBennett 2000), fibre type shift (Eshima et al., 2017;  Shortreed 

et al., 2009) and an altered metabolic profile (Ciapaite et al., 2015;  Seebacher et al., 2017;  Tallis et 

al., 2017c) have been suggested as potential mechanisms for the obesity associated reduction in 

muscle performance. The onset and magnitude of changes in muscle performance seems likely to be 

muscle specific and to vary with feeding duration.  

The present study used the work loop technique to uniquely examine the effects of 2, 4, 8 or 12 weeks 

of HFD feeding on the mechanical performance of isolated soleus, EDL and diaphragm muscle to 

provide an insight into the muscle specific onset and magnitude of the HFD response. The range of 

feeding durations used in this study was selected as previous work has shown mechanistic changes 

such as changes in FT from as little as 3 weeks of a HFD (Thomas et al., 2014). There is also ambiguity 

with respect to contractility changes due to the range of feeding durations used in previous isolated 

muscle work. The aim was to provide clarity on the magnitude of the effects of a HFD over different 

durations of feeding. Previous studies examining the HFD effect on isolated muscle performance have 

used isometric assessments of contractile function (Bott et al., 2017b;  Ciapaite et al., 2015;  Eshima 

et al., 2017;  Matsakas et al., 2015;  Shortreed et al., 2009;  Thomas et al., 2014;  Warmington, Tolan 

and McBennett 2000) and to date only two studies have used the work loop technique (Seebacher et 
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al., 2017;  Tallis et al., 2017c) to given an indication of HFD induced changes in muscle power. In vivo, 

locomotor muscles are used to produce and absorb work during shortening and lengthening, meaning 

examination of HFD effects on muscle performance using the work loop technique provides a valuable 

insight into the effects of HFD on a contraction type fundamental for tasks of daily living. Previous 

work by Tallis et al., (2017) examined the effects of HFD, on the work loop power of the EDL, soleus 

and DIA at a fixed cycle frequency (number of length changes per unit time). The WL technique uses a 

range of cycle frequency’s, relating to contraction velocity to replicate a range of in vivo movements, 

given that HFD may relate to changes in muscle mechanics, such as fibre type composition and 

therefore contraction speed, it is conceivable that the optimal cycle frequency in which maximal 

power is achieved may be altered. As such, the present study will be the first to assess the effects of 

different feeding durations of high fat diet on HFD and the associated changes in isolated muscle 

contractile performance during both isometric and work loops studies.   

4.2 Material and Methods  

4.2.1 Animals  
Following ethics approval from Coventry University, 150 female CD1 mice (Charles River, UK; Harlan 

Laboratories, UK) were randomly assigned to 5 different experimental groups - 4 treatment groups of 

differing feeding durations and 1 lean control group. The treatment groups were given 2, 4, 8 or 12 

weeks of a high fat forage diet. Mice were housed in a 12-hour light/dark cycle at 50% humidity. 

Animals were aged matched and kept in cages containing 8-10 individuals. All animals were given 

water and standard lab chow (SDS RM-1 Maintenance) ad libitum. Mice in the treatment groups also 

had ad libitum access to a HFD, in the form of a laboratory supplied forage diet (Advanced Protocol 

PicoLab Natural Sunflower). Nutritional information for both the lab chow and the sunflower seeds 

are given in Table 3.1  

Mice were aged to 20 weeks of age, with the high fat diet delivered at the defined period prior to 20 

weeks (e.g. 12 weeks of feeding began at 8 weeks of age). Once an experimental group was of age 

they were weighed and sacrificed via cervical dislocation in accordance with British Home Office  
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Animals (Scientific Procedures) Act 1986, Schedule 1. Either the rib cage or hind limbs were removed 

and placed in chilled oxygenated (95% O2; 5% CO2) Krebs-Henseleit solution ([mM] NaCl 118; KCl 4.75; 

MgSO4 1.18; NaHCO3 24.8; KH2PO4 1.18; glucose 10; CaCl2 2.54; pH 7.55 at room temperature [James 

et al., 2005]). The target muscle was then isolated from either the right hind limb or the rib cage and 

dissected under a microscope.  

4.2.2 Dissection and preparation  
The limb containing the target muscle (EDL or soleus) or the rib cage containing the whole, intact 

diaphragm (n=8-10 per experimental group) was isolated and pinned out at resting length on an agar 

dish containing frequently changed, chilled, oxygenated (95% O2, 5%CO2) Krebs-Henseleit solution. 

These muscles were used due to their different anatomical location, function and fibre type 

composition, as well as to replicate previous literature where these muscles are commonly used for 

contractile performance studies. Once the muscle (whole soleus, whole EDL, section of the diaphragm) 

had been isolated, aluminium foil T clips were used to wrap around the tendons at the distal end of 

the muscle whilst a small piece of bone was left at the proximal end of the muscle, these were placed 

into crocodile clips to secure the muscle in the bath.  

4.2.3 Experimental set up  
The equipment used to assess contractile performance was custom built, controlling changes in both 

muscle length and stimulation parameters. Each muscle was placed in an organ bath and attached at 

one end to a force transducer (UF1, Pioden Controls Ltd, UK) and at the other to a motor arm (V201,  

Ling Dynamic Systems, UK). The position of the motor arm was detected via a Linear Variable 

Displacement Transformer (LVDT, DFG5.0, Solartron Metrology, UK). The motor arm was used to 

change the length of the muscle during assessments of work loop power. The muscle was immersed 

in circulated oxygenated Krebs solution (37oC ± 0.2) which was pumped from a central reservoir 

maintained at a constant temperature by a heater/cooler (Grant LTD6G, Grant Instruments Ltd, UK). 

A digital thermometer (Checktemp C, Harvard Apparatus, UK) was used inside the bath to monitor 

temperature throughout the duration of the experiment.   
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The muscle was stimulated to produce force via parallel platinum electrodes which were submerged 

in the Krebs solution inside the bath, the amplitude of the stimulation was controlled by an external 

power source (PL320, Thurlby Thandar Instruments, Huntingdon, UK). Visual representation of the 

force and length data was provided by a storage oscilloscope (2211, Tektronix, Marlow, UK). Length 

change and stimulation parameters were controlled by a custom programme within Testpoint 

software (Testpoint, CEC, Massachusetts, USA).  

4.2.4 Experimental testing of skeletal muscle  
The procedure for assessing the contractile performance of isolated skeletal muscle aligns with that of 

previous work (James et al., 1996;  Tallis et al., 2014;  Tallis et al., 2017c). Once the muscle was 

successfully clamped in the bath it was allowed 10 minutes to equilibrate to the new temperature. 

Following this, the resting length of the muscle and stimulation voltage (typically 14-16V, 14-16V and 

12-14V for soleus, EDL and diaphragm respectively) was altered to attain maximal twitch force. 

Assessment of isometric tetanus force was then measured. Electrical stimulation was delivered at a 

fixed burst duration (350ms, 200ms and 250ms for soleus, EDL and diaphragm respectively), and 

stimulation frequency (typically 120-140Hz, 200-220-Hz and 120-140Hz for soleus, EDL and diaphragm 

respectively) was optimised to elicit maximal tetanus force. Each tetanus assessment was separated 

by a 5-minute recovery period. Measures of activation time (time to half peak tetanus; THPT) and 

relaxation time (time from last stimulus to half tetanus relaxation; LSHR) were obtained from the peak 

isometric tetanus force trace.   

The muscle length that elicited maximal isometric force was measured by an eyepiece graticule fitted 

to a microscope and was defined as L0. As per previous work, mean muscle fiber length was calculated 

as 85% and 75% of L0 for soleus and EDL muscle respectively (James, Altringham and Goldspink 1995).  

Due to the variances in each diaphragm dissection, no such estimation of muscle fibre length exists. 

Therefore, the exact diaphragm preparation length reading gained from the graticule was used as per 

previous studies (Tallis et al., 2014;  Tallis et al., 2017a).  
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Post isometric optimisation and a 5-minute rest, the work loop technique was used. This technique 

assesses the ability of the muscle to produce power whilst undergoing cyclical length changes (James 

et al., 2005;  James, Altringham and Goldspink 1995;  Josephson 1985). During the work loop, optimal 

length and stimulation parameters determined during the isometric assessments were used. Each 

muscle was subjected to 4 sinusoidal length changes at a symmetrical strain of 0.10 (10% of L0), 

lengthening the muscle from its original L0 length by 5% and then shortening the muscle to 5% less 

than L0, before returning to L0 length. Cycle frequency (CF), phase and burst duration were altered to 

attain maximal net work loop power and to construct a power output-CF curve. Between each work 

loop, a 5-minute rest period was used to ensure recovery (Tallis et al., 2012).   

The CF determines the rate at which the muscle undergoes changes in length. Due to the differences 

in fibre type composition, the different muscles tested produced maximal power at different length 

change velocities. Previous work demonstrates that the CF to elicit maximal work loop power is 5Hz, 

7Hz and 10Hz for soleus, diaphragm and EDL respectively in healthy young female mice (Altringham 

and Young 1991;  James, Altringham and Goldspink 1995). Given that the optimal CF to elicit maximal 

power may be affected by obesity, here we assessed work loop power over a range of CF (2, 3, 4, 5, 6, 

7, 8 and 10 Hz for soleus; 4, 6, 8, 10, 12, 14 and 16 Hz for EDL; 3, 4, 5, 6, 7, 8, 10 and 12 Hz for 

diaphragm). This methodological approach has been used in previous studies (James et al., 1996;  

James, Altringham and Goldspink 1995;  Tallis et al., 2014;  Tallis et al., 2017c). To optimise work at 

each CF, the strain was also altered. Typically, in order to obtain maximal work loop power strain had 

to be reduced slightly at higher CF and increased slightly at lower CF.   

In order to optimise the net work produced during the work loop cycle, stimulation parameters were 

adjusted. Burst duration equates to the number of electrical stimuli which the muscle receives during 

the work loop. The optimal burst duration is one that maximises net work during the whole work loop 

cycle.  If the burst duration is too short, then maximal work will not be achieved due to limited Ca2+ 

release limiting the duration of force production during shortening. If the burst duration is too long, 
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then the muscle will be too active during muscle lengthening and at rest, causing increased work done 

on the muscle during lengthening and as result decreased net work (net work = work done by the 

muscle during shortening minus work done on the muscle during lengthening (Josephson 1993)). The 

phase shift denotes the time at which the electrical stimulation is applied, relative to peak muscle 

length. Negative values were used (-10 ms for soleus, -5 ms for the diaphragm and -2 ms for EDL). The 

value of -10 ms used for the soleus meant that 10 ms prior to maximal length, stimulation of the muscle 

began. This meant that 55 ms (based on a burst duration of 65) of stimulation occurred during 

shortening. The values for the phase are typical of previous work (Tallis et al., 2014;  Tallis et al., 2017c). 

The values for strain, cycle frequency, burst duration and stimulus phase were altered after 

interpreting the work loop shapes and net work value.  

It is recognised that the performance of isolated mouse muscle will decrease very slowly over time 

due to the development of an anoxic core (Barclay 2005). In accordance with previous studies using a 

similar protocol (James et al., 1996;  James, Altringham and Goldspink 1995), a series of ‘control’ 

assessments of work were made at various time points across the protocol. As such the performance 

of the muscle across the time course of the experiment could be corrected by considering the small 

decline in muscle performance over time.   

Following the final work loop, each muscle was rested for 10 minutes before being subjected to 50 

consecutive work loops (at 5Hz, 7Hz and 10Hz cycle frequency for soleus, diaphragm and EDL 

respectively) to assess fatigue resistance. Net work was analysed for every second work loop until the 

muscle began to produce negative work. This protocol has been used previously to assess fatigability 

in isolated skeletal muscle (Tallis et al., 2014;  Tallis et al., 2017c).  

Each muscle underwent a 30-minute recovery period with 4 work loops being performed at each of 

10, 20 and 30 minutes. These were used to measure the ability of the muscle to recover following 

fatigue (Tallis et al., 2014;  Tallis et al., 2017c). Each experiment lasted between 2.5 and 3 hours, this 

was dependant time taken to optimise work loop power at each CF.   
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4.2.5 Muscle Mass Measurements  
Upon completion, the muscle was removed from the crocodile clips and the remaining tendon, bone 

and aluminium clips were removed. Any excess fluid remaining on the muscle was removed by blotting 

the tissue on absorbent tissue paper. The muscle was then weighed to attain wet muscle mass to the 

nearest 0.0001g. Muscle cross sectional area was then calculated from the wet muscle mass, fibre 

length and an assumed muscle density of 1060 kg m-3 (Mendez and Keys 1960). Isometric stress was 

calculated as force divided by the mean muscle cross-sectional area. Muscle power output was 

normalised to muscle mass to express power as W.kg-1.  

4.2.6 Statistical Methods  
Following appropriate checks of normality and homogeneity, data for animal morphology, isometric 

stress, force, WL PO, and fatigue were analysed using a one-way ANOVA with planned contrasts with 

all treatment groups compared against the lean control group in SPSS (SPSS, IL, USA), and Dunnett’s 

post hoc analysis was used to compare each feeding duration with the control group with P<0.05 to 

indicate significant differences between treatment groups. Two-way ANOVA was used to assess the 

effects of feeding duration and cycle frequency on maximal power output. Correlations were 

performed on all muscles between fat free mass and body mass, isometric force, isometric stress, 

absolute WL PO, normalised WL PO and fatigue resistance.  

4.3 Results   

4.3.1 Morphology  
Whole animal body mass, absolute gonadal fat pad mass, gonadal fat pad mass as a percentage of 

whole body mass and abdominal circumference were significantly affected by treatment (Table 4.1 

ANOVA P<0.004 in each case). More specifically 8 and 12 weeks of feeding resulted in significantly 

greater body mass, absolute gonadal fat pad mass, gonadal fat pad mass as a percentage of body mass 

and abdominal circumference compared to lean controls (Dunnett’s P<0.01). Muscle mass for soleus 

was significantly greater in treatment groups of 8 and 12 weeks of feeding when compared to lean 

controls (Table 2, ANOVA P<0.001, Dunnett’s P<0.001 in both cases). Muscle mass of the EDL was 

significantly greater in treatment groups of 4, 8 and 12 weeks of feeding when compared to lean 
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controls (Table 2, ANOVA P<0.01, Dunnett’s P>0.01). Diaphragm mass is not compared between 

treatment groups as it was not possible to consistently remove the exact same section of the 

diaphragm on each occasion  

  Control  2 Week  4 Week   8 Week   12 Week   

  Mean  SE  Mean  SE  Mean  SE  Mean  SE  Mean  SE  

Body Mass (g)  33.3  4.1  36.4  4.9  35.9  5.6  41.2*  7.1  38.7*  6.0  
Body Length (cm)  10.4  0.4  10.6  0.3  10.8  0.4  10.9  0.5  10.9  0.3  

Gonadal Fat Pad Mass (g)  0.91  0.79  1.91  1.01  1.99  1.28  2.92*  2.39  2.30*  1.39  
Gonadal Fat Pad Mass (% of BM)  2.86  0.5  5.39  0.6  5.06  0.6  7.34*  1.0  6.00*  0.5  
Circumference (cm)  7.48  0.49  8.52  0.79  8.49  0.84  9.24*  1.03  9.03*  0.93  
SOL Mass (mg)  8.50  0.2  10.1  0.5  9.90  0.4  10.8*  0.5  12.3*  0.4  
EDL Mass (mg)  10.4  0.6  11.9  0.7  12.9*  0.3  12.6*  0.3  13.7*  0.3  
[Data represented as Mean + SE; N= 24 for groups control, 2 and 4weeks; N= 30 for groups 8 and 12 weeks; * indicate significant 
differences between treatment group and lean control group]  
Table 4.1: The effect of different HFD feeding durations on whole animal and muscle morphology  
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4.3.2 Isometric Tetanus Force & Stress  
For the soleus and the EDL, maximal isometric stress and force were not significantly affected by 

treatment (Figure 1A-1D; ANOVA P>0.10 in each case). The maximal isometric stress of DIA was 

significantly lower than lean controls in the 8-week HFD treatment group (Figure 1E ANOVA P=0.01; 

Dunnett’s P=0.04).    

Figure 4.1 The effect of different durations of a HFD on the maximal isometric tetanus force and stress 
of isolated mouse soleus (a & b), EDL (c & d) and diaphragm (e) [Data represented as Mean+SEM N= 8 
for SOL, DIA and EDL in groups Control, 2 and 4 weeks, and N= 10 for soleus, diaphragm and EDL in 
groups 8 and 12 weeks; * represent significant differences between treatment group and lean control 
group]  
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Time to half peak tetanus (THPT) was not significantly different between the treatment groups for SOL, 

EDL or DIA (ANOVA P>0.5 in each case). Similarly, time from the last stimulus to half relaxation  

(LSHR) for EDL and DIA was not significantly affected (Table 4.2 ANOVA P=0.7). However, LSHR for SOL 

was significantly affected by feeding duration (Table 4.2, ANOVA P=0.01, Dunnett’s P>0.04), with LSHR 

being significantly greater in the 8 and 12 week feeding groups   

TABLE 4.2 – THE EFFECT OF DIFFERENT DURATIONS OF A HFD ON ISOMETRIC TIME FROM LAST STIMULUS TO 
HALF TETANUS RELAXATION (LSHR) OF ISOLATED MOUSE SOLEUS, EDL AND DIAPHRAGM  

 
Treatment  

Group  

Control  2 weeks  4 weeks  8 weeks   12 weeks  

  Mean  SEM  Mean  SEM  Mean  SEM  Mean  SEM  Mean  SEM  

Soleus (ms)  45.0  2.9  45.9  4.8  47.8  6.2  52.7*  5.2  55.1*  4.0  

EDL (ms)  12.9  0.9  12.8  1.0  13.2  1.2  14.6  0.7  14.4  1.1  

Diaphragm  25.1  2.5  25.8  2.1  25.5  3.0  26.2  2.8  24.9  3.1  
(ms)  

[Data represented as Mean + SEM N= 8 for soleus, diaphragm and EDL in groups Control, 2 and 4 weeks, and 

N= 10 for soleus, diaphragm and EDL in groups 8 and 12 weeks; * represents significant difference between 

treatment group and lean control group]  

  

  

4.3.3 Work loop power, fatigue and recovery.  

There was no significant interaction between treatment and the optimal CF of WL (two-way ANOVA 

P=1.00) on any of the muscles tested, the shape of the power output cycle frequency curve remained 

unchanged. For both the soleus and EDL, absolute WL PO was not significantly different in any of the 

treatment groups when compared to the lean control (Figure 2B & D ANOVA P>0.13 in both muscles). 

When WL PO was normalised to muscle mass: treatment group of 8 weeks of HFD for the soleus was 

significantly lower than the lean control group with the 12-week group approaching significance  

(Figure 1A, ANOVA P<0.019, Dunnett’s P=0.03 & P=0.06 respectively); EDL treatment groups of 8 and  

12 weeks of HFD were significantly lower than the lean control group (Figure 2C, ANOVA, P<0.01, 

Dunnett’s P>0.03). Following 12 weeks of HFD normalised WL PO was significantly lower than the lean 
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control group for the DIA (Figure 2E, ANOVA P=0.01, Dunnett’s P=0.019). Absolute WL PO for the DIA 

was not recorded as only a section of the whole muscle was taken.  

  

Figure 4.3 – The effect of different durations of a HFD on the normalised net WL PO and absolute net WL PO of isolated mouse 
soleus (a & b), EDL (c & d) and diaphragm (e) over a range of cycle frequencies. [Data represented as Mean; N= 8 for soleus, 
diaphragm and EDL in groups Control, 2 and 4 weeks, and N= 10 for soleus, diaphragm and EDL in groups 8 and 12 weeks * 
represents significant difference between treatment group and lean control group]  

There was an overall significant difference in time to fatigue for soleus (Figure 3A, ANOVA P=0.02), 

however, there were no differences among treatment groups and the lean control group in post hoc 

analysis. EDL from treatment groups 8 and 12 fatigued significantly quicker than the lean control group 

(Figure 3B, ANOVA, P=0.02, Dunnett’s P<0.03). DIA had no significant changes in time to fatigue 

between any of the treatment groups and the lean control group (Figure 3C, ANOVA P>0.36). The 
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ability for the muscle to recover over a 30-minute period post fatigue protocol was not significantly 

affected by any treatment for all the muscles examined (ANOVA, P>0.06).   

  

Figure 4.4 - The effect of different durations of a HFD on the fatigue resistance of maximally stimulated 
mouse soleus (a), EDL (b) and diaphragm (c) [Data represented as Mean±SEM; N= 8 for soleus, 
diaphragm  and EDL in groups Control, 2 and 4 weeks, and N= 10 for soleus, diaphragm and EDL in 
groups 8 and 12 weeks]   

Morphological data indicated that body fat accumulation is specific to the animal (Figure 4A) and 

independent of the feeding duration. For example, one animal from the 2-week feeding group had a 

body mass of 40.96g with a FPM of 3.86g in comparison to another animal from the 12-week feeding 
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group which had a body mass of 30.78g with a FPM of 0.5g. As such, correlations between gonadal fat 

pad mass and contractility measures were analysed. For soleus, there was a significant positive 

correlation between body mass and gonadal fat pad mass, body mass and absolute force (Table 4.3, 

r=0.42; P<0.001), and a significant negative relationship between body mass and normalised work loop 

PO (r=-0.300; P=0.045). For EDL, there was a significant positive relationship between body mass and 

absolute work loop PO (Table 4.3 r=0.385; P=0.011) and a significant negative relationship between 

body mass and time to fatigue (Table 4.3, r=-0.323; P=0.035). For the diaphragm, there was a 

significant correlation between body mass and gonadal fat pad mass (r=0.613; P<0.001) and a 

significant negative relationship between body mass and maximal tetanus stress and time to fatigue 

(Table 4.3, r=-0.339; P=0.025).  

TABLE 4.3 – CORRELATION BETWEEN GONADAL FAT PAD MASS AND: BODY MASS, TETANUS FORCE, TETANUS 
STRESS, ABSOLUTE POWER OUTPUT, NORMALISED POWER OUTPUT AND FATIGUE FOR SOLEUS, EDL AND 
DIAPHRAM. ALL EXPERIMENTAL GROUPS WERE POOLED FOR THIS ANALYSIS.  

    Body  

Mass  

Tetanus  

Force  

Tetanus  

Stress  

Absolute  

PO  

Normalised  

PO  

Fatigue (% of 
max)  

SOLEUS    r Value  0.792   0.326  0.081  0.151  -0.216  0.191  

 P Value  0.001*  0.03*  0.606  0.331  0.164  0.221  

EDL  r Value  0.155   0.068  0.082  -0.008  -0.267  -0.357  

 P Value  0.321  0.664  0.603  0.957  0.074  0.019*  

DIAPHRAGM  r Value  0.613     -0.334    -0.021  -0.413  

 
P Value  0.001*    0.03*    -0.891  0.005*  

[N=44 for each group; * represents significant correlation between body mass and variable]  

4.4 Discussion  
The present study is the first to assess the effect of a range of high fat feeding durations on the 

contractile performance of skeletal muscle using a method that more closely replicates in vivo muscle 

function. When considered with respect to feeding duration, the results indicate HFD consumption for 

a period shorter than 8 weeks has no significant effect on animal morphology or muscle isometric 
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performance, results that agree with previous findings showing short durations (3-8 weeks) of feeding 

have little effect on muscle contractility (Eshima et al., 2017;  Shortreed et al., 2009;  Thomas et al.,  

2014). Only after 8 weeks of a HFD consumption affected contractile performance, with this duration  

being the first associated with a significant increase in whole body mass, gonadal fat pad mass (Table 

4.1) and gonadal fat pad mass as a percentage of body mass (Table 4.1). These data, therefore, indicate 

that changes in skeletal muscle performance are related to changes in body composition. When 

gonadal fat pad mass was correlated with skeletal muscle mechanical performance variables and 

considered irrespective of feeding duration, it was evident that for some animal’s changes in 

contractile performance ensued prior to 8 weeks HFD consumption. As such, the present findings infer 

that the quantity of fat accumulation rather than feeding duration is the key factor driving HFD 

associated changes in muscle contractility and rationalising previous ambiguous findings in this area 

of research where studies report outcomes following fixed feeding durations.  

4.4.1 HFD effects on absolute and normalised force and power  
There were no changes in peak isometric force or peak isometric stress (force/cross section area) of 

soleus in any of treatment groups when compared to the lean control group. This is contradictory to 

the findings of previous work which has demonstrated obese animals have increased the absolute 

force of postural muscles (Tallis et al., 2017). In human studies, this has been attributed to an added 

training effect from increased body mass (Maffiuletti et al., 2013). One possible reason for the 

discrepancy in our results is the body mass of the animals used; body masses of the 8 and 12-week 

treatment groups were 41.2±7.1g and 38.7±6.0g respectively. However, the body mass of the obese 

animals in the work by Tallis et al., (2017) was 52.7±2.3g, with this additional body mass likely from 

the longer duration of feeding the animal received (16 weeks). A greater body mass is likely to evoke 

a greater training stimulus, given the higher force requirement needed to overcome body inertia. 

Absolute PO was also unaffected by treatment in the present study, however, when normalised to 

muscle mass, PO from the 8-week HFD group was significantly less than their lean counterparts and 

was approaching significance (P=0.06) in the 12-week HFD group. This reduction in the normalised 
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power of soleus was not evident in previous work using a longer feeding duration (Tallis et al., 2017c), 

further exacerbating the complexity with respect to the effect of feeding duration and fat gain has on 

muscle performance.  

When compared to controls, isometric stress, absolute force or absolute PO in the EDL or soleus was 

unchanged in the HFD groups. Shortreed et al., (2009) also reported no force changes in the EDL after  

8 weeks of feeding. Previous literature has reported a decrease in both tetanic force and stress (Eshima 

et al., 2017;  Matsakas et al., 2015), although variation in methodology (both age and assessment 

temperature) may account for these discrepancies. In the EDL, normalised PO was significantly 

reduced in animals from HFD treatment groups of 8 and 12-week duration, indicating that the increase 

in muscle mass induced by HFD was not associated with an improvement in contractile performance. 

These data also demonstrate that the reduction in muscle quality may be reduced earlier than 8 weeks 

and the magnitude of the decline is dependent on fat accumulation rather than feeding duration (see 

table 4.3). As such, findings from the present study infer that an HFD associated reduction in muscle 

quality is likely to occur following much shorter feeding durations than those previously cited (Tallis et 

al., 2017). When considered in vivo, larger muscles of poorer quality will be produced, raising 

metabolic demand in protein synthesis and further increasing body mass and body  

inertia.   

Our results infer that the magnitude and onset of the HFD associated changes in contractile 

performance are muscle specific, and likely related to mechanical function, anatomical location and 

fibre type distribution. These findings are the first to indicate that HFD may cause a reduction in 

skeletal muscle quality across all muscles, which has not been the case in previous work. For example, 

(Tallis et al., 2017) demonstrated that muscle quality was relatively well maintained in the soleus, 

which is not the case in the present findings. Such results further highlight the complexity and 

ambiguity in relation to this area of research. However, the data suggests that the changes on body 

composition, or more specifically fatness, are the most important mediator of HFD-associated changes 

in muscle performance. Given the rate of fat accumulation is not uniform across all animals, assessing 



 

98  
  

the effects of obesity using HFD during a fixed feeding duration and failing to consider individual results 

may be the cause of ambiguity in recent findings.    

Correlation data between morphological and contractility measurements plotted against fat pad mass 

support the theory that fatness rather than feeding duration is the main influence on the decline in 

muscle performance. Table 4.3 represents data showing animals from each group can be seen at either 

end of the trend-line regardless of the treatment group.   

4.4.2 HFD effects on fatigue resistance  
The effect of a HFD on the fatigue resistance of skeletal muscle has been previously assessed in vivo 

(Maffiuletti et al., 2007). However, in vivo work does not give an accurate assessment of skeletal 

muscle fatigue as muscle from an obese animal will have to move a bigger mass resulting in faster 

fatigue. Only one study has previously assessed the effect of HFD on the fatigue of muscle power 

output in young rodents. Tallis et al., (2017), reported that soleus fatigued significantly quicker in the 

obese group when compared to the lean controls, given the postural support role of the soleus this 

would have detrimental effects on sustained locomotion. Results from the current study showed little 

change in time to fatigue for the soleus and no change in the diaphragm. Contrary to Tallis et al., (2017) 

study, the present study reported a significant reduction in time to fatigue in the EDL in both 8 and 12-

week treatment groups, as a longer duration of feeding was used in the Tallis et al., study, it is possible 

the fiber type of the EDL began to take on the metabolic formula of the adjacent fibers in preparation 

to alter fiber type in accordance with the nearest neighbor theory (Pette and Staron 1997). 

Mitochondria density, AMPK activity, and oxidative enzymes have all been reported to change with 

changes in fibre types composition, these alterations could result in changes in fatigue resistance 

within skeletal muscle. As per previous work (Tallis et al., 2017), it would be expected that when such 

muscle performance is considered in vivo, that all muscles would experience greater fatigue given the 

HFD induced reduction in normalised work loop power and the elevated segmental mass. This point is 

particularly important when considering the in vivo role of the diaphragm; reduced fatigue resistance 
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could lead to reduced oxygen delivery, deteriorating fatigability for all muscles. Although significant 

differences were shown in the time to fatigue in the EDL, correlation data shows animals from all 

treatment groups can be found at both ends of the trend line, again suggesting that fatness, not the 

duration of feeding if the key underlying issue.   

4.4.3 Mechanisms for an HFD associated change in skeletal muscle contractile performance There 

are a number of mechanisms which have been suggested to affect the decline in muscle performance 

due to HFD, such as a change in fiber type composition (Eshima et al., 2017;  Shortreed et al., 2009), a 

reduction in protein synthesis (Akhmedov and Berdeaux 2013;  Anderson et al., 2008), altered calcium 

handling (Bruton et al., 2002;  Warmington, Tolan and McBennett 2000) and changes to metabolic 

profile (Ciapaite et al., 2015;  Seebacher et al., 2017;  Shortreed et al., 2009;  Tallis et al., 2017). The 

variation in mechanisms proposed for how HFD contributes to a decline in muscular contractility may 

at least partially be due to variation in methodology used in previous literature and the dearth of 

research which attempts to couple mechanistic changes with effects on contractile performance. The 

changes in mechanisms relating to muscle function are likely to be muscle specific given that the 

changes in performance are, there is also some relation to the magnitude of fatness. These 

mechanisms may be further exacerbated by long duration feeding.  

The findings regarding changes in fiber type expression as a result of HFD in rodents  are equivocal, 

with some literature reporting no change (de Wilde et al., 2008;  Denies et al., 2014;  Shortreed et al., 

2009;  Tallis et al., 2017c;  Trajcevski et al., 2013), and some reporting a shift to either slow twitch or 

fast twitch fibers (Eshima et al., 2017;  Kemp et al., 2009;  Shortreed et al., 2009;  Tanner et al., 2002;  

Thomas et al., 2014;  Warmington, Tolan and McBennett 2000). Part of this ambiguity may be related 

to evidence derived from dietary induced HFD models compared genetically obese rodent models.  

Generally, studies using Ob/Ob rodents show a shift to slower, more oxidative fibers (Warmington, 

Tolan and McBennett 2000) with a lower muscle mass and those using dietary induced HFD  
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demonstrate a shift towards faster fibers (Eshima et al., 2017;  Thomas et al., 2014) and a larger muscle 

mass (Ciapaite et al., 2015;  Tallis et al., 2017c). Although fiber type composition and metabolic 

capacity was not analyzed, a decrease in slow twitch fibers or altered AMPK activation may go some 

way in explaining the reduction in time to fatigue in obese animals, however a reduction in contractile 

performance without a change in fiber type composition has also been reported (Tallis et al., 2017c). 

Ciapaite et al., (2015), reported a decrease in tetanus force in the soleus with no change in myosin 

heavy chain (MyHC), however an increase in slow Tnnt1 isoform and decrease in fast Tnnt3 isoform 

was reported. This change would increase Ca2+ sensitivity and decrease Ca2+ cooperativity of force 

production, therefore, reducing force production of the muscle (Brotto et al., 2006). Changes in both 

fibre type and speed of actin-myosin cycling need further investigation.   

It has been reported that there is a decline in protein synthesis related to HFD (Akhmedov and 

Berdeaux 2013;  D'Souza et al., 2015;  Tallis et al., 2017c). The increase in muscle mass and decrease 

in normalised muscle power output from the obese group in the current study suggest that although 

skeletal muscle remodeling is continued in obese animals, the quality of the contractile proteins being 

synthesized is likely to be reduced.   

4.4.4 Broader applications of the findings   
Elevated fatness has the potential to cause individuals to fall into a negative cycle of obesity, as body 

mass increases and muscle quality decreases, obese individuals may have their locomotor capacity 

reduced due to earlier fatigue and reduced ability to produce muscular power. Obese individuals may 

also have reduced ability to oxidize fat due to metabolic changes, further adding to the negative cycle. 

This lack of movement will not only decrease quality of life but also lead to further decreases in calorie 

expenditure which may lead to further increases in body mass. An obesity-associated reduction in the 

performance of the diaphragm may affect pulmonary function and oxygen delivery to working tissue 

thus further limiting muscle performance (Buras et al., 2019).  
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This data has shown important results with respect to the effect of obesity on muscle function at the 

muscle level, but to consider the effect on whole body functional performance, contractile function in 

relation to elevated body inertia should be considered. The effect of a reduction in muscle quality on 

locomotor performance has already been outlined. In addition, the limited effects on the absolute 

force and power of soleus and EDL muscles would also present substantial problems for functional 

performance in vivo given that such musculature is expected to cause movement in a system that has 

greater inertia. As a result, the decline in fatigue resistance will also be on a greater magnitude given 

that musculature of the obese group would have to work at a greater intensity to sustain movement 

at the same speed as their lean counterparts. Importantly, this data adds growing evidence that 

indicates that the obesity associated reduction in locomotor performance is caused by factors further 

to elevated inertia induced by greater fat mass, but a significant reduction in the decline of the 

contractile performance of skeletal muscle. Furthermore, the effects seen at a muscle level may be 

further exaggerated as obesity has reportedly caused changes in neuromuscular recruitment (Yoshida, 

Marcus and Lastayo 2012).  

4.4.5 Limitations and future work  
One limitation of this study is normalising WL power to whole muscle mass in an attempt to assess 

muscle quality. Goodpaster (2001) reported that skeletal lipid content can double in obese animals; 

this would mean a smaller proportion of the muscle mass would be contractile protein; therefore 

these results may overestimate the decline in contractile performance. Normalising WL power to lean 

muscle mass would allow for a more accurate representation of muscle quality. Although obese 

animals may have a higher intramuscular lipid content than their lean counterparts, Machann et al., 

(2003) reported this difference was limited with intramuscular fat in the soleus rising from 2.5% in 

lean animals to 3.8% in obese animals.  

The current study reports the effect of a range of short term feeding durations on muscle contractility, 

however, it would be valuable to look at the effects of longer durations of feeding which reflect a 

‘lifetime’ of a high fat diet and more sustained obesity. This would also take into consideration both 
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obesity and sarcopenic effects. Given that this study replicates the negative effects of a high fat diet 

on skeletal muscle contractility, the reversibility of these effects should be investigated further. Both 

exercise and calorie restrictive diet models should be implemented on dietary induced obese animals.  

4.4.6 Conclusion  
In summary, the present findings offer complex and novel insight into the effects of a HFD on skeletal 

muscle mechanics. The data suggests that although feeding duration may have some influence, it is 

the amount of fat gained during a HFD that affects muscle contractility. An increase in muscle mass in 

the soleus and EDL along with no change in absolute tetanic force or absolute PO shows a decrease in 

muscle quality as bigger muscles are required to produce the same amount of force. Such effects 

would be exacerbated in vivo when considering the additional body mass gained during HFD, which 

could lead to a negative cycle of further weight gain, reduced mobility and a reduction in quality of 

life. Our data suggest that it may be possible for some animals to see substantial negative changes at 

low durations of a HFD if considerable fat gain occurs, compromising both function performance and 

health. The decline in muscular performance due to HFD may be caused by a range of morphological 

and biochemical changes and future work should aim to correlate these changes to better identify the 

underpinning mechanisms.  
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5 Experimental Chapter 2 – The Effects of Temperature And High Fat Diet Treatments On The  

Contractile Performance Of Core And Peripheral Skeletal Muscles In Adult Mice  

5.1 Abstract  
Introduction - Skeletal muscles are thermally sensitive. Muscles at different locations in the body will 

be exposed to different ranges of temperature. Previous studies have used non physiologically 

relevant temperature to test for the effect of HFD. Obese animals have a higher percentage of 

subcutaneous fat than lean counterparts. This additional fat provides insulation for the body 

potentially reducing fluctuation in body temperature of peripheral muscle. This study will assess the 

impact of temperature on skeletal muscle from obese and lean rodents from the periphery and the 

core of the body, as well as to test if the effects of HFD on muscle function are present at a range of 

temperatures.  

 Method- Four-week-old female mice (CD-1) were randomly assigned to either a control group or HFD 

group (n = 16 in each case) which received 20 weeks of a high fat diet (HFD). At 24 weeks of age the 

peripheral soleus and core diaphragm muscle were isolated and absolute and normalised (relative to 

muscle size) maximal isometric tetanic force and work loop (WL) power were determined. The effect 

of temperature was determined across four different temperatures (20, 28, 35 and 40°C).   

Results- Increased temperature resulted in greater power output and faster activation in both muscles 

from 20-35, with no differences between 35-40⁰C. Body mass and gonadal fat pad mass were 

significantly higher in the HFD group (by 63% and 658% respectively) compared to controls (P<0.003 

in both cases). Diet and temperature both had an effect on muscle performance, however there was 

no interaction between these two treatments. For the soleus, HFD caused an increase in absolute 

force (P=0.045) and power (P=0.041), but only at the higher, physiologically relevant temperatures. In 

the diaphragm, HFD reduced normalised force (P=0.04) at physiologically relevant temperatures.  
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Discussion- A HFD does not change the thermosensitivity of skeletal muscles from either the core or 

peripheral in female mice. Skeletal muscle from obese animals may have lower contractile 

performance than that from lean counterparts, but they show the same effects of temperature. Our 

findings question the validity of results from previous studies that used low temperatures to check for 

the effects of HFD on contractility.  

5.1 Introduction  
  

Mammals are endothermic, internally controlling their own body temperature to allow for optimal 

functioning for sustaining life, locomotion and metabolic processes. Despite being endothermic, 

variation in skeletal muscle temperature still occurs by up to 15°C in human skeletal muscle (Ducharme, 

VanHelder and Radomski 1991;  Ranatunga 1998). Although changes as dramatic as 15°C are a rarity, 

peripheral muscles often have small variations in temperature (2-4⁰C) due to external conditions or 

exercise (Yaicharoen et al., 2012) with skeletal muscle temperature increasing by up to 5⁰C due to 

exercise alone (Place et al., 2009). Endotherms regulate the temperature of internal organs to a 

narrow range of less than 3⁰C from average core body temperature (Wooden and Walsberg 2004). This 

difference in temperature regulation between the periphery and core results in differences in the 

thermal sensitivity of muscles as core muscles appear to be thermal specialists with peripheral muscles 

acting as thermal generalists (James et al., 2015). James et al., (2015) reported that the diaphragm of 

CD1 mice was more thermally sensitive power than the more peripheral soleus due to the core 

temperature having less fluctuation and therefor being more thermally specialised.   

Human obesity is linked to an increase in heat production (Klaus 2004;  Morrison 2004) through 

additional thermogenesis from brown adipose tissue (Himms-Hagen 1990;  Rothwell and Stock 1979), 

greater fat free mass (Chudecka, Lubkowska and Kempińska-Podhorodecka 2014) a higher threshold 

trigger for vasoconstriction (Kasai et al., 2003) as well as a greater resting metabolic heat production 

(Prentice et al., 1986). This additional heat is also dissipated more slowly in obese individuals as 

cutaneous heat loss is proportionally related to skin surface area, as obesity increases body mass with 
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no change in height (Verbraecken et al., 2006). An increasing body mass decreases surface area to 

volume ratio, reducing heat loss (Schmidt-Nielsen 1975). Skin surface area in relation to body mass is 

lower in obese individuals (Sessler, McGuire and Sessler 1991). The increase in insulation from 

additional fat mass has been positively related to the increase in obesity (Baker and Daniels 1956;  

Jequier et al., 1974). Savastano et al., (2009) reported that obese individuals produced greater heat 

during rest than normal weight individuals. However, there was no difference between groups in core 

body temperatures, suggesting better heat dissipation from the obese group. It was suggested (due 

to higher fingernail temperature) that this dissipation was through the hand. Obese individuals often 

have a larger fat free mass compared to lean individuals; this extra muscle mass is required to fulfill 

basic tasks in daily living due to the greater body mass that needs to be moved. Theoretically, this will 

require greater muscle recruitment and therefore result in higher heat generation.   

Temperature has been known to impact skeletal muscle performance for decades (Bennett 1985;  

Bennett 1984; Faulkner, Zerba and Brooks 1990;  Rall and Woledge 1990a) with multiple mechanisms 

involved in contractility of skeletal muscles including calcium handling and cross bridge kinetics (James 

2013a). The working temperature for human skeletal muscle is ~37°C (although the optimal 

temperature has been reported as slightly higher (James, Tallis and Angilletta 2015). Below this 

temperature, activation and relaxation times increase (slower contractions) coupled with a reduction 

in maximal force and power producing capabilities of the muscle (see review by; James et al., 2013).   

Previous literature examining the effect of a high fat diet directly on muscle contractility has produced 

some ambiguity in results which is likely a result of methodological discrepancies between published 

work.  Studies vary in HFD feeding duration, the nutritional composition of the HFD provided measures 

of muscle performance and the temperature at which these assessments are made (Tallis, James and 

Seebacher 2018). Previous work examining the effects of HFD on muscle function have tested 

contractile function in temperatures between 20 and 37⁰C (Bott et al., 2017a;  Ciapaite et al., 2015;  

Tallis et al., 2017c). Given that temperature substantially influences the contractile function of muscle, 
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it is likely that this variation in temperature used to assess HFD effects will influence the outcomes of 

such studies. Recent studies have assessed the effect of HFD on isolated skeletal muscle contractility 

using more physiologically relevant temperatures (Ciapaite et al., 2015;  Eshima et al., 2017;  Hurst et 

al. 2019;  Tallis et al., 2017c). The current literature suggests that HFD has a negative effect on muscle 

quality (Hurst et al., 2019;  Tallis et al., 2017), these effects are not uniform, but rather muscle and 

contractile specific. However, there may be benefits in absolute power, achieved through the training 

stimulus of a larger body mass (Maffiuleti et al., 2013). Any increase in absolute force would be masked 

in vivo as obese individuals would have a larger body mass to move and therefore must work harder 

at any given intensity.    

There is currently no literature assessing how temperature affects contractility in skeletal muscle from 

an obese population. The aims of the present study were two-fold. Firstly, to compare the effects of a 

HFD over a range of temperatures (20-40⁰C). Furthermore, the present study aims to assess the 

thermosensitivity of the core diaphragm muscle and the soleus from the peripheral from a HFD group 

and aged matched lean controls. It was hypothesised that the increased body temperature and 

insulation in obese individuals may produce more thermally speciated muscles when compared to 

their lean counterparts due to less fluctuation in temperature.   

5.3 Method  

5.3.1 Animal & Muscle Preparation  
Following ethics approval from Coventry University Ethics Committee, 18 female CD1 mice (Charles 

River, Harlan Laboratories, UK) were randomly assigned to either a Lean control or high fat diet (HFD) 

group. Mice were housed in a 12-hour light: 12 hour dark cycle, and had access to water and standard 

lab chow (SDS RM-1 Maintenance) ad libitum. Mice in the obese group also had ad libitum access to 

high fat laboratory forage diet (Advanced Protocol PicoLab Natural Sunflower). For full nutritional 

breakdown of both diets, see section 3 table 3.1). Animals were aged to 4 weeks at which point they 

were randomly split, with the obese group having access to the high fat forge diet (sunflower seeds) 
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for 20 weeks and the control having standard lab chow ad labium. At 24 weeks of age the animals 

were sacrificed via cervical dislocation in accordance with British Home Office Animals (Scientific  

Procedures) Act 1986, Schedule 1 and weighed to determine whole animal body mass. Nose to anus 

body length was determined via electronic callipers to the nearest 0.1mm, and abdomen 

circumference was measured via a textiles tape measure, measurement was taken above the hind legs 

on the animal. Gonadal fat pad was removed and weighed as a measure of obesity. The hind limbs and 

rib cage were removed and placed in refrigerated, oxygenated (95% O2; 5% CO2) Krebs-Henseleit 

solution ([mM] NaCl 118; KCl 4.75; MgSO4 1.18; NaHCO3 24.8; KH2PO4 1.18; glucose 10; CaCl2 2.54; pH 

7.55 at room temperature prior to oxygenation). The diaphragm and soleus were used in this 

experiment due to their anatomical location (soleus a peripheral muscle, diaphragm a core muscle) 

and the size of these muscles being suitable for in vitro contractility measurements, imitating work 

from James (2013). The target muscle was then isolated under a dissecting microscope with the Krebs 

solution being frequently changed to prevent the build-up of an anoxic core. From each animal, two 

separate muscles (one soleus and one diaphragm) were isolated at the same time and tested 

simultaneously. For the soleus, a small piece of bone was left at the proximal end of the muscle with 

an aluminium foil T clip wrapped around the tendons at the distal end of the muscle. For the 

diaphragm, a section of the diaphragm was taken from the whole muscle, this was always 2 ribs width 

at one end, and an aluminium foil T clip wrapped around the tendon at the opposite end of the muscle 

as previously reported in the literature (Hill et al., 2017;  Hill et al., 2019;  Hurst et al., 2019;  Tallis et 

al., 2017c).  

5.3.2 Experimental Set-up   
Following dissection, the target muscle was placed into crocodile clips in a custom-built muscle bath, 

with one end attached to a force transducer (UF1, Pioden Controls Ltd, Henwood Ashford, UK), and 

the other end attached to a motor arm (V201, Ling Dynamic Systems, Royston, UK). Oxygenated 

KrebsHneseleit solution was continuously pumped through the bath from a temperature-controlled 

water bath (Grant LTD6G, Grant Instruments, Shepreth, UK). Temperature of the Krebs-Hneseleit 
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solution in the water bath was altered to maintain the target temperature in the muscle bath (20, 28, 

35 or 40⁰C  

). Bath temperature was monitored using a digital thermometer (Checktemp C, Harvard Apparatus,  

UK). The position of the motor arm was detected via a Linear Variable Displacement Transformer 

(LVDT, DFG5.0, Solartron Metrology, UK). The motor arm was used to change the length of the muscle 

during assessments of work loop power.  

Platinum electrodes were submerged in Krebs-Henseleit solution in the muscle bath running along the 

whole length of the muscle and were used to provide stimulation to the muscle to induce force 

production. The amplitude of the stimulation was controlled by an external power source (PL320, 

Thurlby Thandar Instruments, Huntingdon, UK). Visual representation of the force and length data was 

provided by a storage oscilloscope (2211, Tektronix, Marlow, UK). Length change and stimulation 

parameters were controlled by a custom programme within Testpoint software (Testpoint, CEC, 

Massachusetts, USA).  

  

5.3.3 Temperature Change  
Each muscle was tested under 4 different temperatures (20, 28, 35 and 40⁰C), in 1 of 2 set run orders 

(run A=35, 40, 25, 28, 20, 35; run B=28, 20, 28, 35, 40, 28). These temperatures were selected as they 

offer a range that reflects those previously used to determine the effects of obesity on muscle 

performance and it is a large enough range to cause large changes in muscle performance (James, 

Tallis and Angilletta 2015). The run orders were also designed to test if an order effect would affect 

performance. Once the temperature of the Krebs-Henseleit solution in the bath surrounding the 

muscle reached ±0.2 degrees of the target temperature the muscle was allowed to acclimatise to the 

new temperature for 10 minutes. At each new temperature, isometric twitch, tetanus and work loop 

assessments were performed as described below.  
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5.3.4 Isometric measurements   
Isometric twitch stimulations were used to optimise muscle length and stimulation parameters 

(voltage of 12–16V for soleus, 12-16V for the diaphragm; fixed stimulation amplitude of 160 mA and 

pulse width of 1.2 ms) until peak twitch force were attained. Optimal length of the muscle was attained 

by performing multiple isometric twitch stimulations at a range of physical lengths to find the optimal 

length for maximal force generation., This optimal length was measured using an eyepiece graticule 

and defined as L0. Estimated fibre length was calculated as 75% of L0 for the EDL and 85% of L0 for the 

soleus (James, Altringham and Goldspink 1995). There is no current fibre length estimation for the 

diaphragm so 100% of L0 was used. Isometric tetanic force was then measured using a range of 

stimulation frequencies and a set burst duration. The soleus received 350ms burst of electrical 

stimulation and the diaphragm received 250ms burst of electrical stimulation. The stimulation 

frequency ranged from 120-140 Hz for both the soleus and the diaphragm. The stimulation frequency 

which attained peak isometric force was used in work loop experiments parameters aligning with 

previous work (Tallis et al., 2016, Hurst et al., 2019).  Time to half peak tetanus (THPT) and time from 

last stimulus to half tetanus relaxation (LSHR), were measured for each muscle from the tetanus with 

the highest force. To ensure sufficient recovery, a 5 minute rest period was used between each tetanus 

contraction  

  

5.3.5 Assessment of Concentric Work Loop Power Output   
Using the previously determined, unique set of parameters gained from twitch and tetanus 

stimulations (voltage, stimulation frequency, physical length), power output (PO) was determined 

using the work loop technique. Each muscle underwent 4 sinusoidal length changes over a range of 

cycle frequencies (CF) to ensure maximal power was produced at the given temperature. CF of 2-6Hz 

were used for the soleus and a CF of 3-8 Hz were used for the diaphragm as these CF’s have been 

previously shown to elicit maximal power in mice of similar ages (James et al., 1996;  James, Tallis and 

Angilletta 2015;  James, Altringham and Goldspink 1995;  Tallis et al., 2014;  Tallis et al., 2017c). A 
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phase shift of −10 ms and −5 ms was utilised for the soleus and diaphragm respectively to elicit peak 

power. These phase shifts dictated that the stimulation started 10 ms (for soleus) and 5 ms (for 

diaphragm) before the muscle reached its maximal length. The duration of the stimulation (initially 

50ms for soleus and 55ms for the diaphragm) was also optimised for maximal work production. Strains 

of between 0.08 to 0.14 were used to maximise force. Similarly to the isometric tetanus tests, each 

set of four work loops was followed by a 5-minute rest period. Testpoint calculated power output as 

instantaneous power from the instantaneous force and velocity data and sums those instantaneous 

powers to determine the net power for the work loop. Net-work is then determined from net power. 

At the end of each experiment, the muscle mass was recorded (further details for muscle mass 

measurements can be found in the general methods).  

5.3.6 Statistical method  
Animal morphology data were analysed using t-tests to check for significant differences between 

groups. Following appropriate checks of normality and homogeneity, data for animal morphology 

THPT, LSHR, isometric stress, force and WL PO (normalised and absolute) data were analysed using 

two-way ANOVA checking for main effects and interactions between treatment group and 

temperature in SPSS (SPSS, IL, USA), and Tukey post hoc analysis was used with P<0.05 to indicate 

significant differences. Independent group t-tests were also used to check for significant differences 

between groups at individual temperatures for isometric stress, force and WL PO (absolute and 

normalised to muscle mass).   
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5.4 Results  

5.4.1 Morphology   
Whole animal body mass, gonadal fat pad mass, abdominal circumference and soleus muscle mass 

were all significantly greater in the obese group compared to the lean controls (Table 1, T-test, P<0.003 

in all cases). Body mass is 63.6% greater in the HFD group compared to the lean controls, with gonadal 

fat pad mass over 650% greater in the HFD group.  

Table 4: The effect of a HFD on animal morphology.  

   Lean  Obese  P Value  

Body Mass (g)  31.5±0.92   51.5±1.73*  <0.001  

Gonadal Fat Pad Mass (g)  0.73±0.17   5.46±0.40*  <0.001  

Animal Circumference (cm)  10.0±0.5   10.4±0.4*  <0.001  

Soleus muscle mass (mg)  8.9±1.1   10.9±1.2*  0.003  

[Data represented as Mean+SEM N= 17 in each case; * represent significant  

differences between groups] Diaphragm muscle mass cannot be compared as 

a slightly different section of the whole muscle was taken each time during 

dissection.  

  

 5.4.2 Tetanic force and stress    
For the soleus, there was a significant effect of HFD on absolute soleus force (2-way ANOVA P<0.001; 

Figure 1A). The absolute force was significantly higher in the obese group than the control group at  

28, 35 and 40°C (t-test P<0.045 in each case), however, there was no difference at 20°C (T-test  
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P=0.238). There was no interaction between the treatment group and testing temperature (2-way 

ANOVA P=0.609) for absolute tetanic force. There was no difference in soleus stress (force divided by 

muscle cross sectional area) between treatment groups (2 way ANOVA P=0.159; Figure 1B). However, 

there was a difference between temperatures (2 way ANOVA P<0.001), with increasing force and 

stress for all temperatures (2 way ANOVA P<0.048 in all cases) apart from between 35 and 40°C where 

no differences were found.   

In the diaphragm, there was a significant difference in isometric stress between groups (2-way ANOVA, 

Figure 1C, p<0.001) and between temperatures (P<0.001) with stress increasing significantly with 

temperature. However, there was no interaction between the treatment group and testing 

temperature (2-way ANOVA P=0.91). Stress from the obese groups was significantly lower than their 

lean counterparts at 35°C (T-test, figure 1C, P=0.04) with the effect at 40°C approaching significance 

(P=0.051). These differences were not present at the lower temperatures of 20 and 28⁰C.  
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Figure 5.1: The effect of temperature on soleus force (A), soleus stress (B), and diaphragm stress (C) 
over a range of temperatures (20, 28, 35 & 40°C) [Data represented as Mean±SEM N= 8 for lean N=9 
for obese; * represent significant differences between treatment groups].  

5.4.3 Activation and Relaxation Times  
For the soleus, THPT and LSHR significantly decreased as temperature increased (2-way ANOVA 

Table2, P,0.013 in all cases), although there was no difference between 35 and 40°C (P<0.551 in both 

cases). There was also no significant difference between obese and lean groups (P<0.739 in both 

cases). There was no significant interaction between the treatment groups and temperature for either 

muscle for THPT or LSHR (Table 2; 2-way ANOVA P=0.77). For the diaphragm, THPT significantly 

decreased as temperature increased, however, there was no difference between 35°C and 40°C (2 way 

ANOVA, P<0.039 in all cases), there was no differences in THPT between treatment groups (P=0.339).  

LSHR significantly decreased as temperature increased (2-way ANOVA, Table 2, P<0.023 in all cases). 

There were no significant differences in LSHR between treatment groups (2-way ANOVA P=0.759).  

Table 5.2: Time to half peak tetanus (THPT) and last stimulation to half relaxation times (LSHR) for the 
soleus and diaphragm from obese and lean groups at 20, 28, 35 and 40°C. [Data represented as Mean, 
N= 8 for lean N=9 for obese;]  

 
Time to half peak tetanus  

                                    Soleus     Diaphragm    

Temperature (°C)  20  28  35  40  20  28  35  40  

Lean (ms)  67.5  42.8  33.3  28.3  41.4  28.8  23.6  20.0  

Obese (ms)  67.9  42.7  32.0  29.1  44.3  30.6  24.0  20.9  

Last stimulation to  half relaxation         

Lean (ms)  215.0  110.0  57.8  38.6  106.4  53.6  32.5  20.5  

Obese (ms)  212.4  109.6  55.8  51.3  108.6  51.6  28.9  21.1  
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5.3.4 Power Output  
For the soleus, there was a significant main effect for both treatment group (2-way ANOVA, figure 

5.3A, P=0.002) and temperature (P<0.001). Post hoc analysis revealed normalised PO increased with 

temperature (P<0.001) in all cases except between 35 and 40 where there was no difference  

(P=0.998). There was no interaction between group and temperature for normalised PO (2-way 

ANOVA, Figure 2A, P=0.358). With reference to absolute PO, there was a significant main effect for 

both treatment group (2-way ANOVA, figure 3B, P=0.002) and temperature (P<0.001). Post hoc 

analysis revealed absolute PO increased with temperature (P<0.001) in all cases except between 35 

and 40 where there was no difference (P=0.083). The obese group produced more absolute power at 

35°C compared to their lean counterparts (P=0.041) and was approaching significance at 40°C (P=0.081) 

however there was no such difference at the lower temperatures. There was no interaction between 

group and temperature for absolute PO (2-way ANOVA, Figure 2A, P=0.197). In the diaphragm there 

was also no effect of HFD on normalised power output of diaphragm muscle (2-way ANOVA; figure 2C, 

P=0.875). There was an increase in power output in both groups as temperature increased (P<0.05 in 

all cases); however there was no difference between 35°C and 40°C (P=0.995). There was again no 

interaction between the treatment groups and testing temperature in normalised power output 

(P=0.977).  
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 Figure 5.2: The effect of a HFD on normalised soleus PO (A), absolute soleus PO (B) and normalised 
diaphragm PO (C). [Data represented as Mean+SEM N= 8 for lean N=9 for obese; * represent significant 
differences between diet treatment groups].  

  

  

  
5.5 Discussion  
The present study is the first to determine the effect temperature on skeletal muscles isolated from 

animals that had received a HFD, as well to test if the HFD induced changes in contractility are 

consistent over a range of temperatures. The data revealed the temperature related, diet induced 

differences in contractility between diet groups in absolute force and power in the soleus and stress 

of the diaphragm where reported at physiologically reverent temperatures but not significantly 

different at the lower range of temperatures. This novel finding suggests that when assessing the 

impact of a HFD on muscle performance, physiologically relevant testing temperatures are required 

to elicit reliable results. The second aim of the study was to examine if a HFD changed the 
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thermosensitivity of skeletal muscles. It was hypothesised that muscles from an obese animals would 

have a greater sensitivity to temperature because of the multiple effects of obesity on 

thermoregulation (increased heat production, decreased body mass/surface area ratio). The data 

revealed no change in the thermosensitivity of skeletal muscle following a HFD, it was hypothesised 

that because obese animals have greater heat production and a lower body mass/surface area ratio, 

muscle may be more specialised. Thus, we predict muscles from the obese will be more sensitive to a 

change in temperature compared with muscles from a lean population. Our results replicate previous 

data to indicated that a high fat diet alters contractility of skeletal muscle which is both muscle and 

contractile specific (Tallis et al., 2017, Hurst et al., 2019). Our results also align with previous work 

assessing the effect of temperature on muscle performance of mice in a similar age, with THPT, LSHR, 

stress and PO all improving as temperature increases (James, Tallis and Angilletta 2015). However, 

there was no interaction between the two factors indicating that obesity does not affect the 

thermosensitivity of skeletal muscles from either the core or periphery of the body.  

5.5.1 The effects of HFD on muscle function  
  

In the soleus, a HFD led to an improvement in absolute tetanic force production at 28°C, 35°C and 40°C 

and an increase in absolute power output at 35°C compared to lean controls. Such improvement in 

absolute force and power of muscles used for posture and locomotion in obese animals has been 

attributed to a training effect provided by elevated body mass (Maffiuletti et al., 2013). This increase 

in absolute force production has been reported in locomotory muscles in both human (Abdelmoula et 

al., 2012;  Maffiuletti et al., 2013) and rodent work (Hurst et al., 2019;  Tallis et al., 2017c).  

Interestingly, these improvements in force production were not replicated at the lowest temperatures 

(20⁰C). Previous in vivo studies assessing the effect of a HFD on muscle performance have used a 

testing temperature of 20⁰C (Ciapaite et al., 2015) and reported no significant differences in EDL force 

production. It could therefore be assumed that if these tests were done at a higher, more 

physiologically relevant temperature that differences would have been reported, removing some of 
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the ambiguity in earlier research. Although absolute force is improved, stress (force divided by muscle 

cross sectional area) and normalised power output are not different between groups, our previous 

work has reported changes in young animals in normalised force production in both the soleus and 

diaphragm (Hurst et al., 2019, chapter 1). This discrepancy could be related to the age and feeding 

duration of the animals, as the current study used 24-week-old animals which had been given 20 

weeks of a HFD compared to the slightly younger 20 week old animals which had received shorter 

durations of a HFD (2-12 weeks), as it has been reported that older mice (74 weeks, chapter 4) are less 

responsive to the effects of a high fat diet compared to their younger counterparts. Although obese 

muscles produce higher forces when isolated, in vivo they will be required to move a greater limb and 

body mass, therefore, any benefits in absolute force will be lost due to a lower force to body mass  

ratio.   

  

In the diaphragm, isometric stress was reduced in the obese group at 35°C, this follows previous 

literature reporting a decrease in stress (Tallis et al.,, 2017., Hurst et al.,, 2019) for this muscle. There 

was no significant difference at any other temperature. There was no difference in normalised WL PO 

between groups at any temperature. Contrary to this, previous work (Tallis et al.,, 2017) has reported 

a decline in normalised power output of the diaphragm and consequently a decline in muscle quality. 

One possible reason for the difference in results could be the CF used. Tallis et al., (2017) used a set 

CF to attain WL PO whereas the current study used a range of WL to find the optimal at each 

temperature.  

  

The data did not reveal any significant differences between treatment groups for tetanus activation or 

relaxation times in either muscle. Previous work in the area has ambiguity, with an HFD-related 

increase in relaxation time at 37°C (Tallis et al., 2017., Hurst et al., 2019), and a decrease in relaxation 

time at 20°C  (Ciapaite et al., 2015). Hurst et al., (2019) reported no change in activation or relaxation 
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time in the diaphragm however Tallis et al., (2017) reported relaxation in decreased after 20 weeks of 

a high fat diet, although no explanation was offered as to why relaxation rates improved.  

  

5.5.2 The effects of temperature on muscle function  
  

The effects of temperature on muscle performance replicate those using the same muscles and 

techniques (James et al., 2015), with a trend of increased performance with a higher temperature 

which levels off at a more physiologically relevant temperature range of 35-40°C. Temperature 

influenced the activation speeds of both the core (diaphragm) and peripheral (soleus) muscles. The 

soleus THPT and LSHR significantly decreased (therefore a faster contraction) as temperature 

increased, however, there was no such difference between 35°C and 40°C. Similarly, the diaphragm 

THPT decreased with an increased temperature with no change from 35°C to 40°C. LSHR decreased 

with every increase in temperature. This increase in contraction speed follows trends seen previously 

in different species, of both endotherms and ectotherms (Altringham and Block 1997;  Bennett 1984;  

De Ruiter et al., 1999;  Donley et al., 2012;  Herrel, James and Van Damme 2007;  James 2013a;  James, 

Tallis and Angilletta 2015;  Rall and Woledge 1990b;  Ranatunga 1982;  Rome and Swank 1992;  Swoap 

et al., 1993).   

Peak force production was also affected by temperature, aligning with previous work (James et al., 

2015). Absolute force, stress, normalised and absolute power output all increase as temperature 

increases, although no differences between 35°C – 40°C were found. This was to be expected as 35 

40°C will be the normal temperature range for skeletal muscles. It has been suggested that maximal 

force may be attained above 40°C (James et al.,, 2015), although the data from this study does not 

support that due to the plateau in performance between 35 and 40°C. Higher PO at the higher 

temperatures may be explained by faster activation and relaxation times, this allows the muscle to 
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generate high forces over more of the length change, therefore increasing work done, and PO (James 

et al.,, 2013).  

  

5.5.3 The Interaction between HFD and temperature  
Although both HFD and lower temperatures independently had some effects on the mechanical 

function of soleus and diaphragm muscle, there was no interaction between treatment group and 

temperature. Although diaphragm stress may be worse in the HFD group, this magnitude of this 

difference does not alter with temperature. The potential for additional heat production (Klaus 2004;  

Morrison 2004) and added insulation (Baker and Daniels 1956;  Jequier et al., 1974) did not alter the 

effects of HFD on skeletal muscle performance.  

Previous studies assessing the effects of HFD on isolated muscle function have used a range of testing 

temperatures (Tallis, James and Seebacher 2018). The results from the current study show that the 

effects of HFD on contractility (absolute isometric force, absolute power output) of the soleus are only 

present at certain temperatures (28, 35 & 40⁰C). This novel finding should be used when comparing 

data from previous studies and in the planning on any future work assessing the in vivo effects of HFD 

on skeletal muscle.  

5.5.4 Limitations      
  
The in vitro testing method used in this study isolates the target muscles outside of the body, therefore 

removing any potential body temperature differences between groups. We suggest that any of the 

alterations made to the thermal specialisation of the muscles tested due to addition body mass and 

body fat may lead to adaptions in the performance that would be seen even if the subsequent fat is 

removed.  

Although it was hypothesised that additional body mass and fat accumulation may decrease 

temperature fluctuation, and therefore increase thermal specialisation, in vivo muscle temperature 

for the mice was not measured. Live skeletal muscle temperature is available in humans (Kenny et al, 
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2003), and live body temperature sensors available for rodents (Kamerman et al 2001). The live body 

sensors could give accurate readings for overall body temperature in the animals.  

  

5.5.5Conclusion   
  

Our results show that an increase in temperature increases both activation and relaxation speed and 

power of skeletal muscle contractions in both the obese and lean groups. At the higher temperature’s 

a HFD has a muscle and contractile specific reduction on skeletal muscle performance. This refers to 

the difference in results from the isometrics and work loop data, for example, in the diaphragm, a HFD 

causes a decrease in isometric stress, but the normalised work loop power was unaffected. The data 

revealed no change in the thermosensitivity of skeletal muscle following a HFD, muscles from an obese 

population are not more thermally specialised than their lean counterparts. Our data also highlighted 

the need for physiologically relevant temperatures when assessing the effects of a HFD on the 

performance of skeletal muscle and how this phenomenon could go some way in explaining the 

ambiguity of the early work in the area.  

  
6 results Chapter 3 – The Effect of a High Fat Diet on the Concentric and Eccentric Contractile  

Properties of Isolated Mouse Soleus and Extensor Digitorum Longus Muscles  

6.1 Abstract  
Introduction- Current literature using isolated skeletal muscle has demonstrated an HFD induced, 

muscle specific, reduction in both isometric and concentric contractile performance which has been 

proposed to contribute to HFD reduction in physical function. Eccentric muscle function is vital in the 

completion of tasks of daily living and eccentric training is now more broadly receiving attentional as 

more beneficial training modality for obese populations. Despite this, there is a dearth of evidence 

exploring the effect of HFD on eccentric muscle function, and as such, the current study aims to 
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uniquely examine the effect of high fat diet consumption on both concentric and eccentric muscle 

function using the work loop technique.       

Methods- 4-week-old female mice (CD-1; N=33) were randomly assigned to either a lean control group 

receiving standard lab chow or obese group (N = 8 in each case) which received 20 weeks of a HFD. At 

24 weeks of age the slow twitch soleus or fast twitch extensor digitorum longus (EDL) muscle was 

isolated and absolute isometric tetanic force, stress (maximal force relative to muscle cross sectional 

area), work loop (WL) power, concentric or eccentric fatigue resistance and the ability of the muscle  

to recover were measured.                                   

Results- Body mass and gonadal fat pad mass were significantly higher in the obese group (by 35.8% 

and 260.3% respectively, P<0.001 in both cases). For the soleus, stress and concentric power output 

(PO) normalised to muscle mass was unaffected. However normalised eccentric PO was significantly 

reduced (P=0.04), and absolute isometric force was significantly higher in the obese group (P=0.007). 

Obese concentric group fatigued quicker than the lean concentric group (P<0.001) however eccentric 

fatigue was unaffected. For the EDL, maximal force, normalised stress, eccentric PO and both 

concentric and eccentric fatigue were unaffected. However, normalised concentric PO was reduced in 

the obese group (P=0.01).     

Discussion- The present work is the first to demonstrate how a HFD affects eccentric muscle function 

in a muscle and contractile specific manner in young adult mice. It was also been established that 

concentric and eccentric muscle contractions are both uniquely affected by HFD in a muscle and 

contractile specific manner. The data suggests that eccentric fatigue resistance is reasonably well 

maintained with an increase in recovery properties for the EDL in the obese groups; this could be the 

result of reduced damage through eccentric function and be an important focus for exercise 

prescription for obese animals.  
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6.2 Introduction  
Recent data collected by the World Health Organisation has indicated that over 19% of the adult 

population (over 1.4 billion) are classed as overweight or obese (WHO 2017). This figure is 

disproportionally higher in westernised countries where high calorie diets are more common (WOF 

2017). Obesity is linked to many life altering diseases such as type II diabetes, cardiovascular disease 

and cancer (Kopelman 2007). Obesity has also been linked to a decline in the ability of skeletal muscle 

to function both isometrically and concentrically (Ciapaite et al., 2015;  Tallis et al., 2017c;  Tomlinson 

et al., 2016;  Tuttle, Sinacore and Mueller 2012), with recent evidence proposing a link between an 

obesity associated reduction in muscle performance and a negative cycle of reduced physical activity 

and further weight gain (Tallis et al., 2018, Hurst et al., 2019).  
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Due to the increase prevalence of obesity, there has been a surge in research in the last decade that 

has looked to further our understanding of the obesity effects of skeletal muscle function. More 

recently, studies examining the contractile performance of isolated skeletal muscle from obese 

rodents has become more common (Bott et al., 2017;  Ciapaite et al., 2015;  Eshima et al., 2017;  Hurst 

et al., 2019;  Tallis et al., 2017) and the benefits of such models for examining the effect of obesity on 

muscle function has been the subject of a recent review (Tallis, James and Seebacher 2018). It has 

been proposed that direct stimulation of the muscle provides a true indication of obesity effects 

directly at the muscle level that may be difficult to extrapolate in vivo, given obesity associated effects 

on neuromuscular recruitment (Yoshida, Marcus and Lastayo 2012). Obesity also offers challenges 

when attempting to maximally stimulate a muscle in vivo, this is exacerbated in eccentric muscle 

action (Duchateau and Baudry 2013). A reduced EMG amplitude coupled with submaximal 

contractions observed with voluntary eccentric contractions suggests that motor unit recruitment may 

be limited in maximal eccentric action to protect against damage (Seger and Thorstensson 2000;  

Westing, Cresswell and Thorstensson 1991). Furthermore, an isolated skeletal muscle model allows 

for accurate assessments of muscle quality (muscle performance normalised to muscle mass) as 

muscle mass can be accurately measured. Whilst human in vivo studies have attempted to assess 

muscle fatigue in obesity (Garcia-Vicencio et al., 2015, Maffiuletti et al., 2007, Maffiuletti et al., 2008, 

Minetto et al., 2013, Paolillo et al., 2012), the increased body mass of the obese participants causes 

increased bodily inertia due to heavier limbs, the obese participants will be working harder than their 

lean counterparts at any given intensity (Tallis et al., 2017). An isolated skeletal muscle model allows 

for an accurate assessment of fatigue by removing the influence of bodily inertia.    

Although marred by inconsistences, largely attributed to variations in experimental approach, 

including testing temperature, muscles used and contractility measure (Tallis et al., 2018), the general 

trend suggesting an obesity associated reduction in muscle quality (Ayre and Hulbert 1996;  Bott et 

al., 2017;  Ciapaite et al., 2015;  Matsakas et al., 2015; Hurst et al., 2019;  Seebacher et al., 2017;  Tallis 

et al., 2017). Absolute isometric force and work loop power are either maintained or increased, albeit 
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the magnitude fails to parallel the increase in body mass. There is some evidence that fatigue 

resistance, assessed via either repeated isometric or concentric activity is reduced in the presence of 

HFD (Hurst et al., 2019;  Tallis et al., 2017c).  It is clear from this body of evidence that HFD effects on 

the contractile performance of skeletal muscle are not uniform, but muscle specific, attributed in part 

to fibre type specific effects (Hurst et al., 2019;  Tallis et al., 2017c). Our previous work (Hurst el al 

2019, Chapter 1) demonstrated fatness is more important than duration of feeding in initiating the 

outlined HFD effects on muscle function.  

  

Irrespective of experimental design, research to date has focused only on obesity effects on isometric 

and concentric muscle function and currently there is little indication of how HFD affects eccentric 

muscle function. Eccentric muscle activity occurs when the external force acting on the muscle is 

greater than the force being produced whilst lengthening (Nishikawa, 2016). It is vital for everyday 

movements such as walking, balance, standing, moving from a standing-to-sitting position and stair 

descent (LaStayo et al., 2003;  Staublr 1989). Obese individuals have been reported to have greater 

absolute concentric power due to added body mas providing an additional training stimulus 

(Maffiuletti et al., 2013). The same improvement in absolute performance could be predicted for 

eccentric muscle action as obese individuals would have a larger body mass and regularly perform 

repetitive, whole body eccentric movements in everyday life. Breaking action and controlled 

movements would be performed at a higher intensity in obese individuals due to elevated body mass.  

Until recently, eccentric muscle action (active lengthening) was poorly understood (Herzog 2013;  

Herzog 2014). The sliding filament theory used to explain concentric muscle action could not explain 

great levels of tension (Linari et al., 2000), the high forces (Edman, Elzinga and Noble 1982) and low 

energy cost associated with eccentric muscle action (Curtin and Davies 1975;  Hessel, Lindstedt and 

Nishikawa 2017). The emergence of the vital role of titin during active lengthening has led to a greater 

understanding of how muscles produce eccentric force (Herzog 2014). Titin is a large protein that 
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attaches myosin to the z-line (Li, Lang and Linke 2016). During active lengthening, the calcium influx 

causes titin to stiffen, enabling high forces to be produced (Herzog 2013). The different mechanism 

used for eccentric force generation compared with concentric action makes this area of novel research 

vital for understanding the holistic effect of obesity on contractility.   

Mechanisms for eccentric function are not well understood, many of the mechanisms attributed to 

the decline in concentric muscle function with obesity are also present in sarcopenia (decline in muscle 

mass and function with age). This may be a predictor that eccentric function is affected through 

different mechanisms and could also be well maintained in obese muscle. Change in fibre type  

(Alnaqeeb and Goldspink 1987;  Aniansson et al., 1986;  Coggan et al., 1992;  Eshima et al., 2017;   

Shortreed et al., 2009) decreased protein synthesis  (Akhmedov and Berdeaux 2013;  Anderson et al.,  

2008;  Larsson and Salviati 1989;  Short et al., 2005;  Viner et al., 1999) changes in metabolic profile  

(Ciapaite et al., 2015;  Coggan et al., 1992;  Larsson and Salviati 1989;  Seebacher et al., 2017;   

Shortreed et al., 2009;  Tallis et al., 2017) and change in calcium handling (Bruton et al., 2002;   

Delbono, O'rourke and Ettinger 1995;  Navarro, Lopez-Cepero and Sanchez del Pino 2001;  

Renganathan, Messi and Delbono 1997;  Warmington, Tolan and McBennett 2000). Recently, Hill et 

al., (2018) reported that acute eccentric power output is reasonably well maintained in aged EDL, but 

not soleus, though the reverse was observed when examining fatigue resistance, where older EDL was 

more resistant to eccentric fatigue, with no effect for soleus. This may be a predictor that eccentric 

function is affected through different mechanisms and could also be well maintained in obese muscle.   

The aim of the present study was to examine the effect of a high fat diet on the isometric, concentric 

and eccentric muscle function of the slow-twitch soleus and the fast-twitch EDL isolated from young 

female mice. The present work is the first to assess absolute and normalised eccentric power to muscle 

mass using an isolated skeletal muscle model for obese rodents. As such, results from this study will 

help to further our understanding of the holistic effect of HFD on the contractile performance of 

skeletal muscle.  
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6.3 Method & Materials  

6.3.1 Animal Information & Muscle Preparation  
Following ethical approval from the Coventry University ethics committee, 4 week old female CD1 

mice (Charles River, UK; n=33) were randomly assigned to either a lean control or obese group (N= 16 

lean and N=17 obese) and were kept in cages of 8. Mice were housed in a 12-hour light/dark cycles for 

24 weeks. All animals were given water and standard lab chow (SDS RM-1 Maintenance) ad libitum.  

Mice in the obese group also had ad libitum access to high fat laboratory forage diet (Advanced  

Protocol PicoLab Natural Sunflower). A full nutrition list can be found in the general methods section  

3 table 3.1. At 24 weeks of age, mice were sacrificed via cervical dislocation in accordance with British 

Home Office Animals (Scientific Procedures) Act 1986, Schedule 1 and weighed to determine whole 

animal body mass. The gonadal fat pad was removed from the animals and weighed, as an indicative 

measure of whole body adiposity (Rodgers et al.,, 1980). Nose-anus body length was recorded used 

electronic callipers, and abdomen circumference was recorded using a textiles tape measure.  

Following sacrifice, the hind limbs were removed and placed in chilled (4⁰C), oxygenated (95% O2; 5% 

CO2) Krebs- Henseleit solution ([mM] NaCl 118; KCl 4.75; MgSO4 1.18; NaHCO3 24.8; KH2PO4 1.18; 

glucose 10; CaCl2 2.54; pH 7.55). The target muscle was then isolated under a microscope with the  

Krebs- Henseleit solution being constantly changed. Two muscles were taken from each animal 

resulting in formation of the following four experimental groups: Lean Concentric; Lean Eccentric, 

Obese Concentric; Obese Eccentric (n=8 or greater in each case). A small piece of bone was left at the 

proximal end of the muscle with an aluminium foil T clip wrapped around the tendons at the distil end 

of the muscle.  

   

6.3.2 Experimental Set-up   
Following dissection, the target muscle was placed into crocodile clips in a custom-built bath, with one 

end attached to a force transducer (UF1, Pioden Controls Ltd, Henwood Ashford, UK), and the other 

end attached to a motor arm (V201, Ling Dynamic Systems, Royston, UK). Oxygenated Krebs solution 

(37 ±0.2°C) was consistently pumped through the bath from a central reservoir where the temperature 
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was maintained using a water bath (Grant LTD6G, Grant Instruments, Shepreth, UK). Temperature of 

the Krebs solution was monitored by a digital thermometer (Checktemp C, Harvard Apparatus, UK).  

The position of the motor arm was detected via a Linear Variable Displacement Transformer (LVDT, 

DFG5.0, Solartron Metrology, UK). The motor arm was used to change the length of the muscle during 

assessments of work loop power.  

Platinum electrodes submerged in the Krebs solution were used to provide stimulation to the muscle 

to induce activation. The amplitude of the stimulation was controlled by an external power source 

(PL320, Thurlby Thandar Instruments, Huntingdon, UK). Visual representation of the force and length 

data was provided by a storage oscilloscope (2211, Tektronix, Marlow, UK). Length change and 

stimulation parameters were controlled by a custom programme within Testpoint software (Testpoint, 

CEC, Massachusetts, USA).  

6.3.3 Isometric Assessments   
Isometric twitch measurements were used to optimise length and stimulation parameters (14-18V for 

EDL, 12–16V for soleus; fixed stimulation amplitude of 160 mA and pulse width of 1.2 ms) until peak 

twitch force was attained. Once optimal length was attained, muscle length was measured using an 

eyepiece graticule fitted to a microscope and defined as L0. Estimated (Tanner et al., 2002)fibre length 

was calculated as 75% of L0 for EDL and 85% of L0 for the soleus (James et al., 1996;  James, Altringham 

and Goldspink 1995). Isometric tetanic force was then measured using a range of stimulation 

frequencies to find an optimum and a set burst duration. EDL received a 250 ms burst of electrical 

stimulation and the soleus a 350 ms burst of electrical stimulation. The stimulation frequency ranged 

from 200-220Hz for the EDL and 120-140 for the soleus, the stimulation frequency which attained 

peak isometric force was then used for work loops.  Time to half peak tetanus and last stimulus to half 

tetanus relaxation was measured from optimal tetanus parameters. A rest period of 5 minutes was 

imposed between each tetanic stimulation to allow for sufficient recovery. A method previously used 

in similar experiments (Tallis et al., 2014, Tallis et al., 2017, Hill et al., 2018, Hurst et al., 2019)   
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6.3.4 Assessment of Concentric Work Loop Power Output    
Using the unique set of parameters gained from twitch and tetanus stimulations, concentric power 

output (PO) was determined using the work loop technique. Each muscle underwent 4 sinusoidal 

length changes at a given cycle frequency (CF). CF of 5Hz was used for the soleus and a CF of 10 Hz 

was used for the EDL as these CF’s have been previously shown to elicit maximal power in both lean 

(James et al., 1996;  James, Altringham and Goldspink 1995;  Tallis et al., 2014;  Tallis et al., 2017c) and 

obese (Hurst et al., 2019, Chapter 1) animals . A phase shift of −10 ms and −2 ms were utilized for the 

soleus and EDL respectively to elicit peak power. These phase shifts dictated that the stimulation 

started 10 ms (for soleus) and 2 ms (for EDL) before the muscle reached its maximal length. The 

duration of the stimulation (initially 50ms for soleus and 65ms for the EDL) were also optimised for 

maximal force production. Strains of 0.08 to 0.014 were used and manipulated to achieve maximal 

work. Similarly, to the isometric tests, each work loop was followed by a 5-minute rest period, the 

stability of the muscle over time was tested by performing tests of the same frequency every 20 

minutes, assessing decline in performance over time. Testpoint software provide a work loop shape 

and PO by plotting force production against muscle length.  

6.3.5 Fatigue  
In an attempt to prevent muscle damage, the eccentric PO was not initially assessed in the same 

manner as concentric PO. Instead, power values from the second WL of the eccentric fatigue protocol 

were recorded as eccentric PO; this technique has been previously used by (Hill et al., 2017). Following 

attaining maximal concentric PO, each muscle underwent a 10-minute rest period. Following this, the 

lean concentric (LC) and obese concentric (OC) groups underwent 50 consecutive WL’s with the same 

parameters as which elicited maximal concentric PO to assess muscle fatigue (Tallis et al., 2014;  Tallis 

et al., 2017c). For the lean eccentric (LE) and obese eccentric (OE) groups, the parameters had to be 

modified to ensure the muscle passively shortened followed by stimulation throughout lengthening. 

Parameters were set for each muscle as a strain of -0.10, a phase of−10 ms and −5 ms for the soleus 

and EDL muscles. Burst duration of 72 ms and 55 ms was used for the soleus and EDL, respectively to 

ensure the muscle was sufficiently stimulated throughout the lengthening phase (Hill et al., 2017).  
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Time to fatigue was measured as a time point at which a decrease of 50% of the initial PO occurred.  

6.3.6 Recovery Protocol   
Following the fatigue assessment, the ability for the muscle to recover over a 30-minute period was 

assessed. All muscles were stimulated every 10 minutes with concentric WL to monitor recovery and 

assess muscle fatigue. Recovery has been expressed as a percentage of pre-fatigue maximal concentric 

PO as per previous work (Hill et al., 2017;  Tallis et al., 2014;  Tallis et al., 2017c).  

6.3.7 Muscle Mass Dimensions and Calculations   
Once contractility assessments were finished, the muscle was removed from the rig and bone or 

tendon was removed leaving just muscle tissue. The muscle was blotted on absorbent paper to remove 

any excess Krebs solution and weighed to determine wet muscle mass (TL64, Denver Instrument 

Company, Arvada, CO). Muscle cross sectional area (CSA) was attained from muscle length and an 

assumed density of 1,060kg.m-3 (Mendez and Keys 1960). Maximal isometric stress (kN.m2) was 

calculated as peak tetanic force divided by mean muscle CSA. Normalized PO (W.kg−1 muscle mass) 

was calculated as absolute PO divided by muscle mass.   

6.3.8 Statistical Analyses   
All data are presented as mean ± standard error of mean (SEM). Normality and homogeneity of 

variance were established before any statistical analysis was employed. The data for animal and 

muscle morphology, isometric contractile properties, maximal concentric and eccentric WL force, and 

power were analysed using a T test in SPSS (SPSS, IL) to determine differences between obese and 

lean control groups. For time to fatigue and recovery, two-way ANOVAs were used to look at 

interactions between time, treatment group and power output. Due to finding from our previous work 

(Hurst et al.,, 2019. Chapter 1), correlations were performed on all muscles between fat free mass and 

body mass, isometric force, isometric stress, absolute work loop power output (both eccentric and 

concentric) and normalised work loop power output (both eccentric and concentric). The level of 

significance was set at P < 0.05 for all analyses.  

  



 

130  
  

  

  

  

  

  

  

  

  

  

  
6.4 Results   

6.4.1 Animal Morphology  
Whole animal body mass and gonadal fat pad mass significantly increased in the obese group (Table 

1; t-test P<0.001 35.8% increase in body mass & 260.3% increase in FPM). Muscle mass for the soleus 

was significantly greater in the obese group (Table 6.1, t-test P<0.001), however muscle mass for the 

EDL was not different between groups (P=0.79). There were no significant differences between groups 

for body length or abdominal circumference (Table 6.1.  P=0.11).   

  
Table 6.1: The effect of a HFD on animal morphology.  

  
 Lean   Obese  

Body Mass (g)  34.56±1.53   46.93±2.16*  

Fat Pad Mass (g)  1.51±0.30   5.44±0.65*  

Body Length (mm)  101.71±1.44   101.46±5.68  

Circumference (cm)  8.68±0.24   9.69±0.61  
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EDL muscle mass (mg)  12.3±0.4   12.5±0.2  

Soleus muscle mass (mg)  8.9±0.4   11.5±0.6*  

[Data represented as Mean±SE; N=16 lean & 17 obese; * indicate significant differences between treatment 

group and lean control group. P<0.05 used to determine significance]  

  

6.4.2 Maximal tetanic force and stress  
For the soleus, maximal tetanic force was significantly higher in the obese group (figure 1A, ANOVA, 

P=0.007), however isometric stress (figure 6.1B) was not affected. For the EDL, neither maximal tetanic 

force or stress were affected by group (figure 6.1C, 6.1D. P>0.06 in each case).  

  

Figure 6.1: The effect of a HFD on the maximal isometric tetanus force and stress of isolated mouse 
soleus (A & B), EDL (C & D) [Data represented as Mean+SEM N=9 for EDL obese concentric, N=8 for all 
other groups * represent significant differences between groups]  

  

B   
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6.4.3 Concentric and Eccentric Work Loop Power Output  
For the soleus, concentric PO normalised to muscle mass was not affected by diet, however normalised 

eccentric PO was reduced in the obese group (figure 2E, ANOVA, P=0.04). In contrast, the normalised 

concentric PO for the EDL was lower in the obese group (figure 2C, ANOVA, P=0.018) however the 

normalised eccentric PO was unaffected. There were no significant changes in absolute  

PO in either group for the soleus or the EDL (Figure 2B, D, F & H. P>0.38).  

  

Figure 6.2 – The effect of a HFD on the normalised and absolute concentric net WL PO and normalised 
and absolute eccentric net WL PO of isolated mouse soleus and EDL. [Data represented as Mean; N=9 
for EDL obese concentric, N=8 for all other groups, * represents significant difference between groups]  
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6.4.4 Fatigue  
For soleus eccentric WL power was not significantly affected by time (P=0.18). There was no significant 

interaction between group and time for eccentric fatigue (P=1.00). Concentric WL power was 

significantly affected by time (P<0.001), there was also an interaction between treatment and time, 

indicating that the obese group fatigued significantly faster than the lean controls (2-way ANOVA, 

P<0.001, figure 3A). For the EDL, following both concentric and eccentric fatigue, WL power 

significantly reduced over time (P<0.001) there was no significant interaction between treatment and 

time for either concentric or eccentric fatigue (P=0.14 and P=0.99 respectively, figure 3B).  

 

 
Time (S) 
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Figure 6.3 - The effect of HFD on the concentric (OC: ▲, LC: ��) and eccentric (OE: ×, LE: ■) fatigue 
resistance of maximally stimulated mouse soleus (A), EDL (B) [Data represented as Mean±SE; N= 8, * 
represent significant differences between groups. LC: Lean concentric; LE: Lean eccentric; OC: Obese 
concentric; OE; Obese eccentric.]   

6.4.5 Recovery  
  

Recovery of the soleus following both the eccentric and the concentric WL stimulation protocol was 

significantly greater in the lean control group compared to the obese group (Figure 4A&B. P<0.001). 

There was no effect of time or treatment*time interaction (P>0.31). In the EDL, following eccentric 

fatigue, the obese group recovered to a greater magnitude than their lean counterparts (Figure 4D.  

P<0.001), there was no interaction between time*treatment group (P=0.68). Following concentric 

fatigue, WL power significantly improved over time (Figure 4C. P=0.02) but there was no significant 

difference between group (P=0.122) or significant interaction between time*treatment group 

(P=0.41).   
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Figure 6.4: Time-course of recovery of concentric power output following concentric fatigue protocol 
for obese (■) and lean ( ��) skeletal muscles every 10 minutes (A, soleus; C, EDL) and following eccentric 
fatigue protocol (B, soleus; D, EDL). Values presented as mean ± SEM. * significant difference between 
age groups at each time point.  

6.5.6 Correlations between contractility measures and fat pad mass   
Hurst et al., (2019, chapter 1) reported that fat pad mass was a greater indicator of the effect of HFD 

than feeding duration. As such, correlations were made between gonadal fat pad mass and body mass, 

absolute tetanus force, normalised tetanus stress, absolute power output (eccentric and concentric) 

and normalised power output (eccentric and concentric), for this, experimental groups were pooled 

and treated as one group. For soleus, there was a significant positive correlation between gonadal fat 

pad mass and body mass, as well as FPM and absolute force (Table 6.3, r=.838 P>0.001 and r=0.444 

P=0.011 respectively). For the EDL, positive correlations were found between FPM and body mass  

(r=0.949, P<0.001). Negative correlations were found between FPM and force (r=-0.0492, P=0.004) 

FPM and absolute concentric PO (r=-0.580, P=0.015) and FPM and normalised concentric PO (r=-0.578, 

P=0.015).  

Table 6.3:  Correlation between gonadal fat pad mass, and body mass, tetanus force, tetanus stress, 
absolute power output and normalised power output for soleus and EDL. All experimental groups were 
pooled for this analysis  

  Body  

mass  

(g)  

Force  

(mN)  

Stress  

(Kn/m2)  

Absolute 

concentric PO  

(W)  

Normalised 

concentric PO  

(W/kg-1)  

Absolute 
eccentric PO 
(W)  

Normalised 

eccentric  

PO (W/kg-1)  
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6.7 Discussion  
The present study is the first to assess the effect of a HFD on eccentric skeletal muscle contractile 

performance and make comparisons to isometric and concentric muscle activity. The data indicates 

that the HFD effects on eccentric muscle function are muscle specific and have little relationship to 

HFD associated changes in either isometric or concentric muscle function. The EDL concentric function 

was reduced, however, the eccentric function was maintained. In the soleus, the eccentric function 

was affected to a greater magnitude than the concentric function. Our results indicate that 20 weeks 

of a high fat diet causes a significant reduction in eccentric PO of the soleus when normalised to muscle 

mass whilst having no significant effect on normalised eccentric PO of the EDL. Normalised concentric 

power from the EDL was also negatively affected by HFD. Eccentric fatigue resistance is also 

maintained in the obese group for both muscles when compared to lean controls. Following eccentric 

fatigue in the EDL, the obese group recovered to a greater magnitude than their lean counterparts, 

this could indicate a reduction in damage occurred through eccentric muscle action, suggestion 

obesity may offer some form of protective mechanism to the fast twitch muscle. These results indicate 

a further level of complexity with respect to understanding the effects of HFD effects on muscle 

function, whereby eccentric muscle activity responses differ to concentric muscle activity. As has been 

shown here and previously with concentric activity (Hurst et al., 2019;  Tallis et al., 2017), HFD effects 

on eccentric muscle activity are muscle specific, the data from the current study shows that muscle 

contraction method can be individually affected within the same muscle.  

6.7.1 Force and Power   
In the EDL there was no difference in the maximal force or stress (absolute force divided by muscle 

cross sectional area) between treatment groups (figure1C, D.), this data replicated previous work by 

Hurst et al., (2018), however Tallis et al., (2017) reported a decrease in stress of the EDL in the obese 

groups. The EDL muscle mass was not significantly different between groups (table 1), the muscle was 

from the lean group (12.3mg) was heavier than previously reported EDL muscle masses from female 

mice of the same strain from Tallis 10.0mg and Hurst 10.4mg. These larger muscles in the lean group 
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may go some way in explaining how muscle quality seemed to be reasonable well maintained in the 

obese group. In the soleus, there was no difference in stress between groups, however the obese 

group produced greater amount of absolute force, this result is replicated by Tallis et al., (2017). The 

mechanisms behind the increase in absolute force production in the posturally loaded soleus has been 

previously reported in both humans (Maffiuletti et al., 2013) and rodents (Tallis et al., 2017, Hurst et 

al., 2019.), it has been attributed to an increased body mass acting as a training stimulus for postural 

muscles (Maffiuletti et al., 2013). This increase in absolute force is unlikely to be beneficial in vivo as 

obese individuals will have a greater bodily inertia, resulting in a decreased force/body mass ratio.  

There was no significant change in absolute concentric PO or concentric PO normalised to muscle mass 

for the soleus, this replicates previous work by Tallis et al., (2017). In the EDL, relative PO decreased 

in the obese groups with no change in absolute PO, previously reported by Hurst et al., (2018) and 

Tallis et al., (2017). This change in normalised power represents a decrease in muscle quality.    

This is the first study to show the effects of HFD on eccentric muscle function, similar to the effects on 

concentric function, they are not uniform within induvials muscles, they are also muscle specific. 

Interestingly, the negative effects on concentric function are not replicated in eccentric function for 

example, normalised concentric EDL function reduced, whilst normalised eccentric function is 

reduced. This would suggest the mechanisms which cause the changes are different between 

contractile method. For eccentric power output, the obese group produced less normalised power 

that the lean controls in the soleus, with no change in absolute performance. There were no changes 

in eccentric PO in the EDL, absolute or normalised. This data suggests that HFD causes a reduction in 

eccentric muscle quality of the slow twitch soleus whilst having no negative effect on the fast twitch 

soleus. This maintenance in eccentric PO in the EDL coupled with the unchanged fatigue resistance 

and the improved recovery could suggest that HFD offers some benefits to fast twitch muscle fibres, 

this could be through additional body mass acting as a training stimulus similar to what has been 

reported for human concentric work (Maffiuletti et al., 2013).   
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Correlation data highlighted some interesting differences within the muscles tested, FPM and absolute 

force was positively correlated in the soleus (Table 2, r=0.444), replicating previous data (Hurst et al.,, 

2019), however it was negatively correlated in the EDL (r=-0.492). Both absolute and normalised 

concentric PO was also negatively correlated with FPM. Although the EDL from the obese group 

seemed to have been reasonable well maintained, these negative correlations revealed that high fat 

mass and low forces are present in with the fast twitch EDL muscle even though the groups may not 

be significantly different. Eshima (2017) found 12 weeks of a HFD was enough to warrant a decrease 

in force coupled with a decline in fast TnT isoform expression in Male C57BL/6J mice. As fast TnT 

isoforms are mainly linked to fast twitch muscle fibres, this may explain why the results were not 

replicated in the slow twitch soleus.  

6.7.1 Mechanisms  
Mechanisms relating to a decline in concentric muscle function in relation to obesity have previously 

been attributed to a change in fibre type composition (Eshima et al., 2017; Shortreed et al., 2009), a 

reduction in protein synthesis (Akhmedov and Berdeaux 2013;  Anderson et al., 2008), altered calcium 

handling (Bruton et al., 2002;  Warmington, Tolan and McBennett 2000) and changes to metabolic 

profile (Ciapaite et al., 2015;  Seebacher et al., 2017;  Shortreed et al., 2009;  Tallis et al., 2017). These 

mechanisms are likely to be muscle specific and influenced by obesity duration and age.  There is 

currently a dearth of literature attempting to couple specific mechanisms to change in contractility.   

The mechanisms behind the changes in eccentric function are not as well understood, there is 

currently no literature offering causation. As eccentric work from the fast twitch EDL was reasonably 

well maintained, and the slow twitch soleus had a decline in eccentric power, it could be speculated 

that increase body mass and fat accumulation have a negative effect on titin function within slow 

twitch muscle fibres. Herzog (2018) stated that titin could increase its integral stiffness upon activation 

and stretch by binding calcium upon activation. Changes in calcium handling caused by obesity could 

have a great effect on eccentric PO, changes in fast Tnnt (Ciapaite et al., 2015; Eshima et al., 2017) 

could cause a change in calcium sensitivity (Ogut et al., 1999) and therefore affect the activation of 
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titin. Although more specific causation research is required looking at how a HFD, obesity or adipose 

tissue impacts the relationship with titin and calcium, and therefore eccentric muscle function  

6.7.2Fatigue & Recovery  
Previous work assessing the effect of HFD on fatigue resistance in vivo does not accurately assess 

skeletal muscle fatigue as increased body mass in the obese animals would results in their muscles 

working at a higher percentage of maximal work, results in an earlier fatigue. Previous work by Tallis 

et al., (2017) and Hurst et al., (2018) examined the effect of HFD on fatigue resistance using the work 

loop technique, in the current study, concentric fatigue in the soleus decreased with HFD, but there is 

no such affect in the EDL. These results mirror that of Tallis et al.,  (2017) however Hurst et al.,  (2018) 

reports the opposite results. As the current study and the Tallis study used longer feeding protocols 

(20 and 16 weeks respectively) it is possible the fibre type of the EDL began to take on the metabolic 

background of the adjacent fibres in preparation to alter fibre type in accordance with the nearest 

neighbour theory (Pette and Staron 1997).  This suggests that more extensive feeding duration and 

consequential fat mass gain may produce more substantial effects, particularly for metabolic profile.  

In response to eccentric activity, there was no difference in fatigue resistance between treatment 

groups in either muscle. Sustained eccentric PO in the soleus was well maintained with over 80% of 

maximal power still being produced after 50 consecutive work loops, this fatigue resistance in much 

greater than concentric sustained PO for the same muscle, which was no longer producing work by 

following 50 consecutive work loops. Increased resistance to fatigue through eccentric action 

compared to concentric contraction could be a key factor when exercise is being prescribed to obese 

individuals needing to reduce body mass. It has been reported that eccentric exercise can more 

dramatically reduce body fat when compared to concentric exercise (Julian et al., 2019;  Mueller et 

al., 2009) or be as affective (Jacobs et al., 2014;  Marcus et al., 2008), this is achieved by eccentric 

exercise causing elevated resting energy expenditure for longer periods post exercise compared to 

concentric exercise (Hackney, Engels and Gretebeck 2008;  Paschalis et al., 2011). Julian (2019) 
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reported further benefits of eccentric exercise with a greater magnitude of body fat reduction and 

increased lean mass retention achieved through eccentric cycling compared to concentric cycling.   

Initially for the soleus, the lean group recovered at a greater magnitude following concentric fatigue 

than the obese group but there are no significant differences following 30 minutes. This acute damage 

may be an important complication for an obese population completing activities in daily life. This effect 

would be more distinct in vivo as the obese individuals would have to work harder to maintain the 

same level of force as a lean muscle. There were no significant differences in recovery following 

eccentric fatigue. In the EDL, following concentric fatigue there was no difference in the rate of 

recovery, however, following eccentric fatigue, the obese group recovered significantly quicker than 

their lean counterparts. As the obese group recovered at a greater rate than their lean counterparts 

following eccentric fatigue, this suggests that there may be some protective mechanism to reduce 

damage from eccentric contractions.   

6.7.3 Limitations and broader applications  
The current study used sinusoidal length changes for the work loop technique; this is a simplified 

approach to how muscles dynamically occur in vivo (James, Altringham and Goldspink 1995). Although 

this method is well cited for concentric muscle action within the subject area (Hill et al., 2017;  Tallis 

et al., 2014;  Tallis et al., 2017). There is currently no data to suggest the most efficient methodology 

when eccentrically working skeletal muscle using the work loop technique.  

The data suggests that eccentric exercise could be more beneficial than concentric exercise due to 

lower fatigue and better recovery. Although eccentric exercise is heavily linked with increase muscle 

damage (Hyldahl and Hubal 2014), if an eccentric exercise program starts with a relatively low 

intensity, the work load may be light enough to not induce damage, but still provide enough activity 

that subsequent exercise sessions are not unaccustomed and therefore reduce any muscle 

damage/soreness (Hyldahl and Hubal 2014). Recently, literature supporting the use of eccentric 

exercise in an obese model have shown multiple benefits including lower heart rate during exercise, 
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greater decrease in resting heart rate, greater increase in bone mineral density, greater increase in 

maximal voluntary contraction, greater increase in balance compared to concentric exercise, the 

eccentric interventions also had a greater effect at reducing waist circumference of the obese 

individuals than the concentric intervention (Chen et al., 2017; Díaz-Vegas et al., 2018).  

Although the majority of the literature recommends eccentric exercise for obese individuals, there is 

currently one study that suggests obese individuals experience greater muscle damage from eccentric 

exercise than their lean counterparts. Kim et al., (2018) reported reduced maximal strength and 

greater muscle soreness in obese university students compared to lean students.  

6.8 Conclusion  
In summary, the present work is the first to demonstrate how eccentric muscle function is affected by 

a HFD in young adult mice. There is not a one size fits all approach for the effects of obesity on skeletal 

muscle with each muscle being individually affected. The data from this study is also the first to 

establish that concentric and eccentric muscle contractions and both uniquely affected by obesity in 

a muscle and contractile specific manner. The loss of normalised power from eccentric soleus and 

concentric EDL contractions offers support to previous work on the negative effects of obesity 

associated with muscle function. The reduction in muscle quality could lead to a poorer quality of life, 

less physical active and therefor enter a negative cycle of obesity and degradation of skeletal muscle. 

A reduced eccentric muscle quality could also exacerbate the risk of injury as these effects would be 

magnified in vivo given the larger body masses. The data suggests that eccentric fatigue resistance is 

reasonably well maintained with an increase in recovery properties for the EDL in the obese groups 

potentially meaning a reduction in damage from eccentric action in an obese population; this could be 

an important focus for exercise prescription for obese individuals.   
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7 Results Chapter 4 – The effect of 10 weeks of calorie restriction or voluntary wheel running on the 
contractile performance of isolated EDL, diaphragm and soleus muscle of obese 74-week-old female 
mice.    

7.1 Abstract  
Introduction – Increasing levels of obesity coupled with an increased life expectancy is resulting in an 

obese, aged population. Recent literature indicates that muscle function reducing with age and that 

obesity has negative effects on muscle function in a young model. There is currently a dearth of 

literature assessing the synergistic effects of obesity and ageing on the contractile performance of 

skeletal muscle, moreover, it is important to understand the effects of exercise and diet interventions 

in with an aged obese population. As such, the present study aims to uniquely assess the effects of 52 

weeks of a high fat diet on CD-1 female mice, and if any detrimental effects on contractile performance 

can be reversed through a 10 week change in diet or voluntary exercise intervention.  

Method – At 12 weeks of age 150 CD-1 female mice were equally split in to lean or obese experimental 

groups. For 52 weeks the Lean group consumed standard lab chow and water ad lib, and the obese 

group consumed standard lab chow in combination with a HFD. The obese group were then spilt into 

a further 3 group: 1) Obese Control, continued with HFD consumption; 2) Obese Lean, HFD removed; 

Obese Trained: Continued with HFD consumption whilst completing an intervention of voluntary 

wheel running. These interventions continued for a period of 10 weeks and once the animals reached 

74 weeks of age they were sacrificed and one of Soleus, EDL or diaphragm was isolated. Maximal 

isometric force, isometric stress, work loop power across and range of cycle frequencies, resistance to 

fatigue and recovery were assessed for each muscle.    
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Results – a HFD significantly increased body mass, fat pad mass (P<0.001 in both cases) and muscle 

(soleus (P=0.04) and EDL (P=0.009) in the obese group compared to lean controls. A diet intervention 

produced a significant reduction in BM compared to the obese controls (P=0.01), however the exercise 

intervention did not. The soleus from the obese group fatigued significantly quicker than the lean 

controls (P=0.02), there were no other contractile differences between obese and lean groups. The 

exercise group increased absolute power output (P=0.05), force (P=0.01) and relative PO (P=0.03) in 

the slow twitch soleus compared to controls, but not the EDL or diaphragm. Although force and power 

were not affected in the diaphragm, activation and relaxation time were with the obese group 

activating the slowest compared to all groups and the diet group relaxing quicker than the obese 

group.   

Discussion – 52 weeks of a high fat diet has detrimental effects on muscle morphology, reduced fatigue 

resistance and decrease functional ability of the muscles (muscle function in relation to body mass). 

These results contradicted what has previously been reported in young rodent models and indicate 

that ageing mechanisms supersede those related to HFD. Performance at a muscle level is fairly well 

maintained in and aged model compared to HFD in a young model. Although there were no changes 

in force or power at the muscle level, functionality will be reduced. Both interventions offer benefits 

compared to the obese group, with the calorie restriction improving morphology compared to the 

obese controls and exercise group with The exercise group producing the greatest benefit to 

contractility.  
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7.2 Introduction   
  

Due to an increase in levels of obesity (World Health Organisation, 2018) and an increased lifespan 

(Office for nation statistics, 2017), the total number of aged-obese individuals has risen evidently in 

recent years. Recent evidence for the UK alone indicates that 71% of older adults (aged 65 years and 

older) are either overweight or obese (Obesity statistics UK, 2018). It has been well established that 

increasing age is associated with a reduction in the contractile performance of skeletal muscle  

(commonly referred to as sarcopenia) and a gradual decrease in fat free mass (Cruz-Jentoft et al., 

2010). The age-related reduction in muscle function has been associated with a reduction in the ability 

to perform daily tasks (Murgia et al., 2018), increased risk of falls (Daun and Kibele 2019) and 

decreased quality of life (dos Santos et al., 2017). More recently, obesity independent of muscle ageing 

has been demonstrated to reduce contractile function, in a fashion that is mechanistically similar to 

what is seen in the typical muscle ageing response (Hill et al., 2019;  Hurst et al., 2019;  Seebacher et 

al., 2017;  Tallis et al., 2017). The links between mechanisms could suggest obesity may exacerbate 

the aging effect, however there is a distinct lack of direct evidence examining the interaction between 

obesity and ageing on the contractile performance of skeletal muscle and research to this effect has 

been highlighted as an area of priority in a recent review (Tallis, James and Seebacher 2018).   

There is a growing body of recent evidence to suggest that HFD will reduce the quality of skeletal 

muscle isolated from young rodents (Ciapaite et al., 2015;  Eshima et al., 2017;  Hurst et al., 2019;  

Matsakas et al., 2015;  Seebacher et al., 2017;  Tallis et al., 2017c). Those these effects are likely to be 

muscle and contractile modality specific, a reduction in peak force, peak power normalised to body 
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mass, muscle quality, and fatigue resistance have been previously reported (Hurst et al., 2019;  Tallis 

et al., 2017c). Previous studies have used a range of short-term feeding duration from 2-16 weeks in 

young rodents, with Hurst et al., (2019) suggesting that fat gain, rather than feeding duration is the 

key mediator for negative effects of HFD when assessing individual rodents. There is a lack of evidence 

that synergistically reports HFD induced changes in contractile function alongside evidence to account 

for the underpinning mechanisms resulting in such changes. Despite this, impaired calcium handling 

(Bruton et al., 2002;  Warmington, Tolan and McBennett 2000;  Yoshida, Marcus and Lastayo 2012), 

impaired cross bridge kinetics (Ciapaite et al., 2015;  Eshima et al., 2017), a shift in fibre type 

composition (Eshima et al., 2017;  Shortreed et al., 2009) and chronic inflammation (Denies et al., 

2014;  Funai et al., 2013) have been suggested to contribute to the changes in muscle function. Similar 

mechanisms have been shown to elicit the age-related decline in muscle function (see reviews by 

(Kamel 2003;  Mishra and Misra 2003) and therefore presents a theoretical framework for which 

obesity may exacerbate the age related decline in muscle function.    

  

When considering weight loss in an aged population, maintaining muscle mass is vital in retaining 

strength and stability (McLeod et al., 2016). Irrespective of age, the main methods for reducing body 

fat are calorie restriction and exercise. Current literature assessing the effects of weight loss through 

dietary manipulation (calorie restriction) in humans have reported a reduction in overall body mass 

and fat free mass when compared to untreated controls (Villareal et al., 2006, Nicklas et al., 2015). 

Although a reduction in body mass may not improve muscle function per sea, it will increase 

force/body mass, meaning the individual will find ADL’s easier and improve mobility. Although weight 

loss is essential for the overall health and wellbeing for an overweight individual, a large decrease in 

overall body mass without maintaining muscle mass can also be associated with a further decrease in 

fat free mass (Dutta and Hadley 1995;  Roubenoff 2003), bone mass (Ensrud et al., 2005;  Shah et al., 

2011) and an increased risk of fractures (Ensrud et al., 1997). With regard to calorie restriction causing 
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losses in fat free mass, increased protein supplementation during negative energy balance has been 

reported to preserve muscle mass (Josse et al., 2011;  Mettler, Mitchell and Tipton 2010;  Phillips 

2014). Weight loss through exercise has equivocal results with some reports of weight loss (Nicklas et 

al., 2015) and some reports of weight maintenance, largely through the loss of fat mass coupled with 

the fat free gains (Villareal et al., 2011). Weight loss is generally the main goal when creating a plan 

for obesity individuals to improve their health, although weight loss may remain the main goal, an 

improvement in muscle function should also be considered to maintain or improve mobility and 

therefor quality of life. Benefits of an exercise program on elderly obese individuals are possible even 

without any weight loss due to increased bone mineral density (Shah et al., 2011), increased muscle 

mass and a reduction in inflammatory markers (Lambert et al., 2008).  

There is currently only one study using the work loop technique assessing the reversibility of the 

detrimental effects of a high fat diet through calorie restriction (Seebacher et al., 2017). Seebacher et 

al., (2017) used Zebra fish to examine the effects of a high fat diet, and 5 week diet intervention using 

reduced calorie intake on muscle performance of the isolated anterior dorsaland muscle and 

metabolism rates. Obesity induced changes in metabolic scope, including an increase in resting 

metabolism rate and reduction in maximal metabolic rate. These were reversed by the diet change. 

The HFD also caused a decrease in muscle stress, work loop power output and contraction rates were 

not reversed by weight loss. Similarly, changes in myosin heavy chain (MCH) were also not reversed. 

Although the changes in muscle performance were not reversed, the short duration of 4-5 weeks of 

diet may not be a sufficient period of time to induce such changes. It would be possible that these 

changes may have been reversed through exercise, the current study plans to assess both diet 

intervention and an exercise intervention to individually assess the effects of both. Although zebra fish 

are commonly used in obesity models (Lieschke and Currie 2007;  Oka et al., 2010;  Seebacher et al., 

2017;  Song and Cone 2007), the current student uses rodents as the weight bearing muscles will allow 

for the training effect of increased body masses due to obesity to have an impact. This also allows for 

better comparisons to human results due to the use of mammalian muscle.  
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Chronic inactivity is one of the key mechanisms driving sarcopenia (McLeod et al., 2016). This coupled 

with the decreased activity levels are seen in an obese population are two important reasons why the 

effect of sarcopenic obesity needs to be assessed. To date, only three published articles have examined 

the interaction between HFD and the muscle ageing response using an isolated muscle model (Bott et 

al., 2017a;  Denies et al., 2014;  Hill et al., 2019). De Nies et al., (2014), did not measure contractility 

in their 55-week-old, obese C57 BLK/6J mice (both sexes used). However, 52 weeks of a HFD caused a 

significant increase in body mass compared to lean controls, there was no difference in muscle mass. 

There was also a significant reduction in type I fibres in the soleus, correlated with an increase in 

adipose tissue in male mice, this was not replicated in their female counterparts suggesting sex is a 

factor in the effects of obesity. Bott et al., (2017) used 33 week old Male C57BL/6J mice which had 

received 13 weeks of a high fat and sucrose diet to assess the synergistic effect of obesity and age, it 

was demonstrated that the obese group has reduced isometric activation and relaxation times 

compared to the lean controls. 33 weeks could be considered too young for an age related study as 

C57BL/6J mice live in excess of 100 weeks old (Kunstyr and Leuenberger 1975), the age related 

increase in body mass and decrease in contractility may not be present in this age group.  (Hill et al., 

2019) reported a decrease in isometric stress (force/ muscle cross sectional area) and work loop power 

output (PO) normalised to muscle mass in 74 week old CD-1 female mice for the diaphragm, soleus 

and EDL muscles compared to younger animals (20 weeks old) of the same strain. It was also reported 

that short period of HFD (9 weeks) given at 70 weeks of age was enough to reduce contractility of 

respiratory (diaphragm) but not locomotory (soleus and EDL) muscles in an aged model. Hill used a 9 

week feeding treatment to assess the effects of obesity, although short durations have been used in 

younger rodents (Ayre and Hulbert 1996;  Ciapaite et al., 2015;  Hurst et al., 2019;  Matsakas et al., 

2015;  Seebacher et al., 2017;  Tallis et al., 2017c), the current study used 52 weeks to assess the 

effects of a longer duration of feeding on muscle function.  

Similar to previous work by our research group (Hill et al., 2019;  Hurst et al., 2019;  Tallis et al., 2014;  

Tallis et al., 2017c) the present study used the work loop technique to assess, maximal power and 
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fatigability of isolated mouse soleus, EDL and diaphragm muscles. These muscles were selected to 

keep in line with our previous work as they represent a varied MHC composition, anatomical location 

and function. The work loop technique allows for single muscles to be isolated, allowing repeated 

maximal contractions of the target muscle for comparison between treatment groups. The technique 

also allows for the assessment of true muscular fatigue, as in vivo muscular fatigue in obese induvials 

is not comparable to lean individual as the obese muscle would be moving a larger mass (i.e. heavier 

limbs, (Tallis et al., 2017c). A further key advantage to in vitro testing is having a known muscle mass 

allows for comparisons in muscle quality (muscle force / muscle mass) between treatment groups.   

The aim of this study was to uniquely assess the impact of 52 weeks of a HFD on animal and muscle 

morphology and contractility of isolated soleus, EDL and diaphragm of CD-1 strain female mice of 74 

weeks old. Here we assess maximal isometric force, stress (force per cross sectional area), absolute 

and relative (normalised to muscle mass) work loop power output over a range a range of contractile 

velocities (cycle frequencies), fatigue resistance and recovery. The current study will be the first to 

assess the synergistic effects of age and HFD over a range of cycle frequencies, this is particularly 

important with considering the potential combinations of mechanics affecting muscle contractility in 

the aged obese population, this could lead to a change in optimal CF which elicits the greater PO. The 

current study will also be first to assess the effects of a 10-week change in diet or voluntary exercise 

has on the morphology and contractility of aged mice. As well as to assess if the negative effects caused 

by sarcopenic HFD can be reversed. We hypothesised that 52 weeks of a HFD will have a negative 

impact on animal morphology whilst having limited effect contractility as seen in De Nies (2014). It is 

also hypothesised that the diet treatment will offer the greatest morphological benefits whilst the 

exercise treatment will offer the greatest contractility benefits, increasing absolute force and power, 

with possible benefits to morphology including reductions in both body mass and fat pad mass.  
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7.3 Methods  

7.3.1 Animals  
Following ethics approval from Coventry University, 150 female CD1 mice (Charles River, UK; Harlan 

Laboratories, UK) were aged to 12 weeks of age and were then randomly assigned to 5 different 

experimental groups, N=30 for each group.   

  

Figure 7.1: Diagram to show the how the treatment groups will be split and treated thorough the study. 

One lean group, which had access to standard lab chow and water ad libitum. 3 obese groups which 

were given a high fat forage diet of sunflower seeds until they were 52 weeks of age. Following the 

high fat diet, one of the obese groups remained an obese control and continued with consumption of 

the high fat forage diet. One group had the high fat forage diet removed creating a calorie restrictive 

diet, and one group which had access to a running wheel within the cage but remained consuming the 

high fat forage diet. The running wheels were connected to a custom build electronic counter and PC 

which recorded the number of rotations each wheel made per hour for the entire course of treatment, 

a replication of the protocol used in (Tallis et al., 2017). All interventions lasted for 10 weeks. 

Throughout the study mice were housed in a 12-hour light/dark cycle at 50% humidity. Animals were 

aged matched and kept in cages of 8 mice per cage until they were 12 months old. Following this, each 

animal was placed in a single cage for 10 weeks until they were sacrificed. All animals were given water 

and standard lab chow (SDS RM-1 Maintenance) ad libitum. Mice in the treatment groups also had ad 
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libitum access to a high fat diet, in the form of a laboratory supplied forage diet (Advanced Protocol 

PicoLab Natural Sunflower). Nutritional information for both the lab chow and the sunflower seeds 

are given in general methods section, Table 1.  

Once an experimental group was of age (74 weeks) they were weighed and sacrificed via cervical 

dislocation in accordance with British Home Office Animals (Scientific Procedures) Act 1986, Schedule  

1. Gonadal fat pad was removed from the animals and weighed, as an indicative measure of 

wholebody adiposity. Either the rib cage or hind limbs were removed and placed in chilled oxygenated 

(95% O2; 5% CO2) Krebs- Henseleit solution ([mM] NaCl 118; KCl 4.75; MgSO4 1.18; NaHCO3 24.8; 

KH2PO4 1.18; glucose 10; CaCl2 2.54; pH 7.55 at room temperature (James et al., 2000). The target 

muscle was then isolated from either the right hind limb or the rib cage and dissected under 

microscope.  

7.2.2 Dissection and preparation  
The limb containing the target muscle (EDL or soleus) or the rib cage containing the whole, intact 

diaphragm (N=8 per experimental group) was isolated (one muscle from each individual) and pinned 

out on a sylgard dish containing frequently changed, chilled, oxygenated (95% O2, 5%CO2) 

KrebsHenseleit solution. These muscles were used due to their different anatomical location, function 

and fibre type composition, as well as to replicate previous literature where these muscles are 

commonly used for contractile performance studies in an aged model (Hill et al., 2017;  Hill et al., 

2019). Once the tissue had been isolated, aluminium foil T clips were used to wrap around the tendons 

at the distal end of the muscle whilst a small piece of bone was left at the proximal end of the muscle, 

these were placed into crocodile clips to secure the muscle in the bath.  

7.2.3 Experimental set up  
The equipment used to assess contractile performance was custom built, allowing manipulation of 

both muscle length and stimulation parameters. Each muscle was placed in an organ bath and 

attached at one end to a force transducer (UF1, Pioden Controls Ltd, UK) and at the other to a motor 
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arm (V201, Ling Dynamic Systems, UK). Position of the motor arm was detected via a Linear Variable 

Displacement Transformer (LVDT, DFG5.0, Solartron Metrology, UK). The motor arm was used to 

change the length of the muscle during assessments of work loop power. The muscle was immersed 

in circulated oxygenated Krebs solution (37oC ± 0.2) which was pumped from a central reservoir 

maintained at a constant temperature by a heater/cooler (Grant LTD6G, Grant Instruments Ltd, UK). 

A digital thermometer (Checktemp C, Harvard Apparatus, UK) was used inside the bath to monitor 

temperature throughout the duration of the experiment.   

The muscle was stimulated to produce force via parallel platinum electrodes which were submerged 

in the Krebs solution inside the bath, the amplitude of the stimulation was controlled by an external 

power source (PL320, Thurlby Thandar Instruments, Huntingdon, UK). Visual representation of the 

force and length data was provided by a storage oscilloscope (2211, Tektronix, Marlow, UK). Length 

change and stimulation parameters were controlled by a custom programme within Testpoint 

software (Testpoint, CEC, Massachusetts, USA).  

7.2.4 Experimental testing of skeletal muscle function  
The procedure for assessing the contractile performance of isolated skeletal muscle aligns with that of 

previous work (Hurst et al., 2018, Tallis et al., 2014). Once the muscle was successfully clamped in the 

bath it was allowed 10 minutes to equilibrate to the new temperature. Following this, the resting 

length of the muscle and stimulation amplitude (typically 14-16V, 14-16V and 12-14V for soleus, EDL 

and diaphragm respectively) was altered to attain maximal twitch force. Assessment of isometric 

tetanus force was then measured. Electrical stimulation was delivered at a fixed burst duration  

(350ms, 200ms and 250ms for soleus, EDL and diaphragm respectively), and stimulation frequency 

(typically 120-140Hz, 200-220-Hz and 120-140Hz for soleus, EDL and diaphragm respectively) was 

optimised to elicit maximal tetanus force. Each tetanus assessment was separated by a 5-minute 

recovery period. Measures of activation time (time to half peak tetanus; THPT) and relaxation time 

(time from last stimulus to half tetanus relaxation; LSHR) were obtained from the peak isometric 

tetanus force trace.  
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The muscle length that elicited maximal isometric force was measured by an eyepiece graticule fitted 

to a microscope and was defined as L0. As per previous work, mean muscle fiber length was calculated 

as 85% and 75% of L0 for soleus and EDL muscle respectively (James, Altringham and Goldspink 1995).  

Due to the variances in each diaphragm dissection, no such estimation of muscle fibre length exists. 

Therefore, the exact diaphragm preparation length reading gained from the graticule was used as per 

previous studies (Tallis et al., 2014;  Tallis et al., 2017a).  

Post isometric optimisation and a 5-minute rest, the work loop technique was used. This technique 

assesses the ability of the muscle to produce power whilst undergoing cyclical length changes (James 

et al., 2005;  James, Altringham and Goldspink 1995;  Josephson 1985). During the work loop, optimal 

length and stimulation parameters determined during the isometric assessments were used. Each 

muscle was subjected to 4 sinusoidal length changes at a symmetrical strain of 0.10 (10% of L0), 

lengthening the muscle from its original L0 length by 5% and then shortening the muscle to 5% less 

than L0, before returning to L0 length. Cycle frequency (CF), phase and burst duration were altered to 

attain maximal net work loop power and to construct a power output-CF curve. Between each work 

loop, a 5-minute rest period was used to ensure recovery (Tallis et al., 2012).   

The CF determines the speed at which the muscle undergoes changes in length.  Due to the differences 

in fibre type composition, the different muscles tested produced maximal power at different length 

change velocities. Previous work demonstrates that the CF to elicit maximal work loop power is 5Hz, 

7Hz and 10Hz for soleus, diaphragm and EDL respectively in healthy young female mice (Altringham 

and Young 1991;  James, Altringham and Goldspink 1995). Given that the optimal CF to elicit maximal 

power may be affected by HFD, here we assessed work loop power over a range of CF (2, 3, 4, 5, 6, 7,  

8 and 10 Hz for soleus; 4, 6, 8, 10, 12, 14 and 16 Hz for EDL; 3, 4, 5, 6, 7, 8, 10 and 12 Hz for diaphragm).  

This methodological approach has been used in previous studies (James et al., 1996;  James, 

Altringham and Goldspink 1995;  Tallis et al., 2014;  Tallis et al., 2017c). To optimise work at each CF, 

strain was also altered. Typically, in order to obtain maximal work loop power strain had to be reduced 

slightly at higher CF and increased slightly at lower CF.   
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In order to optimise the net work produced during the work loop cycle, stimulation parameters were 

adjusted. Burst duration equates to the number of electrical stimuli which the muscle receives during 

the work loop. The optimal burst duration is one that maximises net work during the whole work loop 

cycle.  If the burst duration is too short, then maximal work will not be achieved due to limited Ca2+ 

release limiting the duration of force production during shortening. If the burst duration is too long, 

then the muscle will be too active during muscle lengthening and at rest, causing increased work done 

on the muscle during lengthening and as result decreased net work (net work = work done by the 

muscle during shortening –work done on the muscle during lengthening (Josephson 1993). The phase 

shift denotes the time at which the electrical stimulation is applied, relative to peak muscle length. 

Negative values were used (-10 ms for soleus, -5 ms for Diaphragm and -2 ms for EDL). The value of 10 

ms used for the soleus meant that 10 ms prior to maximal length, stimulation of the muscle began.  

This meant that 55 ms (based on a burst duration of 65) of stimulation occurred during shortening. 

The values for phase are typical of previous work (Tallis et al., 2014;  Tallis et al., 2017c). The values 

for strain, cycle frequency, burst duration and stimulus phase were altered after interpreting the work 

loop shapes and net work value.  

It is recognised that the performance of isolated mouse muscle will decrease slowly over time due to 

the development of an anoxic core (Barclay 2005). In accordance with previous studies using a similar 

protocol (James et al., 1996;  James, Altringham and Goldspink 1995), a series of ‘control’ assessments 

of work were made at various time points across the protocol. As such the performance of the muscle 

across the time course of the experiment could be corrected by considering the small decline in muscle 

performance over time.   

Following the final work loop, each muscle was rested for 10 minute before being subjected to 50 

consectutive workloops (at 5Hz, 7Hz and 10Hz cycle frequency for SOL, DIA and EDL respectively) to 

assess fatigue resistance. Net work was analysed for every second work loop until the protocol finshed 

or until the muscle began to produce negative work. Fatigue was characterised by the point at which 
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the muscle produced 50% of its oringal power. This protocol has been used previously to assess 

fatigabilty in isolated skeletal msucle (Tallis et al., 2014;  Tallis et al., 2017c).  

Each muscle underwent a 30-minute recovery period with 4 work loops being performed at each of  

10, 20 and 30 minutes. These were used to measure the ability of the muscle to recover following 

fatigue (Tallis et al., 2014;  Tallis et al., 2017c). Each experiment lasted between 2.5 and 3 hours, this 

was dependant time taken to optimise work loop power at each CF.   

  

7.2.5 Muscle Mass Measurements  
Upon completion, the muscle was removed from the crocodile clips and the remaining tendon, bone 

and aluminium clips were removed. Any excess fluid remaining on the muscle was removed by blotting 

the tissue on absorbent tissue paper. The muscle was then weighed to attain wet muscle mass to the 

nearest 0.0001g. Muscle cross sectional area was then calculated from the wet muscle mass, fibre 

length and an assumed muscle density of 1060 kg m-3 (Mendez and Keys 1960). Isometric stress was 

calculated as force divided by mean muscle cross-sectional area. Muscle power output was normalised 

to muscle mass to express power as W.kg-1. The difference in mass of the diaphragm between groups 

was not measured as a different sized section of the muscle was taken during each dissection and 

therefore only normalised data will be used for the diaphragm.  

7.2.6 Statistical Methods  
  

Following appropriate checks of normality and homogeneity, data for animal morphology, isometric 

stress and force, was analysed using a one-way ANOVA. CF and fatigue data was analysed using a 

twoway ANOVA to assess interactions between specific contractility measure and group in SPSS (SPSS, 

IL, USA), and Tukey post hoc analysis was used with P<0.05 to indicate significant differences between 

treatment groups. If the groups were not normality distributed, a Kruskal Wallis One way ANOVA was 

used. Correlations (Pearson) were performed on all muscles between fat free mass and body mass, 
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isometric force, isometric stress, absolute WL PO, normalised WL PO and fatigue resistance as per our 

previous work (Hurst et al.,, 2018) in attempt to assess the impact of fat accumulation regardless of 

treatment group. Correlations were also performed between distance ran and fat free mass, body 

mass, isometric force, isometric stress, absolute WL PO, normalised WL PO and fatigue resistance in 

the exercise group to assess if increased exercise output increased muscle performance  

7.3 Results  

7.3.1 Morphology  
  

Treatment had a significant effect on body mass (Table 1; Kruskal Wallis One way ANOVA, P<0.001). 

Animals from the obese control group had a significantly greater body mass than the lean control 

group (P<0.001) and the diet group (P<0.01), with the exercise group approaching significance 

(P=0.08). There was no other significant body mass difference between groups. Gonadal FPM was also 

different between groups (Table 1; Kruskal Wallis One-way ANOVA, P<0.001), the obese controls had 

significantly greater FPM than the lean controls (P<0.001) and the diet group (P<0.001). The animals 

from the exercise group had significantly greater FPM than the lean controls (P<0.001) and the diet 

group (P<0.001). Total animal body length was affected by treatment group (Kruskal Wallis one way 

ANOVA, P<0.001) with the obese controls and exercise groups being significantly longer than the diet 

group (P<0.001 and P=0.015 respectively, the obese controls was approaching significance compared 

to the lean controls (P=0.06). Abdominal circumference was also affected by treatment (Kruskal Wallis 

one way ANOVA, P<0.001) with the obese controls and exercise group having a significantly greater 

circumference than the lean controls (P<0.001 and P=0.028 respectively) and the diet group (P<0.001 

and P=0.02 respectively). For soleus muscle mass, both the obese controls and exercise group had 

significantly greater muscle mass than the lean controls (one way ANOVA P=0.042 and P=0.032 

respectively) and almost significantly greater than the diet group (P=0.09 and P=0.07 respectively). For 

the EDL, both the obese controls and exercise group had significantly greater muscle mass than the 
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lean controls (one way ANOVA P=0.009 and 0.002 respectively) and the diet group (P=0.002 and 

P<0.001 respectively). The average distance ran from the exercise intervention group was  

3.26km/day.  

  

  
Table 7.1: The effect of a high fat diet and diet and exercise intervention on animal morphology  

  Lean  Obese  Diet  Exercise  

Body Mass (g)  41.12±1.26*$  56.68±2.7  38.38±0.85*  46.97±2.05  

Gonadal Fat Pad Mass (g)  2.01±0.40* $  8.13±1.35  1.46±0.19* $  4.57±0.67  

Soleus muscle mass (mg)  8.3±0.2* $  10.1±0.2  8.5±0.2  10.2±0.1  

EDL muscle mass (mg)  10.3±0.1* $  12.8±0.2  9.9±0.1* $  13.3±0.4  

Body length (cm)  11.06±0.19  11.63±0.14  10.73±0.09* $  11.23±0.09  

Abdominal circumference (cm)  9.07±0.15* $  11.39±0.44  9.04±0.09* $  9.91±0.15  

Data shown as means± standard error of the mean; N=24 lean, diet & exercise N= 21 Obese; *represents significant 

difference from obese group, $ represents significant difference from the exercise group.  

7.3.2 Force and Power  
There was no significant difference between groups for maximal stress (force/ muscle cross sectional 

area) in any other muscles tested (P>0.05, one way ANOVA). There was no difference in maximal 

isometric force in the EDL (Figure 2, B, P=0.3, one way ANOVA), however there was a significant 

difference in the soleus (P=0.01). The exercise group produced significantly more force than the diet 

group (P=0.009) and was approaching significance when compared to the lean controls (P=0.053), with 

no difference between the obese controls.  

  

  
Figure 7.2: The effect of a HFD and weight loss interventions on the maximal isometric tetanus force of 
isolated mouse Soleus (A) and EDL (B). [Data represented as Mean+SEM N=8 for all groups except 
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obese EDL (N=7) and obese diaphragm (N=6); * represent significant differences compared to exercise 
group]  

  

There was significant difference in activation time in the soleus (one was ANOVA, table 2, P=0.048) 

however there was no significant values (P<0.05) in the post hoc analysis (diet group was approaching 

significance compared to lean P=0.085 and obese P=0.061). There were no differences in relaxation 

time in the soleus (P=0.445). There were no significant differences in either activation (P=0.420) or 

relaxation (p=0.410) in the EDL. For the diaphragm, there were significant differences in the activation 

times (P=0.039), although no post hoc differences were found. There were also differences in 

relaxation time for the diaphragm (P=0.005) with the diet group being significantly slower than both 

the obese (P=0.036) and exercise groups (P=0.009).  

  

  

  

  

  
Table 7.2. The effect of a HFD and weight loss interventions on isometric time to half peak tetanus 
(THPT) and time from last stimulus to half tetanus relaxation (LSHR) of isolated mouse soleus, EDL and 
diaphragm  

   Lean control  Obese control  Diet group  Exercise group  
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Time to Half Peak Tetanus (ms)  

Soleus  37.6± 0.89  38.1± 1.11  29.5± 0.90  36.2± 0.9  

EDL  13.0± 0.55  13.9± 0.53  14.1± 0.61  14.4± 0.63  

Diaphragm  20.1± 0.61  23.3± 0.58  22.6± 0.75  20.3± 0.50  

Last Stimulation to Half Peak (ms)  

Soleus  36.0± 0.99  33.4± 0.84  34.0± 1.14  38.5± 0.90  

EDL  13.9± 0.54  12.7± 0.42  13.6± 0.64  14.0± 0.39  

Diaphragm  20.6± 0.71  18.8± 0.51*  22.9± 0.60  18.4± 0.51*  

Data represented as Mean+SEM N=8 for all groups except obese EDL (N=7) and obese diaphragm 

(N=6). * Represents significant difference from diet group.  

There was only one difference between groups for normalised PO in the soleus with the exercise group 

producing significantly more power than all other groups (Figure 3A, P>0.001). There was also a 

significant different amount of power produced at different CF (Figure 3A, P<0.001) with a CF 10 

producing significantly less power compared with CF 3-6. There was no interaction between group and 

CF (P=1.00, two-way ANOVA). For the EDL, there was significant main effect for both treatment and 

CF (Figure 1B, P>0.001). The EDL from the diet group produced significantly more normalised power 

than the exercise and obese group (P>0.001) with the lean group approaching significance  

(P=0.055). There was no interaction between CF and group for the EDL (Figure 1C, P=0.999, two-way 

ANOVA). For the diaphragm, there was no difference between groups for normalised PO (P=0.621), 

there was however a difference between CF (P>0.001) with no interaction between the two (two-way  

ANOVA P=1.00)  
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Figure 7.3: The effect of a HFD and weight loss interventions on normalised PO over a range of cycle 
frequencies of isolated mouse Soleus (A) and EDL (B) and diaphragm (C). [Data represented as 
Mean+SEM N=8 for all groups except obese EDL (N=7) and obese diaphragm (N=6)); * represent 
significant differences]  

  
Analysis of absolute maximal power output (from the optimal CF) shows no significant differences 

between groups for the EDL (figure 7.3; one way ANOVA, P= 0.77). There was a significant difference 

*   
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between the groups for the soleus (one way ANOVA P=0.007) absolute power from the exercise group 

was significantly higher than that from the lean controls (P=0.005), with the diet group approaching 

significance (P=0.051), there was no difference with the obese controls. Again, there was data 

analysed for maximal power from the diaphragm due to incomparable sections of the whole muscle 

being used.   

  

  

Figure 7.4: The effect of a HFD and weight loss interventions on the absolute power output of the soleus  
(A) and EDL (B) at optimal CF. [Data represented as Mean+SEM N=8 for all groups except obese EDL  
(N=7) and obese diaphragm (N=6); * represent significant differences]  

  

7.3.3 Fatigue and Recovery  
For the soleus, WL power was significantly reduced over time (Figure 5A. P<0.001) with the exercise 

group fatiguing significantly faster than all other groups (P<0.002) with the lean group having the 

greatest fatigue resistance than all other groups (P<0.002). The diet and obese groups fatigued faster 

than the lean group but later than the exercise. Although the exercise group fatigued the quickest, 

over the course of the fatigue protocol, significantly more accumulative power was produced 

compared to all other groups (one-way ANOVA, P=0.043). There was no significant treatment*time 

interaction (P=0.108). For the EDL, WL PO was significantly reduced over time in all group (Figure 5B 

P<0.001). There was also a significant difference between groups, with the lean group having the 
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greatest fatigue resistance compared to all other groups (P>0.008 in all cases). The exercise group 

fatigued significantly quicker than the lean (P>0.001) and diet groups (P=0.017). There were no 

significant differences between the obese and diet groups (P=0.910). Unlike the soleus, there was no 

significant difference in accumulative PO over the course of the fatigue protocol between any groups 

for the EDL (One-way ANOVA, P=0.148). There was no interaction between treatment group and time 

for the diaphragm (two-way ANOVA P=0.440). All groups did significantly reduce PO over time 

(P>0.001). The exercise group fatigued significantly quicker than other groups (P>0.001) with no other 

differences between any groups. There was also no difference in accumulative PO over the time of the 

protocol (one-way ANOVA, P=0.280)  

There were no significant differences between groups for any muscle tested for recovery (P>0.05 in all 

cases, one-way ANOVA).  
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Figure 7.5: The effect of a HFD and weight loss interventions on the fatigue resistance of the soleus (A), 
EDL (B) and diaphragm (C). N=8 for all groups except obese EDL (N=7) and obese diaphragm (N=6)  
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Figure 7.6: The effect of a HFD and weight loss interventions on the accumulative power output of the 
fatigue protocol (A), EDL (B) and diaphragm (C). N=8 for all groups except obese EDL (N=7) and obese 
diaphragm (N=6)  
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7.3.4 Correlations  
Correlations were made between fad pad mass and contractility data on an individual bases regardless 

of group, however there was no significant (Table 3, P>0.05) correlations. Correlations were also made 

between distance ran (km/day) from the exercise group. There were no correlations between distance 

ran and any muscle data (force, stress or power). Interestingly, both body mass (Pearson’s correlation: 

r=0.512, P=0.01) and gonadal fat pad mass (Pearson’s correlation: r=0.526, P=0.008) positivity 

correlated with distance ran.  

Table 7.3: Correlations between gonadal pad mass and contractility measures for isolated mouse 
soleus EDL and diaphragm, all muscles were pooled together irrespective of treatment group.   

  Relative PO   

(W/kg muscle)  

Absolute PO  

(W)  

Stress  

(kN.m2)  

Force  

(mN)  

Soleus (r value)  -0.100  -0.205  0.189  -0.046  

P Value  0.29  0.09  0.17  0.19  

EDL (r value)  -0.298  0.263  0.238  -0.198  

P Value  0.21  0.32  0.49  0.56  

Diaphragm (r value)  -0.017  N/A  -0.235  N/A  

P value  0.87    0.43    
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Table 7.4: A tabulated summary of the results of this study, all results are compared against lean controls with a basic effect 

of increase (↑) decrease (↓) or no effect (~).  

 
  

  

  

  

7.4 Discussion  
  

  

The present study was the first to assess the impact of a long duration (52 weeks) of a high fat diet 

consumption on isolated aged mouse skeletal muscle function, muscle and whole animal morphology. 

Furthermore, the present uniquely indicates the influence of 10-week calorie restriction and voluntary 

wheel running on the obesity phenotype. The key findings from this study show that HFD does not 

accelerate the aging effect in female mice. Diet is more effective at influencing animal morphology 

compared with exercising and that exercise is the most effective at enhancing muscle function, 

primarily for slow twitch muscle in the case of voluntary wheel running.  
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7.4.1 Whole animal and muscle morphology  
  

As expected, 52 weeks of a high fat diet caused significant increases in morphology measure (body 

mass, gonadal FPM) when compared to lean controls, magnified by a 300% increase in gonadal fat pad 

mass. De Nies et al., (2014) also reported significantly increased body mass and relative fatness from 

52 weeks of a HFD, although relative fatness was measured through standardising animal mass to the 

mass of the triceps surae complex, and not gonadal fat pad mass. An increased body mass and fatness 

have also been reported through much shorter durations of feeding in an aged model (Hill et al., 2019), 

also from shorter durations of feeding in a younger model (Bott et al., 2017a;  Hurst et al., 2019;  Tallis 

et al., 2017c). The HFD group from the Hill (2019) study were slightly heavier than the HFD group from 

the current study despite only receiving 9 weeks of a HFD compared to the 52 weeks in the current 

study. This is likely due to the age difference between the animals (79 weeks vs 74 weeks) as the lean 

group in the hill study were over 14% heavier than the lean group in the present study. Muscle mass 

of the Soleus and EDL was significantly greater in obese group compared to the lean group, replicating 

results from shorter duration of feeding in an aged model (Hill et al., 2019), however De Nies (2014) 

reported no change in soleus mass after 52 weeks of a HFD despite having a greater body mass or the 

obese group (56.9g). The De Nies animals were younger than the current study (54 weeks vs 74 weeks), 

the high fat diet was also different, with De Nies using a 60% fat diet and the current study using a 

63% fat diet. The interventions aiming to reverse these effects of HFD varied is effectiveness. The 

exercise intervention did not reduce body mass, abdominal circumference or FPM compared with the 

obese group, suggesting that exercise alone is not enough to combat HFD in an aged population if a 

high fat diet is still being consumed. The diet intervention however did reduce body mass, abdominal 

circumference and FPM compared to the obese controls. In terms of muscle mass for the soleus, 

neither treatment caused significantly changes in muscle mass from the obese group (although there 

was a tendency for the diet to be lower P<0.07). In the EDL, the diet treatment had a significantly lower 

muscle mass compared to both the obese and exercise groups. In this case, the mass of the muscle 
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does not indicate the composition of the muscle, there may be difference in intramuscular lipid 

content and contractile proteins without being clear in the total mass.   

  

7.4.2 Maximal force and power  
  

Somewhat surprisingly, there was no significant differences in any maximal force or power 

performance measures between the lean and obese control groups. Previous work looking at much 

shorter duration of feeding (8-16 weeks) in young mice have shown negative effects on skeletal muscle 

(Tallis et al., 2017, Hurst et al., 2019). As animals in the current study were 18 months old when 

sacrificed muscle ageing effects should be considered. Goodpaster et al., (2006) reported that 

although both strength and lean muscle mass reduced with age, strength reduced to a greater extent, 

meaning there is a reduction in quality as well as quantity of skeletal muscle. The data from the present 

study shows some age-related decline in compared to younger mice of the same strain. This may go 

some way in explaining why some of the differences between lean and obese control groups found in 

young mice are lost in an aged model. Another possible reason for the HFD having little effect on 

contractility could be the amount of fat the current ‘lean’ controls have, total body mass (41.1g) and 

gonadal fat pad mass (2.01g) are much larger than the control used in the previous Hurst et al., (2019) 

study (33.3g and 0.91g respectively). The current study reported no changes in absolute force between 

obese and lean groups for any muscle, this novel finding may suggest that the effect of age may 

outweigh the effects of a HFD. Although there may be no differences at a muscle level, a negative 

effect on functionality will still take place in vivo due to a reduction in force/ body mass ratio. Increases 

in body mass coupled with no increase in absolute force means than obese individuals will have 

muscles of the same strength as lean individuals, working harder to move a larger body mass. Aside 

from negative morphological and contractile implications the mortality rate in the obese control group 

was the lowest out of all treatment groups. All treatment groups began with 30 per group and after 
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74 weeks had 24 remaining which was split down to N=8 for the 3 muscles used. In the obese group 

there was only 21 remaining.   

  

The reduction in force and power from the present study to chapter one of this thesis occurred without 

a reduction in muscle mass usually associated with sarcopenia (soleus mass at 20 weeks 8.5mg, 74 

weeks 8.3mg; EDL mass at 20 weeks 10.4mg at 74 weeks 10.3mg), therefor the term sarcopenia is not 

appropriate. In the present study the mice at 74 weeks old produced considerably less force and power 

in all muscles compared to 20-week-old animals of the same strain from Hurst et al., (2019). This 

reduction in force and power replicated that seen in a previous study using similar age groups (10 

weeks vs 78 weeks) (Hill et al., 2017). The training stimulus caused by the additional body masses could 

be the causation of the maintenance of muscle mass (Lafortuna et al., 2005). Intramuscular adipose 

accumulation could also add the muscle mass, which could explain the reduction in muscle quality as 

muscle masses used are whole muscle mass, inclusive of both intramuscular lipid accumulation and 

contractile tissues.  

7.4.3 Treatment effects   
  

With respect to treatment aspect of the study, both the calorie restrictive diet and the addition of 

exercise produced benefits. The experimental group which had 10 weeks of a calorie restricted diet 

saw a greater normalised PO compared to the exercise and obese groups in the EDL. The diet 

treatment group also has a significantly longer relaxation time in the diaphragm compared with the 

obese and exercise groups, it has previously been reported that SERCA levels do not change with HFD 

in a young model (Ciapaite et al., 2015;  Eshima et al., 2017), however there is an age related decrease 

in SERCA functionality associated with increased Ca2+ leakage (Andersson et al., 2011;  Lamboley et al., 

2016). SERCA facilitated muscle relaxation by  re-sequestering calcium back into the sarcoplasmic 

reticulum (Tallis, James and Seebacher 2018) and therefor an age related decrease in SERCA function 

could explain the increased relaxtion times. The vast morphological improvements compared to the 
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obese controls and the exercise experimental group (lower body mass, gonadal fat free mass and 

abdominal circumference) improve the muscle quality with limited direct muscle changes. The diet 

intervention had little effect on contractility at a muscle level, however the improvements in body 

mass ensure the power/kg body mass improves, improving the functionality of the muscles. The diet 

group did have a longer relaxation time compared to the obese and exercise groups in the diaphragm, 

this could suggest altered calcium handling. Seebacher et al., (2017) reported no positive contractility 

changes achieved through weigh loss by diet manipulation alone. The current study used a 10-week 

treatment period compared to the 5 weeks seen in the Seebacher study, this could suggest that a diet 

restricting initially bring on metabolic muscle changes, followed by contractility changes later on. The 

current study also used an aged model, whereas Seebacher (2017) did not. Weight loss in older adults 

of often associated with a decrease in fat free mass (Villareal, 2006, Nicklas et al., 2015) and therefor 

is linked with an undesired increase in fragility and fails (Roubenoff et al.,, 2003). These results show 

that a short-term diet causes a reduction in EDL mass compared to the obese an exercise group but 

reports no difference in soleus mass, there was also no difference in body mass or muscle mass 

between the lean control and the diet group.   

  

The exercise group did undergo some changes in muscular performance. The slow twitch soleus 

muscle from the exercise group significantly improved in maximal isometric force compared to the 

diet group (lean group approaching significance), absolute power output when compared to the lean 

controls (diet group approaching significance) as well as normalised PO, suggesting an increased 

muscle quality. These benefits from exercise in the soleus were not replicated by the EDL or 

diaphragm. (Tallis et al., 2017) shown that 8 weeks of voluntary running was enough to ensure 

improvements in isometric stress and normalised WL PO in the diaphragm. The mice used in the Tallis 

et al., (2017) study were only 38 weeks old which could suggest that mechanistic changes from ageing 

and HFD stopped mice from the current study seeing the same benefits. Mice from the current study 
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also ran an average of  3.27km/day, this is much lower than the 5.97km/day reported in the 38 week 

animals from (Tallis et al., 2017) or the 6.8km/day reported in the 10 week old (Allen et al., 2001) 

study, again suggesting age and HFD reduce the willingness to exercise, the ability to sustain longer 

durations of exercise or a combination of the two. The decline of muscle strength and mass associated 

with aging has been reported to attenuate or in some cases be prevented by exercise (Slivka et al., 

2008). Skeletal muscle retains some of its plasticity in response to exercise in an aged model, 

suggesting that an increased level of inactivity and decreased physical activity associated with aging, 

could be the causation for sarcopenia rather than simply aging itself (Distefano and Goodpaster 2018). 

It is possible that the effects of exercise in the aged female population would be greater if male rodents 

were used. Smith et al., (2012) reported that older obese females have a blunted anabolic response 

to exercise compared with older obese males. In human studies, aerobic training (AT) has been proven 

to increase muscle mass and strength in an elderly, obese population (Chen et al., 2017). Although 

resistance training has been reported to show greater benefits in terms of strength improvements 

than AT or a combination of both methods (Chen et al., 2017). It is possible that resistance training 

would have produced more dramatic improvements to muscle performance than AT used in the 

current study. Beavers et al., (2017) reported anaerobic training leads to a greater muscle mass loss 

in older adults when compared to resistance training. Although the current study shows AT to reduce 

body mass and fat mass, exercise prescription interventions for the elderly should also contain 

resistance training to help slow atrophy and maintain muscle mass.  

  

The exercise group did not achieve the same morphological effects as the diet group did, with no 

significant changes from the obese group, and remaining significantly higher in body mass, gonadal fat 

pad mass, muscle mass (soleus and EDL) and abdominal circumference when compared to the lean 

controls. Although no weight loss was achieved, it is possible that other physiological improvements 

were made. Carvalho et al., (2018) reported exercise induced alterations including increased liver 
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insulin signalling, increased adiponectin concentration and decreased fat deposits without any 

weightless occurring.  

  

7.4.4 Fatigue Resistance & Recovery   
Previous work using the work loop technique to assess fatigue resistance has highlighted the 

complexity of the effect of a HFD by providing equivocal results, although the general trend is a decline 

in fatigue resistance (Hurst et al., 2019;  Tallis et al., 2017c). The current study revealed a HFD to have 

a negative effect on fatigue resistance compared to lean controls on the locomotory muscle (soleus 

and EDL), without affecting the diaphragm. Hill (2019) reported no difference in fatigue resistance 

following 9 weeks of a HFD in an aged model suggesting longer durations (or more likely larger fat 

gains) are needed to cause an effect. The soleus and EDL from the exercise group fatigued significantly 

quicker than all other treatment groups, however over the time course the soleus produced 

significantly more power, work replicated data from (Tallis et al., 2017a), this was not seen in the EDL. 

It could be predicted that if all muscles were to work at the same intensity, the soleus from the exercise 

group would have significantly better fatigue resistance as it would be working at a lower relative 

intensity compared to the other groups. The exercise intervention had a greater effect on fatigue 

resistance than the diet intervention. It would suggest that mechanisms altered through exercise (by 

either working at a higher relative intensity or altering MHC composition) created a negative effect on 

fatigue resistance. In vivo fatigue resistance takes into account bodily inertia and exercise intensity, 

therefor exercise would not necessarily reduce in vivo fatigue performance.  

  

7.4.5 Limitations & Future work  

One issue with testing HFD in an aged model is the morphological state of the lean controls. In younger 

models, the lean controls maintain low body masses and have little fat accumulation. In an aged model 

the rodents undergo age related weight gain. This essentially results in comparing obese with more 
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obese. This could suggest that the age related decline in muscle function is related to the age related 

increase in body mass and fat mass.  The mechanistic data may show that a HFD accelerates the ageing 

responses, but the data from the present study shows that this does not appear to manifest in changes 

in peak power and force. There remains a need to examine changes in muscles function and 

underpinning mechanisms in unison in order to provide a more in-depth insight in to the mechanistic 

changes in force and power in skeletal muscles from both young and old.  

  

The current study used self-regulated exercise to reverse HFD effects. Self-regulated exercise relies on 

motivation and the ability to sustain exercise. The current study has reported running distances lower 

than those of younger mice (Allen et al., 2001;  Tallis et al., 2017). It has been suggested that age 

related decreased in voluntary wheel running are more rapid than other forms of activity (Sherwin  

1998). Set minimum exercise thresholds would better show the possible maximal effects of exercise.  

For each treatment group, food was given ad libitum. The calorie intake was therefore not recorded. 

Future work should aim to record calorie intake for each group to ensure the interventions were 

effective.  

The current study used diet manipulation or voluntary exercise to reverse the negative effects HFD 

has on body composition and skeletal muscle performance. Future work should combine both exercise 

and diet to assess if the combination would offer greater benefits compared to separate treatments. 

A review on the benefits of exercise in addition to a calorie restrictive diet concluded that adding 

exercise to a calorie deficit diet does not necessarily increase to the amount of weight loss however it 

does reduce the amount of bone mineral density, muscle mass and bone mass lost in the process 

(Miller et al., 2013). There is also evidence that muscle strength is increased and cardiovascular risk 

are decreased with the addition of exercise to a weight loss plan (Frimel, Sinacore and Villareal 2008;   

Shah et al., 2011;  Villareal et al., 2012).   
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Future work should also consider the length of the interventions. (Seebacher et al., 2017) reported the 

effects of a 5-week diet intervention, the effect on muscle function differs from the effects of the 

current 10-week intervention. It is therefore plausible that even longer interventions will draw more 

positive effects  

  

7.5 Conclusion  
  

The data from this study reveal the different effects HFD has on muscle function in an aged model 

compared to in a younger model (Hurst et al., 2019). Force, stress, absolute and normalised PO show 

no differences between obese and lean groups in the current study, suggesting that obese does not 

exacerbate the age-related decline in muscle function. Age related weight gain could go some way in 

explaining the difference in results from the present study to previous work done on younger animals. 

As the current lean aged controls have greater body masses than young lean controls, the effects of 

additional adipose tissue may have already begun to take place, thus rather than comparing lean to 

lean, it may be more comparing obese to more obese. A short-term calorie restriction offers 

morphological and contractile benefits including improved normalised EDL PO whilst an exercise 

intervention may not offer morphological benefits but does improve muscle function, however, the 

real-world benefit of these greater absolute forces may be masked by a large body mass. These results 

show that both diet and exercise interventions can produce positive changes as opposed to staying 

obese and would suggest that weight loss on its own may not be enough to improve skeletal muscle 

performance.  
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8 General Discussion  

The evidence presented in the thesis provides an in-depth, detailed understanding of the effects of a 

high fat diet have upon isolated skeletal muscle contractility and whole animal morphology.  

A summary of the key findings is given below:  

1. HFD consumption for a duration as low as 4 weeks induced an increase in whole animal body 

mass and gonadal fat pad mass (Experimental chapter 1). Longer duration HFD generally 

resulted in further elevated body mass and fat pad mass compared to control (experimental 

chapters 2 & 3), with animals in the 52-week HFD group showing the largest change in these 

parameters when compared to controls (Chapter 4).  However, HFD induced changes in whole 

body morphology may occur at an individual specific rate independent of feeding duration 

(Chapter 1)  

  

2. HFD consumption induced an increase in both EDL and soleus muscle mass (Chapters 1-4), 

which is likely attributed to ectopic accumulation of lipids directly in the muscle, increased 

collagen and in some cases, where an increase in the absolute force producing capacity of the 

muscle occurred, an increase in the size of contractile protein. 8 weeks of HFD consumption 

was needed to elicit such changes (Chapter 1), with muscle mass generally increasing with the 

duration of HFD consumption (Chapters 1).  A HFD affected the mass of the EDL faster than it 

affected the mass of the soleus with the EDL increasing above lean mass at 4 weeks in the EDL 

and 8 weeks in the soleus. Data of the current thesis further indicate that HFD effects of 

muscle mass may occur at an individual specific rate independent of feeding duration (Chapter  

1).  

  

3. HFD consumption had profound effects on skeletal muscle contractile function, with the 

demonstrated effects being dependant on, feeding duration (Chapter 1), adipose tissue 
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accumulation (Chapter 1), age of the animal used in the investigation (Chapter 4), mode of 

contractile function assessed (Chapter 3) and the temperature at which the assessments were 

performed (Chapter 2).   

  

4. HFD consumption has the potential to increase the absolute force generating capacity of 

skeletal muscle in young rodents, but this effect was generally seen only in the postural soleus 

muscle and not the EDL (Chapters 2 & 3). Irrespective of the muscle examined, animals fed 

HFD expressed lower force and power producing capacity relative to body mass (Chapters 1- 

4).   

  
5. There is evidence throughout the data presented in this thesis that HFD consumption may 

significantly reduce muscle quality EDL, soleus and diaphragm in young mice as evidenced by 

a reduction in isometric stress and work loop power normalised to muscle mass (Chapters 1, 

2 & 3), however this reduction in muscle quality caused by a HFD is not apparent in an aged 

model (chapter 4).    

  
6. HFD induced changes in muscle function are contraction modality specific. Changes in 

isometric function, concentric work loop power, eccentric work loop power, and fatigue 

resistance are not uniform within a specific muscle (Chapters 1-4).  

  

7. Despite evidence of a change in peak power production, HFD consumption did not change the 

shape of the work loop power output cycle frequency curve indicating limited HFD induced 

changes in shortening velocity (Chapter 1,3 &4).   

  
8. HFD consumption reduced the fatigue resistance of the EDL after a short duration of feeding 

(8 weeks) in young mice and a longer duration of feeding in aged mice (chapter 4). The fatigue 

resistance for the soleus was not affected by shorter durations of feeding (chapter 1) but was 
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reduced by longer durations (chapter 3&4). The fatigue resistance of the diaphragm was 

unaffected in all studies.    

9. Concentric and eccentric muscle action are uniquely affected by a HFD in young mice. A HFD 

caused a reduction in the normalised eccentric power output, with no effect on the concentric 

power output of the soleus. (Chapter 3) The EDL did not show any negative effects of a HFD 

on eccentric muscle function with normalised and absolute PO, fatigue resistance remaining 

unaffected, whilst recovery following eccentric muscle function was improved in the HFD 

group. This could suggest some form of protective mechanism in fast twitch muscle fibres to 

eccentric muscle damage (Chapter 3)  

  
10. The data provides evidence to suggest that the ability for muscles to produce concentric 

power is affected at a greater magnitude than the ability to produce isometric force following 

a HFD in the EDL as there were no changes in force or stress however results produced 

reductions in power (Chapters 1 & 3).  

11. Quantity of fat gain is a more important factor in determining the effects of HFD than 

durations of feeding in young rodents at an individual level. Although 8 weeks of a HFD was 

required to cause significant changes in group contractility measures, at an individual level, 

even very short durations of feeding (2 weeks) can have negative effects in some individuals 

if enough lipid accumulation is present. (Chapter 1)  

12. Despite temperature having profound effects on all of the measures of contractile function 

analysed as part of study 2, HFD consumption did not affect the regional thermosensitivity of 

skeletal muscle function. (Chapter 2)  

13. HFD induced changes in skeletal muscle function were primary apparent when using a 

temperature range closer to the typical in vivo operating temperatures of these muscles 

(3540⁰C). At temperatures of 20-28⁰C, there were limited differences in the contractile 

function between HFD and control fed animals. (Chapter 2)  
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14. HFD does not appear to exacerbate the age-related decline in muscle function. Due to age 

related fat gain, 52 weeks of a HFD did not result in any differences in force or power in any 

muscle tested unlike much shorter durations of feeding in younger rodents. However, the 

ability to sustain power was reduced in locomotory muscles as fatigue resistance was reduced 

in the soleus and EDL (Chapter 4).  

15. A short-term calorie restricted diet can reduce body mass and fat pad mass of mice that have 

previously consumed HFD for a period of 52 weeks. However, other than an increase in the 

absolute power of the EDL muscle, the changes in muscle function appear limited. (Chapter  

4).  

16. A 10-week voluntary wheel running in mice that have previously consumed HFD for a period 

of 52 Weeks has limited effects on animal morphology. However, this intervention was 

effective in inducing improved performance in some elements of contractile function, but 

these are largely limited to the soleus muscle.  (Chapter 4)  

  

Data obtained in this thesis indicate that the effects of HFD diet on skeletal muscle function are difficult 

to succinctly quantify. Although it is clear that HFD consumption has profound effects on muscle 

function, these effects are dependent on, the muscle examined, HFD feeding duration, the magnitude 

of adipose tissue accumulation, age of the animal used in the investigation, mode of contractile 

function assessed and the temperature at which the assessments were performed. The in vivo 

implications of excess body inertia brought about through adipose tissue accumulation and the 

additional strain that this puts on the muscles is evident here given then in all most all cases contractile 

performance as a function of body mass was reduced in the HFD group. However, the complexity 

arises when examining the direct muscle effects and the possibility that the effects at this level 

contribute to poorer in vivo locomotor performance.  
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As a general trend, a HFD increases body mass, gonadal fat pad mass and muscle mass. This increase 

in body mass likely acts as a training stimulus resulting in increases in absolute force production for 

the posturally loaded soleus, as reported in a review of human studies examining (Maffiuletti et al., 

2013), although this did not occur in the non-postural muscles compiled of faster fibres (EDL or 

diaphragm). Any increases in absolute performance at a muscle level may be masked in vivo due to 

increased body mass in an obese population resulting in reduced power/body mass ratio, suggesting 

the overall effects are negative with regard to in vivo performance. Decreases in normalised PO in all 

muscles represent a decrease in muscle quality as larger muscles are being syntheses to produce less 

work, this adds to the negative cycle of obesity by further increased total body mass. The data also 

reveals that power producing capabilities of the muscle are affected to a greater magnitude than force. 

Power production is particularly important in an obese population due to the function need for power 

in ADL’s, especially due to increased bodily inertia.    

One of the initial aims of this thesis was to provide clarity to the ambiguity from previous literature 

aiming to assess the effects of a high fat diet on skeletal muscle contractility. Previous studies in the 

area varied greatly in methodological differences, including using range of muscles with different fibre 

type compositions, different feeding durations and levels of ‘obesity’, varied contractility measures 

performed over a range of testing temperatures (Bott et al., 2017a;  Ciapaite et al., 2015). This thesis 

tested muscles from a range of anatomical locations that provide different functions within the body 

and are composed of different fibre types to ensure a holistic data set was achieved. This approach 

has been valuable as is has allowed for the muscle specific effects of a HFD to be revealed. A range of 

feeding durations was used to assess how the effects progressed with an increase in the duration of 

feeding. A range of contractility measures where used to achieve a closer relation to real world muscle 

function to assess the full breadth of the effect of HFD with a physiologically relevant testing 

temperatures used for chapters 1,2 and 4, with chapter 3 assessing a range of temperatures to provide 

an in depth look at how testing temperature effects the results.   
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Results from experimental chapter 1 provided clarity to the effects of different durations of feeding 

seen in previous work. On a group level, there were no effects of a HFD on the lower durations of 2 or 

4 weeks. On an individual level, correlation analysis indicated that high levels of gonadal fat pad mass 

were negatively associated with a number of facets of muscle function, even in animals that consumed 

HFD for durations less than 8 weeks, the age at which HFD induced effects were demonstrated when 

analysed at the group level. This information could be an important indicator of the negative effects 

of a short duration of a HFD. Short durations of a HFD are extremely common at certain times of the 

calendar year, including athletes in off seasons (Matthews and Nicholas 2017; Ransone and Hughes 

2004). Although this data is based on mice, the mammalian muscle link could be the basis for future 

work assessing the effect in humans and in turn could be used to inform of the negative effects of 

short term ‘binge eating’.  

The testing temperature was another area of ambiguity in previous literature with studies using low 

test temperatures (20-28˚C) (Bott et al., 2017a;  Ciapaite et al., 2015) with other testing temperatures 

not being reported. This thesis was the first to assess the effects of HFD over a range of temperatures. 

The key finding from chapter 3 was that a HFD resulted in a significant increase in absolute force and 

power of the soleus and a decrease in the stress of the diaphragm at physiologically relevant 

temperatures (35-40˚C) were not present at cooler temperatures (20-28˚C). This finding calls into 

question data from previous studies using lower testing temperatures (Bott et al., 2017a;  Ciapaite et 

al., 2015). The data from this study also suggested that a HFD did not alter the thermosensitivity of 

the muscles tested. It was hypothesised that due to less fluctuation in the peripheral muscles of obese 

individuals due to increased heat production, the obese muscles would be more thermally specialised 

than the lean controls, however, the data did not align with the hypothesis and no differences were 

found.   
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The present findings also highlight the complex effect a HFD has on muscle function regarding the 

mode of action. There is currently a surge of literature attempting to better explain eccentric muscle 

function and exploring the effects of eccentric training on obese individuals (Herzog 2013;  Herzog  

2014;  Herzog et al., 2015;  Herzog 2018;  Julian et al., 2018;  Julian et al., 2019;  Nascimento et al., 

2016;  Schappacher-Tilp et al., 2015). Experimental chapter 3 reveals a lack of continuity in HFD 

induced changes in eccentric muscle function and those seen in concentric muscle function. Like 

concentric function, the effect is muscle and contractile measurement specific but does not replicate 

the effects of concentric function, for example to normalised concentric PO of the soleus was 

unaffected by a HFD in chapter 3, whereas normalised eccentric PO was reduced. The eccentric PO of 

the EDL was unaffected by a HFD, however the concentric normalised PO was reduced. The effect of 

a reduced normalised eccentric function, or maintained absolute eccentric function coupled with 

increased body masses resulting in less force/ body mass is magnified in vivo compared to isolated 

studies as one of the main eccentric roles in the body is breaking, given that obese individuals have 

greater body masses, a reduced ability to brake will be detrimental to everyday movements. This 

reduction in functional ability could also increase the number of falls and injuries in an obese 

population. The EDL from the obese group recovered at a greater magnitude compared to lean 

controls following eccentric fatigue, this suggests that there may be some mechanism offing 

protection from damage, this could be a key factor in exercise prescription as eccentric exercise is 

becoming a new trend in tackling obesity (Díaz-Vegas et al., 2018; Julian et al., 2018; Muhamad and 

WY 2018).    

There is still a dearth of evidence coupling diet induced changes in muscle function and mechanistic 

changes. Due to the data revealing the HFD affects muscle contractile modality individually, this 

suggests the mechanism behind the changes are unlikely to be uniform. One mechanism reported to 

contribute to the change in muscle function in an obesogenic state is a change in muscle fibre type 

(Eshima et al., 2017;  Hyatt et al., 2016). The data from this thesis in chapters 1, 2 and 4 did not show 
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any changes in power output cycle frequency curves, meaning the optimal cycle frequency for the 

muscle to produce maximal power did not change following a HFD. This could suggest that although a 

change in fibre type will alter its power producing capacity, it may not be the initial change.  

The evidence from experimental chapters 1 and 4 of the thesis suggests that obesity does not 

exacerbate the age-related decline in muscle contractility and that the effect of a HFD on an aged 

population is less severe compared to a younger one. The results from study 4 require caution in the 

interpretation given the fatness of the controls, potentially the age-related increase in the body 

masses and fat pad mass of the ‘lean’ controls group are somewhat clouding the true effect of a HFD 

compared to truly lean age match counterparts. The trends in the data suggest that although HFD has 

a negative effect on an aged model, this is more profound in their younger counterparts. Although the 

muscle specific effects of a HFD may not be as severe, aged muscles have a lower quality than young 

ones (Hill et al., 2017) regardless of obesity.   

Although 52 weeks of a HFD did not cause any significant changes in force or power compared to the 

lean controls in any muscle, the increase in body mass would result in reduced functional performance 

in vivo as muscles of the same strength with have to work against greater loads. Reversing the negative 

effects of HFD should be seen as a key focus point for future research. The data supports previous 

evidence that without exercise, a calorie restrictive diet is sufficient to improve whole animal 

morphology, reducing body mass and fat pad mass compared to the lean controls. There was also 

limited improvements directly at the muscle level, increasing normalised power of the EDL and at a 

whole-body level through having a great power to body mass ratio. Voluntary exercise did not improve 

morphology adding weight to the idea that ‘you can’t outrun a bad diet’ (Malhotra, Noakes and 

Phinney 2015). It is possible that even without weight loss, physiological benefits still occurred such as 

increased bone mineral density, increased muscle mass and a reduction in inflammatory markers  

(Lambert et al., 2008;  Shah et al., 2011). There were absolute force and power benefits of the soleus 

caused by the voluntary wheel running. For high quality weight loss in an aged population, our data 

would suggest that a calorie restrictive diet should be partnered with an exercise program in an 
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attempt to preserve muscle mass and improve strength. Whilst reducing fat mass poses many health 

benefits, the elderly population are more susceptible to falls (Bandeen-Roche et al., 2015), therefore, 

retaining fat free mass is vital in ensuring mobility and a high standard of quality of life is 

wellmaintained for as long as possible (da Cunha Nascimento, Silva and Prestes 2019;  Kolotkin, Crosby 

and Williams 2002;  von Gruenigen et al., 2005).   

9 Limitations & Future work  
  

9.1 Limitations   
A discussion of the limitations has been presented at the end of each experimental chapter. This 

section will focus on the general limitations of the experimental work carried out as part of this thesis. 

It has been reported that intramuscular fat can double in obese individuals compared to their lean 

counterparts (Goodpaster et al., 2006). Although the percentage has been reported to increase, the 

actual percentage remains very small, Machann et al., (2013) reported a rise in the adipose tissue of 

the soleus from 2.5% in lean individuals to 2.8% in the obese. Throughout the thesis, normalised PO 

and stress are used to assess muscle quality. As the muscle mass used was made up of contractile 

fibres as well as intramuscular adipose tissue, true muscle quality should be assessed using the mass 

from only the contractile tissues.   

Due to licensing restrictions within the University, the diet for the HFD groups was an addition, and 

not a replacement (sunflower seeds were added to the lab chow, giving the mice the choice of either). 

Although in most cases, there were clear and significant differences in body mass and FPM between 

lean and HFD groups. Behavioural differences between mice may have resulted in different amounts 

of food eaten and different sources of calories (standard chow vs sunflower seeds).  

Throughout the thesis, only female mice were considered. DeNies et al., (2014) showed that the effects 

of HFD on muscle morphology are sex-specific, impacting males more so than females. The results 

produced through experimental chapters cannot be generalised to male mice and more work should 
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be done to see if the sex specific effects seen by DeNies (2014) are replicated in other forms of 

contractility measures.  

  
9.2 Future work  
Whilst the data in the current thesis has advanced our understanding of HFD effects on muscle 

function, future work in the area should focus on better understanding the mechanistic changes that 

result in HFD induced effects on muscle function and furthering our understanding of effective 

strategies to reverse and prevent the negative impact of HFD on muscle function.  

• In study 4, diet and exercise were separately assessed for reversing obesity. Many real-world 

obesity interventions would use both of these together. As the findings of study 4 offered 

benefits from both interventions separately, Future work should aim to perform an 

intervention that combines both exercise and a calorie restrictive diet to see if a combination 

would be a preferred weight loss method whilst maintaining/improving muscle function.  

  

• Following the results from chapter 3, and the emergence of eccentric exercise being 

recommended as a mode of exercise being prescribed to obese individuals, it would be of 

great interest to assess the effects of eccentric exercise as a training intervention on an obese 

population using the work loop technique to assess the impact at a muscle level.  

  
  

• Given that data from study 1 and study 4 reveal that HFD has a different effect on an aged 

population compared to a young population. A reversibility study should be performed on a 

relatively young obese population, this could also include a range of treatment period 

durations. Seebacher et al., (2017) reported no differences from a 5-week exercise 

intervention, however, chapter 4 reported changes following a 10-week intervention. A range 
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of exercise interventions would give a great deal of information about how muscle adapts to 

exercise over time in an obese model.  

  

• Hospitalisation can lead to a long period of bed rest and immobilisation. As obese individuals 

may be more likely to be admitted to the hospital due to the negative effects on health. One 

possible future study may be to look at the effects and recovery of long periods of 

immobilisation in obese and lean individuals. Reduced protein synthesis, chronic 

inflammation, and altered calcium handling could all impact the results of the obese group. 

This data could be used to assess if obese individuals should be meet certain body fat criteria 

before undergoing long periods of immobilisation.  
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