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Abstract 

Non-alcoholic fatty liver disease (NAFLD), characterized by lipid deposition within the liver 

(intrahepatocellular lipid, IHCL), is associated with insulin resistance and the metabolic 

syndrome. It has been suggested that impaired skeletal muscle mitochondrial function may 

contribute to ectopic lipid deposition, and the associated metabolic syndrome, by altering 

post-prandial energy storage. To test this hypothesis, we performed a cross-sectional study of 

17 patients with NAFLD (mean ± SD; age 45±11 y; BMI 31.6±3.4 kg/m2) and 18 age- and 

BMI-matched healthy controls (age 44±11 y; BMI 30.5±5.2 kg/m2). We determined body 

composition by magnetic resonance imaging (MRI), IHCL and intramyocellular (soleus and 

tibialis anterior) lipids (IMCL) by proton magnetic resonance spectroscopy (1H-MRS) and 

skeletal muscle mitochondrial function by dynamic phosphorus magnetic resonance 

spectroscopy (31P-MRS) of quadriceps muscle. Although matched for BMI and total 

adiposity, after statistical adjustment for gender, patients with NAFLD (defined by IHCL ≥ 

5.5%) had higher IHCL (25±16 vs. 2±2 %; p<0.0005), and a higher prevalence of the 

metabolic syndrome (76 vs. 28%) compared with healthy controls. Despite this, visceral: 

subcutaneous fat ratio, IMCL and muscle mitochondrial function were similar between the 

NAFLD and control groups, with no significant difference in the rate constants of post-

exercise PCr recovery (1.55±0.4 vs. 1.51±0.4 min-1), a measure of muscle mitochondrial 

function. Impaired muscle mitochondrial function does not appear to underlie ectopic lipid 

deposition, or the accompanying features of the metabolic syndrome, in patients with 

NAFLD. 

 

Keywords: Non-alcoholic fatty liver disease, lipid deposition, mitochondrial function, 

skeletal muscle 
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Introduction  

Non-alcoholic fatty liver disease (NAFLD) describes a pathological spectrum in which lipid 

excessively accumulates within the liver, with or without associated necroinflammatory 

changes. The association of NAFLD with insulin resistance, the metabolic syndrome and 

type 2 diabetes mellitus is well established [1]. Petersen et al. [2] highlighted the role played 

by skeletal muscle, and associated insulin resistance, in the development of the metabolic 

syndrome and NAFLD, showing that reduced muscle glycogen synthesis and compensatory 

increased hepatic de novo lipogenesis result in a characteristic dyslipidaemia (increased 

plasma triglycerides and lower HDL) and increased hepatic triglyceride synthesis;  

furthermore, exercise-induced reversal of muscle insulin resistance, which dramatically 

increased postprandial net muscle glycogen synthesis, reduced hepatic triglyceride synthesis 

(by ~40%) [3].  

 

Although it is well established that intracellular lipid accumulation within muscle and liver 

accompanies systemic insulin resistance, and mechanisms have been proposed for causal 

pathophysiological links between lipid accumulation and impaired insulin signaling [4, 5] the 

extent to which mitochondrial dysfunction contributes to accumulation of lipid in non-

adipose sites, including skeletal muscle and liver, remains contentious. Some studies have 

suggested that defects in skeletal muscle mitochondrial oxidative capacity might contribute to 

ectopic lipid accumulation [2, 3, 6, 7] while others have found no significant association 

between ectopic fat deposition and altered mitochondrial function [8, 9]. The experimental 

literature in this area has been complicated by the variety of ways in which mitochondrial 

function can be assessed [10].  

 

A way to study skeletal muscle mitochondrial function noninvasively in vivo is phosphorus 

magnetic resonance spectroscopy (31P MRS) [10]. We set out in this study to use 31P MRS, 

together with MR-based assessments of muscle and liver cell triglyceride and whole-body 

adipose tissue distribution, to study the relationship between these in patients with NAFLD 

compared to normal subjects matched for age, gender, BMI and whole body fitness. 

 

 

Methods 

Participants  

All participants were sedentary (<2h low intensity physical activity per week) non-smokers 

with no history of excessive alcohol intake (average weekly consumption <14 units for 

females and <21 units for males). None had a history of ischaemic heart disease or type 2 

diabetes mellitus, and their fasting glucose levels were normal. There were no 

contraindications to exercise or MRI scanning.  

 

NAFLD patients: 17 patients with NAFLD (mean±SD; age 45±11 y; BMI 31.6±3.4 kg m-2) 

were recruited by a single, experienced hepatologist at each of two tertiary referral specialist 

liver clinics. The diagnosis of NAFLD was made, in patients who had been referred for 

investigation of raised plasma transaminase levels, after careful exclusion of drug causes, 

viral hepatitis (negative hepatitis B and C serology), autoimmune hepatitis and primary 

biliary cirrhosis (negative auto-antibody screen) or metabolic disorders such as α1-antitrypin 

deficiency or Wilson’s disease (normal α1 antitrypsin and caeruloplasmin concentrations). 

Allocation to the NAFLD group was confirmed once liver triglyceride content was measured 

as ≥ 5.5%  by proton magnetic resonance spectroscopy (1H-MRS) [11]. 
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Control subjects: 18 age- and BMI-matched healthy controls (age 44±11 y; BMI 30.5±5.2 kg 

m-2) were recruited via local advertisement. None were taking any prescribed medication and 

all had normal plasma levels of liver transaminases. Allocation to the control group was 

confirmed once liver triglyceride content was measured as ≤ 5.5%.  

 

Ethical considerations  

The study conformed to the Declaration of Helsinki and was approved by the local NHS 

research ethics committee. Participants were informed of the methods verbally and in writing 

before providing written informed consent. 

 

Research Design 

This was a cross-sectional study. Participants reported to the laboratory on two occasions. All 

measurements were performed following an overnight fast, 12h abstinence from caffeine and 

24h abstinence from alcohol and strenuous exercise. The first visit entailed anthropometric 

and blood pressure measurements, biochemical measurements and a maximal oxygen 

consumption test. The second visit was for all MR-based measurements: abdominal MRI, 1H-

MRS of liver, and 31P-MRS and 1H-MRS of leg muscle.  

 

Anthropometric and blood pressure measurements: After a full medical history, a single 

observer (AI) performed all the anthropometric assessments (weight, height, waist and hip 

circumference) and blood pressure measurements. 

 
Biochemical measurements: Following an overnight fast a blood sample was taken. Plasma 

was analysed using the Olympus AU2700 analyser (Beckman Coulter, High Wycombe, UK) 

with standard proprietary reagents as follows: glucose with hexokinase, total cholesterol and 

high-density lipoprotein (HDL) with cholesterol esterase/oxidase, triglyceride with glycerol 

kinase and liver enzymes including alanine aminotransferase (ALT), aspartate 

aminotransferase (AST) and gamma-glutamyltransferase (GGT) with International 

Federation of Clinical Chemistry (IFCC) kinetic UV (without pyridoxal phosphate activation). 

The intra- and inter-assay coefficient of variation was ≤10%. Low-density lipoprotein (LDL) 

was calculated according to the Friedewald formula. All laboratory assays were performed in 

the clinical biochemistry laboratory at University Hospital Aintree. 
 
Metabolic syndrome: The diagnosis of the metabolic syndrome was based on the national 

Cholesterol Education Program Adult Treatment Panel III criteria [12] when ≥3 of the 

following are present: i) central obesity: waist circumference ≥ 102 cm (male), ≥ 88 cm 

(female); dyslipidemia: ii) TG ≥ 1.7 mmol/L (150 mg/dl) and iii) HDL-C < 40 mg/dL (male), 

< 50 mg/dL (female); iv) hypertension: systolic blood pressure ≥ 130/85 mmHg; v) 

hyperglycaemia: fasting plasma glucose ≥ 6.1 mmol/L (110 mg/dl). 

 

Cardiorespiratory fitness (VO2peak) test: Fitness was assessed on a treadmill ergometer 

following the Bruce protocol [13]. After an initial 2 min warm up at 2.2 km/h on the flat, the 

initial workload was set at 2.7 km/h at 5° grade; step-wise increments in speed and grade 

were made every minute thereafter. Heart rate (Polar Electro Oy, Kempele, Finland) and rate 

of perceived exertion were monitored continuously [14]. VO2peak 
was calculated from expired 

gas fractions (Oxycon Pro, Jaegar, Hochberg, Germany) as the highest consecutive 15s 

period of gas exchange data occurring in the last minute before volitional exhaustion. 
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MR measurements Measurements of total abdominal, abdominal subcutaneous and visceral 

fat by whole-body MRI, and of intrahepatocellular lipid (IHCL) and intramyocellular lipid 

(IMCL) by 1H MRS, were carried out using a Siemens 1.5T Symphony MR scanner 

(Siemens AG, Erlangen, Germany) as previously described [15-18]. 31P MRS assessments of 

muscle mitochondrial function in quadriceps were carried out using a Siemens 3T Trio MR 

scanner (Siemens AG, Erlangen, Germany) using an isometric knee extension exercise 

protocol similar to one we employed previously for studies of calf muscle during plantar 

flexion [19]. Subjects lay supine (secured with a Velcro strap across the hips) with the right 

knee flexed over a rigid foam support in a custom-built rig permitting isometric knee 

extension exercise against a strap across the anterior lower shin/ankle connected to an 

aluminum bar fitted with a strain gauge. 31P MRS data were acquired from right quadriceps 

muscle using a dual-tuned 18cm/15cm diameter 31P/1H surface coil (RAPID Biomedical, 

Rimpar, Germany), Velcro-strapped to the anterior thigh (midway between anterior superior 

iliac spine and patella). After automated set-up and manual shimming using tissue water, an 

8-scan fully relaxed (TR=15s) spectrum and a 32-scan partially saturated (TR=2s) resting 

spectrum were collected.  The exercise protocol consisted of 5 min rest followed by 2 bouts 

of isometric exercise each followed by 7 min recovery periods, while spectra were collected 

(TR=2) every 8 s paced at 0.5 Hz (1 s on, 1 s off) by an audible cue, exercise force being fed 

back visually via an LED display visible at the end of the bore through a head-mirror. Two 

exercise intensities were used, corresponding to 70% and 90% of maximal voluntary 

contraction established in 3 brief trials prior to MRS acquisition (in pilot experiments these 

intensities were found to give acceptable PCr depletion with minimal acidification in typical 

subjects). All spectra were acquired with Nuclear Overhauser enhancement (NOE): 1H spins 

were saturated by 10 radiofrequency pulses (900 flip angle), 5 ms pulse duration, and 10 ms 

interpulse delay. Block MRS data output files from exercise-recovery acquisitions were 

converted to text using a specially-written MATLAB routine. All 31P MRS data were 

processed using the java-based Magnetic Resonance User Interface (jMRUI v.3.0), using the 

AMARES time-domain fitting algorithm. Data were fitted assuming Lorentzian lineshapes 

for PCr, Pi, PDE, PME, NADP and ATP (β-ATP a 1:2:1 triplet, α-ATP and γ-ATP both 1:1 

doublets). The chemical shift of the inorganic phosphate (Pi) peak relative to phosphocreatine 

(PCr) (σ parts per million) was used by standard means to determine intracellular pH. PCr 

recovery time courses were fitted to a monoexponential function to estimate the recovery rate 

constant (k min-1). In the absence of appreciable changes in pH (as here), this is accepted as a 

measure of effective muscle mitochondrial function, the latter being a system property which 

reflects cardiovascular oxygen supply and mitochondrial oxygen usage [20]. As the PCr 

recovery rate constant did not differ significantly between the two exercise intensities, and as 

pH changes were small throughout, values of k are presented as mean of the two intensities to 

reduce variability [19]. 

 

Statistical analysis 

The primary outcome variable for this study was the PCr recovery rate constant k. Groups 

were compared using the two-sample t-test or Mann-Whitney U tests if distributional 

assumptions were not met following logarithmic or Box-Cox transformation. In order to 

assess the sensitivity of some results to the gender imbalance between groups we also 

compared groups using linear regression/ANCOVA, adjusting for sex. Poisson regression 

was used to compare the number of metabolic components between groups. Spearman’s 

correlation coefficient (rs) was used to describe the strength of association between 

continuous variables. Statistical significance was delimited as P<0.05. Data are presented as 
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mean(95% confidence intervals), unless stated otherwise and exact P values are cited (values 

of P of “0.000” provided by the statistics package are reported as “<0.001”). All analyses 

wree conducted using Stata 13 (StataCorp. 2013. Stata Statistical Software: Release 13. 

College Station, TX: StataCorp LP). 
 

Results  

Clinical characteristics (Table 1) 

Patients with NAFLD and control subjects were matched with no significant differences in 

age, body mass index, fat mass and cardiorespiratory fitness (even when normalised for body 

weight) (Table 1). The NAFLD group had a significantly greater waist circumference [7.9cm 

(95% CI=0.6, 15.1); P=0.03], although when adjusted for total body weight this difference 

was no longer significant.  

 

Biochemical characteristics and components of the metabolic syndrome (Table 1) 

Patients with NAFLD had higher ALT [61 mU/l (95% CI= 30, 83) vs. 21 mU/l (95% CI= 16, 

32); P<0.001] and GGT [48 mU/l (95% CI= 42, 79) vs. 28 mU/l (95% CI= 23, 40); P=0.03] 

when compared with controls but AST was not significantly different [24 mU/l (95% CI= 10, 

43) vs. 21 mU/l (95% CI= 16, 25); P<0.001]. Although total cholesterol was not significantly 

different, patients with NAFLD had a significantly higher triglyceride [2.3 mU/l (95% CI= 

1.6, 3.4) vs. 1.3 mU/l (95% CI= 1.0, 2.3); P=0.007] and lower HDL cholesterol [1.0 mmol/l 

(95% CI= 0.9, 1.2) vs. 1.2 mmol/l (95% CI= 1.1, 1.5); P=0.007]. Fasting glucose did not 

differ between the two groups (Table 1). The prevalence of metabolic syndrome was greater 

in the NAFLD group (76% vs. 28%, P=0.004) and the patients with NAFLD had a higher 

mean number of components of the metabolic syndrome (2.9±1.0 vs. 1.8 ±1.2; P=0.05) 

(Figure 1). 

 

MR-derived measures of adipose tissue mass (Figure 1) 

After statistical adjustments for gender, total abdominal fat did not differ between the two 

groups, nor did the amount visceral fat in patients with NAFLD (Figure 1). VAT: SAT ratio 

was similar in NAFLD patients compared to controls. As expected, liver fat was higher in 

NAFLD patients (Figure 1) but IMCL in both soleus and tibialis anterior was not 

significantly different between the two groups (Figure 1).  

 

Cytosolic pH and phosphorus metabolites in resting muscle (Table 1)  

There were no significant differences in resting muscle intracellular pH (pHi) between the 

two groups and there was no significant cytosolic acidification during exercise in either group.  

The resting phosphate metabolite ratios inorganic phosphate:ATP and PCr:ATP did not differ 

significantly between the two groups nor was there any significant difference in the amount 

of PCr depletion during exercise.  

 

Assessment of muscle mitochondrial function (Figure 2) 

The post exercise PCr recovery rate constant did not differ significantly between the two 

groups [1.62 min-1 (95% CI= 0.34, 1.86) vs. 1.50 min-1 (95% CI= 1.18, 1.77); P=0.81].  

 

Relationship of muscle mitochondrial function to the metabolic syndrome (MS) 

Comparing the two groups according to the presence (n=18) or absence (n=17) of the 

metabolic syndrome, we were not able to detect any significant difference in the PCr 

recovery rate constant [0.03 min-1 (95% CI=-0.24, 0.30), P=0.83] (Figure 3). Similarly, 
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examining the number of components of the metabolic syndrome in both controls and 

NAFLD patients we found no correlation with the PCr recovery rate constant (r= -0.03, 

P=0.83).  

 

Correlation of muscle mitochondrial function with biochemical and body composition 

measurements 

There were no significant correlations between PCr recovery constant and age, weight, BMI, 

fat mass, VO2peak, any biochemical measure or any MR-derived measure of body composition. 

 

 

Discussion  

The major finding of this study is that skeletal muscle mitochondrial function, determined 

using dynamic 31P-MRS measurements after exercise, is similar in patients with NAFLD to 

age-, BMI- and cardiorespiratory fitness-matched controls. The similarity in mitochondrial 

function was observed despite greater liver (but not visceral) fat deposition and more 

numerous components of the metabolic syndrome in patients with NAFLD suggesting that 

factors other than skeletal muscle mitochondrial dysfunction play a pathophysiological role in 

the metabolic phenotype of NAFLD. 

 

Analysis of the post-exercise PCr recovery kinetics in the vastus lateralis muscle quantifies 

the in vivo mitochondrial oxidative capacity of skeletal muscle because, during recovery from 

exercise, PCr is resynthesized purely as a consequence of oxidative ATP synthesis. Such 

measures correlate with ex vivo measurements of muscle mitochondrial function and whole-

body measures of aerobic fitness in type 2 diabetic patients [21, 22], similarly to healthy 

controls [22]. We observed no correlation with aerobic fitness in the current study, which 

could potentially be due to the small range of cardiorespiratory fitness observed in both study 

groups. 

 

A number of reports [10] have implicated mitochondrial dysfunction in skeletal muscle in the 

development of insulin resistance. In a cohort of healthy, lean, insulin-resistant offspring of 

patients with type 2 diabetes, a 31P MRS-derived measurement taken to reflect mitochondrial 

ATP production in skeletal muscle [10] was found to be  ~30% lower (associated with ~60% 

lower insulin-stimulated glucose uptake by muscle and a ~80% greater IMCL than in healthy 

controls [23]. In a related study in a cohort of insulin-resistant offspring, a reduction in 

muscle mitochondrial density (measured in muscle biopsy specimens) was accompanied by 

increased IMCL, reduced insulin-stimulated glucose uptake and impairment of insulin signal 

transduction [24]. In the elderly, the same relationship was observed between claimed 

measures of mitochondrial dysfunction, ectopic fat accumulation and insulin resistance [6]. 

However, proposals of a causal relationship between muscle mitochondrial dysfunction, 

increased muscle cellular triglyceride accumulation and disordered post-receptor insulin 

signaling have been called into question by animal [25] and  human [26] studies.  Slowed PCr 

recovery is evident relative to controls matched for age, gender, BMI and fitness in e.g. 

primary congenital insulin resistance (7 patients vs. 12 controls) [27] and congenital 

lipodystrophy (7 patients vs. 15 controls) [20].  These studies show that studies of the present 

kind and size are capable of demonstrating defects of muscle oxidative capacity, relative to 

fitness-matched controls; this supports the inference from our failure to detect any such 

difference that no such abnormalities exists in our NAFLD patients.  In both primary 

congenital insulin resistance and congenital lipodystrophy this impaired muscle oxidative 

function must be a consequence or simply an accompaniment of insulin resistance, since it 
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cannot be its cause  ADDIN EN.CITE [). Our present negative finding suggests that muscle 

mitochondrial dysfunction is not a primary factor in the development of NAFLD and its 

cardiometabolic sequelae, but rather may occur as a secondary phenomenon.  

 

We did not observe any difference in IMCL between NAFLD and control groups. The 

significance of IMCL is controversial, with some studies suggesting that muscle lipid 

accumulation is an early and critical event in the development of insulin resistance [28]. In 

contrast, similar to Thomas et al. [29], we found no correlation between IMCL and liver fat 

and, like Machado and colleagues [9] we found no relationship between IMCL and muscle 

mitochondrial dysfunction [6, 26]. 

 

There is good evidence that skeletal muscle insulin resistance is implicated in the 

development of NAFLD and the metabolic syndrome, and that this may be reversed with 

exercise [2, 3]. As the primary outcome measure of the current study was the rate constant of 

PCr recovery i.e. mitochondrial oxidative capacity, in relation to liver fat content, we were 

less concerned with measures of insulin sensitivity. The NAFLD patients had a higher mean 

fasting insulin concentration and HOMA-IR, but this only approached statistical significance 

(P=0.08). However, the limitations of HOMA-IR have been previously discussed and it has 

been suggested that surrogate estimates of insulin sensitivity (including HOMA-IR) can lead 

to conclusions that are totally different from those based on the results of euglycaemic–

hyperinsulinaemic clamp measurements. Thus in the current study, in the absence of 

measures of insulin sensitivity using more sensitive, gold-standard techniques such as the 

hyperinsulinaemic, euglycaemic clamp, it would be misleading to draw conclusions on the 

relative degrees of insulin sensitivity/resistance of each individual/group.  

 

Although we could not directly examine the inter-relationship between PCr recovery constant 

and insulin resistance, we compared instead the groups with or without the metabolic 

syndrome, and according to the number of components of the metabolic syndrome. We found 

no difference in PCr rate constant between those with or without the metabolic syndrome nor 

did we observe any relationship between the number of components and the PCr rate constant. 

A recent paper [30] has addressed the issue of a connection (possibly causal) between muscle 

energy metabolism, liver steatosis and insulin resistance by reanalysing data collected 

together from 6 previously-published studies [8, 31-35] of the research group. The total study 

population comprised 113 (52 male and 61 female) participants of whom 87 had normal 

glucose tolerance, 16 had impaired fasting glucose and/or glucose intolerance, and 10 had 

frank type 2 diabetes. This large study population permitted the identification of some 

interesting correlations; the rate of muscle Pi-ATP exchange, measured by magnetisation 

transfer, correlated negatively with hepatic lipid content and haemoglobin A1c (HbA1c), and 

positively with insulin sensitivity; there was no relation to body mass, muscle triglyceride.  

However, as alluded to above, there are serious problems with Pi-ATP exchange as a 

metabolic marker of mitochondrial metabolism [10]. It is now generally acknowledged that 

no measure of resting ATP turnover can be interpreted in terms of muscle oxidative capacity, 

which is by contrast the standard interpretation of measures derived from post-exercise PCr  

kinetics (the simplest of which is the rate constant, as used in the present work). In the light 

of this, the Pi-ATP exchange rate is sometimes regarded as a measure of ‘mitochondrial 

activity’ and’ ATP synthase flux’ [30]. However, the rate of Pi-ATP exchange is 

approximately an order of magnitude larger than the actual rate of oxidative ATP turnover in 

resting muscle, the difference being likely due non-mitochondrial exchange catalysed by two 

enzymes of glycolysis [10]. Interestingly, a cross-sectional study of 15 normal subjects [36], 
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significant correlations were found between the resting Pi-ATP exchange rate and a resting-

ischaemia 31P MRS measure of resting ATP synthesis rate (despite the order-of-magnitude 

difference in absolute numbers), and PCr-recovery based measures of mitochondrial function 

(despite the logical distinctness of ATP turnover and oxidative capacity, as mentioned above, 

and for reasons which are so far unexplained [10]. This first of these correlations, together 

with some observations of clinical or experimental changes in Pi-ATP exchange in 

physiologically expected directions [37] (again, notwithstanding the order-of-magnitude 

error), is sometimes described as supporting [37] or even validating [30] the Pi-ATP 

exchange measurement. However, as almost nothing is known about what determines the 

overwhelmingly dominant non-mitochondrial component of the measurement [10], this 

interpretation remains problematic. The important point for the present work is that, although 

we cannot exclude the possibility that a larger study (nearer the 113 subjects of [10] than the 

35 we studied) would show a relationship between liver fat and a measure of muscle 

mitochondrial function, the correlation reported in [30] gives no reason to expect it.  

 

In addition to skeletal muscle, the properties of adipose tissue and adipose tissue dysfunction 

are also implicated in the deposition of ectopic fat (although not examined in this study). 

Insulin resistance in adipose tissue results in a reduced ability of insulin to suppress fatty acid 

release from adipose tissue (leading to increased free fatty acid flux to the liver) and the 

magnitude of adipose insulin resistance is inversely correlated with liver fat [38, 39]. 

Furthermore, characteristics of subcutaneous fat and defective regulation of lipid storage 

genes in subcutaneous adipose tissue may limit its expandability [40].  

 

Clinical Perspectives  

It has been suggested that impaired skeletal muscle mitochondrial function may contribute to 

ectopic lipid deposition, and the associated metabolic syndrome, by altering post-prandial 

energy storage. We provide evidence that skeletal muscle mitochondrial function is preserved 

in patients with NAFLD, compared to age, BMI and fitness-matched healthy controls, and 

cannot account for ectopic fat deposition or the high prevalence of metabolic syndrome. Thus 

it would appear that factors other than skeletal muscle mitochondrial dysfunction play a 

pathophysiological role in the metabolic phenotype of NAFLD, with available data 

suggesting skeletal muscle and adipose tissue insulin resistance play a major role.  
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Table 1. Baseline characteristics of participants reported as mean+/- SD, median(lower quartile, upper quartile) or frequency(%).  

  NAFLD (n=17) Controls (n=18) P 

Anthropometric Age (y)* 47(41,52) 47(34,51) 0.68 

 Gender (M,F) 11 (65%), 6(35%) 7(39%), 11(61%) 0.13 

 Weight (kg) 96.1±14.8 85.6±15.7 0.05 

 BMI (kg/m2) 31.5±3.4 30.53±5.24 0.5 

 % fat mass* 40.5(30.1,44.1) 34.2(29.2,44.8) 0.69 

 Waist circumference (cm)* 108.6±9 100.8±11.8 0.03 

 Systolic blood pressure* 125(120,140) 123.5(120,132) 0.62 

 Diastolic blood pressure* 82(78,88) 75(70,80) 0.03 

Biochemical AST (mU/l)* 24(10,43) 21(16,25) 0.37 

 ALT (mU/l)* 61(30,83) 21(16,32) <0.001 

 GGT (mU/l)* 48(42,79) 28(23,40) 0.03 

 Cholesterol (mmol/l)* 5.9(5.1,6.1) 5.2(4.7,5.7) 0.54 

 HDL (mmol/l)* 1.0(0.9,1.2) 1.2(1.1,1.5) 0.007 

 Triglyceride (mU/l)* 2.3(1.6,3.4) 1.3(1.0,2.3) 0.007 

 Fasting glucose (mmol/l)* 5.0(4.7,5.3) 4.8(4.4,5.1) 0.18 

 Fasting insulin * 91.2(67.2,114.6) (n=13) 78.8(55.4,86.4) (n=14) 0.11 

 HOMA-IR * 4.1(3.0,7.6) 3.2(2.7,4.3) 0.08 

Metabolic syndrome (MS) Number with MS  13/17(76 %) 5/18(28 %) 0.004 

 Components of MS¥ 2.9±1.0 1.8±1.2 0.05 

Cardiorespiratory fitness V
．

O2 max (ml/kg/min)*  23.5(20,31.3) 25.75(22.9,30) 0.69 

 V
．

O2 max/weight (ml/min)* 0.3(0.2, 0.3) 0.3(0.2,0.4) 0.14 

Muscle 31P MRS* Resting Pi/ATP*  0.56(0.49, 0.63) 0.44(0.38, 0.58) 0.09 

 Resting pH¥  7.08(7.06, 7.09) 7.08(7.06, 7.10) 0.39 

 End-exercise pH fall 0.14±0.12/ 0.12±0.13/ 0.07/ 
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-0.06±0.09 -0.01±0.09 0.62 

 Resting PCr/ATP 4.25±0.68 4.07±0.57 0.40 

 End-exercise PCr depletion (%)* 0.19(0.14, 0.26)/ 

0.35(0.24, 0.50) 

0.20(0.08, 0.29)/ 

0.32(0.12, 0.44) 

0.82/ 

0.75 

 PCr recovery rate constant (min-1)* 1.62(0.34, 1.86) 1.50(1.18, 1.77) 0.81 

Pairs of results represent 70%/90% MVC separately. 

* Mann-whitney U Test, ¥Poisson regression. 
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Figure Legends 

 

Figure 1. Body composition data demonstrating total abdominal fat, abdominal subcutaneous 

(SC) fat, visceral fat, intramyocellular fat (IMCL) of soleus muscle, liver fat and the number 

of components of the metabolic syndrome in patients with NAFLD (n=17) and age- and 

BMI-matched healthy controls (n=18).  

 

Figure 2. Post-exercise phosphocreatine (PCr) recovery rate constant, k (min-1) in patients 

with NAFLD (n=17) and age- and BMI-matched healthy controls (n=18).  

 

Figure 3. Relationship between post-exercise PCr recovery rate constant, k (min-1) and the 

number of components of the metabolic syndrome within the healthy controls (triangle) and 

patients with NAFLD (circle). 
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