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Abstract

Reduced skeletal muscle mitochondrial density is proposed to lead to impaired muscle lipid

oxidation and increased lipid accumulation in sedentary individuals. We assessed exercise-

stimulated lipid oxidation by imposing a prolonged moderate-intensity exercise in men with

variable skeletal muscle mitochondrial density as measured by citrate synthase (CS) activity. After

a 2-day isoenergetic high-fat diet, lipid oxidation was measured before and during exercise (650

kcal at 50% VO2 max) in 20 healthy men with either high (HI-CS = 24 ± 1; mean ± s.e.) or low

(LO-CS = 17 ± 1 nmol/min/mg protein) muscle CS activity. Vastus lateralis muscle biopsies were

obtained before and immediately after exercise. Respiratory exchange data and blood samples

were collected at rest and throughout the exercise. HI-CS subjects had higher VO2 max (50 ± 1 vs.

44 ± 2 ml/kg fat free mass/min; P = 0.01), lower fasting respiratory quotient (RQ) (0.81 ± 0.01 vs.

0.85 ± 0.01; P = 0.04) and higher ex vivo muscle palmitate oxidation (866 ± 168 vs. 482 ± 78

nmol/h/mg muscle; P = 0.05) compared to LO-CS individuals. However, whole-body exercise-

stimulated lipid oxidation (20 ± 2 g vs. 19 ± 1 g; P = 0.65) and plasma glucose, lactate, insulin,

and catecholamine responses were similar between the two groups. In conclusion, in response to

the same energy demand during a moderate prolonged exercise bout, reliance on lipid oxidation

was similar in individuals with high and low skeletal muscle mitochondrial density. This data

suggests that decreased muscle mitochondrial density may not necessarily impair reliance on lipid

oxidation over the course of the day since it was normal under a high-lipid oxidative demand
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condition. Twenty-four-hour lipid oxidation and its relationship with mitochondrial density need

to be assessed.

INTRODUCTION

Accumulation of intramyocellular tryacylglyceride, diacylglyceride, and ceramide is

inversely related to insulin resistance (IR) in sedentary humans (1). In fact, such lipid

species can impair insulin signaling activity (2,3). Intramyocellular lipid accumulation has

been proposed to be the result of impaired muscle mitochondrial lipid oxidative metabolism

(4), although lipid overload can also impair mitochondrial metabolism (5,6). Indeed, IR or

type 2 diabetes mellitus are often accompanied by reduced skeletal muscle mitochondrial

enzyme activity (e.g., citrate synthase (CS) and cytochrome c oxidase), mitochondrial

density and protein content, mitochondrial respiration, Krebs cycle flux, and ATP synthesis

rate as reviewed by Turner & Heilbronn (7). In addition, IR is characterized by impaired

fasting lipid oxidation and a blunted ability to increase glucose oxidation during glucose/

insulin stimulation called “metabolic inflexibility” (8). These findings are considered a

feature of muscle mitochondrial deficiency and a key mechanism involved in increased

intramyocellular lipid accumulation and IR (4).

There are, however, several factors which challenge this hypothesis. First, skeletal muscle

energy needs under resting conditions are well below the capacity of muscle to oxidize

substrate even in sedentary individuals. Thus, the often reported decrease in mitochondrial

density in insulin-resistant subjects should have no effect on the ability of resting muscle to

oxidize fat (9). Second, “metabolic inflexibility” to glucose/insulin stimulation described in

type 2 diabetic obese subjects is mainly due to impaired glucose disposal rate as the result of

defective glucose transport into the cells (10) rather than a mitochondrial defect (8). Third,

animal models exhibiting mitochondrial deficiency show increased insulin sensitivity vs.

wild-type animals (11–13) and even enhanced lipid oxidation (12). Fourth, it has been

argued that most of the differences in muscle mitochondrial markers are due to differences

in physical fitness (14). Finally, the impact of muscle mitochondrial density on lipid

oxidation under a condition of high energy and lipid oxidative demands has not been

conducted. However, some studies assessed exercise-induced lipid oxidation between

insulin-resistant and insulin-sensitive subjects (15–17). Unfortunately, from those studies it

is difficult to draw conclusions about the role of muscle mitochondrial density on lipid

oxidation because muscle mitochondrial density was not determined as well as plasma/

muscle substrate concentrations. Furthermore, energy expenditure during exercise was not

similar between groups.

Our main goal was therefore to compare the reliance on lipid oxidation during an exercise

bout of similar intensity and energy demand in subjects with variable and contrasting

skeletal muscle mitochondrial density (by CS activity). We hypothesized that individuals

with lower muscle mitochondrial density would have impaired ability to switch lipid

oxidation on in response to increased lipid oxidative demand compared with individuals

having greater muscle mitochondrial density.
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METHODS AND PROCEDURES

Subjects

Twenty healthy, normoglycemic, nonsmoking men between 18–35 years with a BMI 21–26

kg/m2 were recruited. None of the participants were engaged in sports at a competitive level

and none had physically demanding employment. After completion of the entire protocol,

volunteers were retrospectively divided into two groups based on their skeletal muscle

mitochondrial density estimated by CS activity. The protocol was approved by the

institutional review board of the Pennington Biomedical Research Center (PBRC). All

subjects provided written informed consent prior to study participation.

Experimental design

After screening, body composition and maximal aerobic capacity (VO2max) were measured.

Energy requirements were calculated according to published equations (18). One week after

screening, participants presented at PBRC on 2 successive days to receive an isoenergetic

high-fat diet (67% fat, 25% carbohydrate). Breakfasts and dinners were consumed at PBRC,

whereas lunch and a snack were packaged and consumed outside the Center. Volunteers

were admitted to the in-patient unit the evening before the testing day. After a 10-h

overnight fast, resting metabolic rate was measured for 30 min, a blood sample was drawn

(for glucose, lactate, free-fatty acids (FFA), insulin, and catecholamines) and a vastus

lateralis muscle biopsy was obtained. Participants then exercised on a cycle ergometer at

50% VO2max until reaching a total energy expenditure of 650 kcal. Gas exchange was

measured and a blood sample was drawn after completion of 20, 40, 60, 80, and 100% of the

exercise period. Another muscle biopsy was obtained immediately after exercise.

Body composition

Percent body fat was measured on a Hologic Dual Energy X-ray Absorptiometer (DXA;

QDR 4500; Hologic, Waltham, MA) and fat-free mass and fat mass calculated from weight

obtained on a scale.

Maximal aerobic capacity (VO2 max)

Maximal aerobic capacity was measured during an incremental protocol on a cycle

ergometer (Lode Excalibur, Gronig, Netherlands). The test contained two phases: a

linearization and a maximal phase. During the linearization phase, the workload started at 35

W and increased by 35 W every 3 min until 140 W. After the initial linearization phase, the

work rate was increased by 35 W each minute until volitional fatigue (maximal phase). Gas

exchange was measured during the entire testing period with a metabolic cart (TruOne 2400;

ParvoMedics, Sandy, UT). The data from the linearization phase was used to calculate the

workload necessary to elicit 50% of VO2max.

Exercise protocol

After the baseline skeletal muscle biopsy, subjects completed a 2-min warm-up by cycling at

0 W. After that, a workload equivalent to 50% of VO2max was imposed. Gas exchange

measurements were simultaneously initiated. Steady-state oxygen consumption between 5
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and 8 min of exercise was compared with the expected 50% VO2max. Workload was

immediately adjusted to obtain the expected oxygen consumption necessary for the entire

duration of exercise to reach the 650 kcal. Gas exchange was measured for 3–5 min before

ending 20, 40, 60, 80, and 100% of the exercise bout, equivalent to 130, 260, 390, 520, and

650 kcal, respectively. After each fraction of exercise heart rate and rate of perceived

exertion (RPE) were measured (19).

Muscle biopsy

Vastus lateralis muscle biopsies (350 mg) were obtained before and immediately after

exercise using a 5-mm Bergstrom needle. Two incisions (3–4 cm apart) were made before

exercise and the lower and upper incisions were used to take the muscle biopsy before and

after exercise, respectively. The skin, adipose tissue and skeletal muscle fascia were

anesthetized using 5 ml of a 1:1 mixture of 0.5% bupivicaine/2% lidocaine.

Indirect calorimetry

Gas exchange measurements under resting conditions were performed as described

previously (20) whereas measurements during exercise were obtained using the TruOne

2400 metabolic cart. Steady-state VO2 and VCO2 values during the 5 min of gas collection

were averaged and used for analysis. Standard equations were used to determine substrate

oxidation (21).

Blood analysis

Glucose, FFA, and lactate were analyzed using Beckman Coulter DXC 600 commercial kits

(Beckman Coulter, Brea, CA). Insulin was measured using a Siemens 200 (Siemens, Los

Angeles, CA). Catecholamines were measured via Bio-Rad HPLC with electrochemical

detection. Homeostasis model assessment of insulin resistance was calculated as (glucose

(mg/dl) × 0.05551 × insulin (mIU/l))/22.5.

Skeletal muscle mitochondrial density

Maximal CS activity—About 80 mg skeletal muscle was diluted 20-fold in extraction

buffer (0.1 mol/l KH2PO4/Na2PHO4, 2 mmol/l EDTA (pH = 7.2)) and then homogenized

(Glas Col, Terre Haute, IN). Activity was measured at 37 °C in 0.1 mol/l Tris-HCl (pH 8.3)

assay buffer containing 0.12 mmol/l 5,59-dithio-bis 2-nitrobenzoic acid and 0.6 mmol/l

oxaloacetate. After an initial 2-min absorbance reading at 412 nm, the reaction was initiated

by adding 3 mmol/l acetyl-CoA, and the change in absorbance was measured every 10 s for

7 min. Values were adjusted for total protein (mg/ml).

Real-time PCR for mitochondrial DNA—DNA was extracted from frozen muscle

tissue (DNeasy Blood and Tissue Kit; Qiagen, Valencia, CA). Relative amounts of

mitochondrial DNA (mtDNA) and nuclear DNA were determined by qRT-PCR as described

previously (22,23).

Muscle mitochondrial complexes—Skeletal muscle was homogenized by Kontes

Duall tissue grinders in RIPA buffer with protease inhibitor and phosphatase inhibitor

cocktails (Sigma, St Louis, MO). Twenty μg of protein of each sample was run on a 12.5%
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Criterion Tris-HCl gel (Bio-Rad, Hercules, CA) and transferred to a PVDF membrane

(Millipore, Billerica, MA). OXPHOS (1:208, MS601; Mito-Sciences, Eugene, OR), a

primary antibody cocktail was used for complexes I-V expression at the same time, and

GAPDH (1:1,000, ab9484; Abcam, Cambridge, MA) was used as loading control.

Membranes were incubated with primary antibodies overnight at 4 °C, and then probed with

goat anti-mouse IgG Alexa Fluor 680 (1:10,000; Invitrogen, Carlsbad, CA). Bands were

visualized and densitometry value was quantified by using an Odyssey 9120 Infrared

Imaging System (LI-COR, Lincoln, NE).

Skeletal muscle palmitate oxidation

Muscle tissue (~80 mg) was minced and homogenized in a modified sucrose-EDTA medium

(250 mmol/l sucrose, 1 mmol/l EDTA, 1 mol/l Tris·HCl and 2 mmol/l ATP, pH 7.4).

Palmitate oxidation rate was determined by measuring production of 14C-labeled acid-

soluble metabolites and 14CO , by use of a custom made 24-well microtiter plate (24).

Reactions were initiated by adding 310 μl of the incubation buffer (pH 7.4) to 80 μl of whole

homogenate, yielding final concentrations of 0.17 μmol/l total palmitate and 0.8 μCi/ml

[1-14C]-palmitate (Perkin Elmer, Waltham, MA), 102 mmol/l sucrose, 80 mmol/l potassium

chloride, 10 mmol/l potassium phosphate, 8 mmol/l Tris·HCl, 2 mmol/l ATP, 1 mmol/l

magnesium chloride hexahydrate, 1 mmol/l L-carnitine, 1 mmol/l dithiothreitol, 0.2 mmol/l

EDTA, 0.1 mmol/l malate, 0.1 mmol/l NAD+, 0.05 mmol/l CoA, and 0.5% fatty acid-free

BSA. After incubation for 120 min at 37 °C, reactions were terminated by adding 40 μl of

70% perchloric acid, and the CO2 produced during the incubation was trapped in 200 μl of 1

N NaOH added to adjacent wells. The acidified medium was stored at 4 °C overnight, and

then acid-soluble metabolites assayed in supernatants. Radioactivity of 14CO and acid-

soluble metabolites were determined by liquid scintillation counting and normalized for

muscle wet weight.

Skeletal muscle glycogen

Muscle tissue was homogenized in PBM buffer (20 mmol/l KH2PO4, 10 μmol/l CaCl2, 1

mmol/l MgCl2, pH 6.1) using a hand-held homogenizer (Kontes) at a ratio of 1 mg of tissue

to 10 μl of buffer. Cells were lysed by freeze-thaw followed by sonication. Samples were

then boiled for 20 min in 30% KOH saturated with anhydrous Na2SO4. Glycogen was

precipitated with 95% ethanol, dissolved in double-distilled H2O and incubated at 100 °C

for 20 min with 0.2% anthrone in H2SO4. Glycogen concentration was determined

spectrophotometrically at 620 nm relative to an oyster glycogen standard curve, and

normalized to protein content.

Skeletal muscle fiber composition and intramyocellular lipid content

Skeletal muscle fiber type and IMCL content were determined via immunohistochemistry

(25). Muscle tissue was mounted in a mixture of optimal cutting temperature compound and

tragacanth gum powder and frozen in isopentane cooled over liquid nitrogen. Twelve

sections were obtained and processed for immunohistochemical staining. Muscle sections

were incubated overnight at 4 °C in blocking buffer (donkey serum) for 2 h followed by

primary antibodies specific for slow muscle myosin (MAB1628, Chemicon) and laminin

(AB2500, Abcam). After washing with phosphate-buffered saline, sections were incubated
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in the secondary antibodies (Alexa fluor 680 donkey anti-mouse and Alexa fluor 350 donkey

anti-rat; Invitrogen, Carlsbad, CA). Bodipy green (1:100) was applied for 20 min. The

sections were washed and mounted in citifluor mounting media (TedPella, Redding, CA)

and a coverglass was applied. Type I fibers were counted using a confocal microscope

(Leica SP5). IMCL was determined by measuring the intensity of bodipy staining using

Sigma Scan Pro software version 5.0.0 (SPSS, Chicago, IL).

Statistical analysis

Analyses were performed using SAS software version 9.1.3 (SAS Institute, Cary, NC).

Differences between groups were analyzed using 2-tailed t-test. Covariance analysis was

used to assess for interactions with group on dependent variables. Association between

variables was assessed by Pearson test. Multivariate regression analysis was used to identify

determinants of exercise-induced lipid oxidation. Data are expressed as means ± s.e. P <

0.05 was considered statistically significant.

RESULTS

Skeletal muscle mitochondrial density

We first evaluated to what extent skeletal muscle mitochondrial density surrogates related to

each other. Skeletal muscle CS activity and mitochondrial DNA content or any of the other

surrogates of mitochondrial density (Complexes I to V) were weakly or not associated (r <

0.29). To decide which marker would allow us to better discriminate between individuals

with high and low muscle mitochondrial density, we estimated that any acceptable surrogate

should discriminate between individuals with high and low VO2max, ex vivo muscle

palmitate oxidation rate and fiber composition. We tested this prediction by dividing the

group (n = 20) into two groups on the basis of the median value for each surrogate, and then

look at differences in VO2max, ex vivo muscle palmitate oxidation rate and fiber

composition. Muscle CS activity was the only mitochondrial marker able to discriminate for

these physiological variables (Figure 1), whereas mitochondrial DNA content or

mitochondrial complexes (I to V) did not (data not shown). We therefore choose muscle CS

activity as our biomarker of skeletal muscle mitochondrial density. The distribution of other

mitochondrial measures according to high- and low-CS group is shown in Figure 2.

Subjects’ characteristics

Subjects with a muscle CS activity above or below the median value (21 nmol/min/mg

protein (range: 13–29)) were assigned to high (HI-CS) or low (LO-CS) CS groups (Figure 1

and Table 1). Individuals with HI-CS vs. LO-CS activity showed similar characteristics

(Table 1) except for the already mentioned differences in VO2max and ex vivo muscle

palmitate oxidation (Figure 1).

Whole-body energy metabolism

After an overnight fast, participants from both groups had similar plasma metabolites and

hormones concentrations (i.e., glucose, lactate, FFA, insulin and catecholamines; Figure 3)

and similar skeletal muscle glycogen content (0.39 ± 0.04 vs. 0.34 ± 0.02 μg per μg protein;

P = 0.32; HI-CS and LO-CS, respectively) and intramyocelullar lipid content (29.7 ± 9.5 vs.
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25.8 ± 8.3 AU; P = 0.76 Supplementary Figure S1). However, individuals with HI-CS had

lower resting respiratory quotient (RQ) than individuals with LO-CS (Figure 4) resulting in

greater lipid oxidation (83 ± 7 vs. 61 ± 3 mg/min; P = 0.01).

Such decreased resting lipid oxidation observed in individuals with low muscle

mitochondrial density has often been interpreted as a feature of poor capacity to rely on lipid

as an energy source. To further explore this hypothesis, we imposed a condition of increased

lipid oxidation demand by exercise with similar intensity and total volume (50% VO2max

and 650 kcal; Table 1). Because we set similar intensity and total energy expenditure across

individuals, the time to finish the exercise tended to be shorter in HI-CS vs. LO-CS subjects

(Table 2). We observed similar plasma glucose, lactate, insulin and catecholamine responses

during exercise between groups (Figure 3), although plasma FFA concentration at the end of

exercise was higher in the LO-CS vs. HI-CS group. Intramyocellular lipid content was

similar between groups (P = 0.83) and was not altered in response to exercise (P = 0.41). In

contrast, muscle glycogen content was decreased after exercise (P = 0.0002) but this

reduction was similar in both group (HI-CS: −0.08 ± 0.02 and LO-CS: −0.09 ± 0.02 μg per

μg protein; P = 0.78). We then evaluated the impact of muscle mitochondrial density on

lipid oxidation, our main study goal. We observed that RQ and cumulative lipid oxidation

during exercise were similar between groups (Figure 4). While exercise-induced lipid

oxidation related to the change in muscle glycogen content (Figure 5a) and plasma FFA area

under the curve (Figure 5b), the latter association appeared to be stronger in subjects with

high (vs. low) muscle CS activity, with a significant interaction (P = 0.04; Figure 5b). By

stepwise regression model, approximately half of the variance in cumulative lipid oxidation

during exercise was explained by the reduction in muscle glycogen content (R2 = 0.41; P =

0.003) and plasma FFA area under the curve (R2 = 0.10; P = 0.09).

DISCUSSION

In the present study, we estimated skeletal muscle mitochondrial density by maximal CS

activity, a widely accepted marker of mitochondrial density (26,27). As expected, we

observed that volunteers with increased muscle CS activity had higher VO2max, higher ex

vivo muscle palmitate oxidation, and a tendency towards increased type I muscle fiber

content. Moreover, we observed that subjects with lower muscle CS activity had reduced

resting lipid oxidation. This finding is consistent with observations of decreased muscle

mitochondrial activity and increased fasting RQ in insulin-resistant individuals (28,29).

Additionally, both VO2max and type I fiber content have been associated with increased

expression of several mitochondrial electron transport chain genes (30). This evidence lends

support to our selection of CS as a surrogate of muscle mitochondrial density. In contrast,

mitochondrial DNA and mitochondrial protein complexes content did not discriminate

between individuals with high or low VO2max, ex vivo muscle palmitate oxidation or type I

muscle fiber content. The lack of association between mitochondrial density surrogates has

been previously reported. For instance, Morino et al. (31) found reduced muscle

mitochondrial density in insulin-resistant vs. control subjects when assessed by electron

microscopy, but not by mtDNA.
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The hypothesis that reduced muscle mitochondrial density has a critical role on impaired

lipid oxidation, lipid accumulation and IR is mainly based on studies reporting lower fasting

lipid oxidation in the resting state in individuals with obesity-associated IR (28), family

history of type 2 diabetes (32) or type 2 diabetes (29). Consistently, obese subjects after

weight loss and physical training showed enhanced fasting resting lipid oxidation and

improved insulin sensitivity (33). However, several arguments challenge this hypothesis:

i. The metabolic challenge imposed on muscle mitochondria under resting conditions

is minimal. Then, it is unlikely that decreased mitochondrial density can be severe

enough to impair resting lipid oxidation (9).

ii. Impaired muscle mitochondrial density may not necessarily lead to impaired lipid

oxidation and IR. In fact, mice having impaired muscle mitochondrial activity

showed enhanced lipid oxidation (12) and even higher insulin sensitivity vs. wild-

type animals (11–13).

iii. In most studies, resting lipid oxidation has been assessed by whole-body indirect

calorimetry. This methodology does not necessarily reflect skeletal muscle lipid

oxidation since skeletal muscle accounts at most for one-quarter of whole-body

oxygen consumption (34). Resting lipid oxidation measured for a short period of

time does not represent 24-h lipid oxidation, which in combination with daily lipid

intake determine for lipid balance. In a previous study in our laboratory, 24-h lipid

oxidation was unrelated to muscle mitochondrial density in humans (22).

Our results somewhat challenge the concept that individuals with low muscle mitochondrial

density have an impaired ability to up-regulate muscle lipid oxidation. Indeed, we here

clearly demonstrate that during a moderate-intensity exercise, subjects with high and low

mitochondrial density have similar lipid oxidation rates. In addition, our findings are in line

with other studies in which total lipid oxidation was assessed during exercise in type 2

diabetic and nondiabetic subjects (15,17). These studies reported similar reliance on lipid

oxidation during exercise in diabetic and nondiabetic individuals. Even though

mitochondrial density was not measured in these two studies, it is reasonable to speculate

that these groups likely differed in their muscle mitochondrial density/activity as often

reported (35–39). However, differences in plasma glucose concentration during exercise and

the lack of measures of muscle energy substrate content (glycogen and triglycerides) may

have influenced the results. In addition, VO2max differed by at least 10% between groups,

which will lead to differences in energy expenditure and lipid oxidation when relative

intensity and exercise duration are kept fixed among individuals. Furthermore, a potential

impairment in lipid oxidation capacity would lead to a compensatory increase in muscle

anaerobic glycolytic flux, and therefore plasma lactate concentration. While Mensink et al.

did not measure plasma lactate concentration during exercise (17), Blaak et al. (15) did not

observe any difference in plasma lactate concentration between groups. Together, these

observations do not support the widely accepted notion that reliance on lipid oxidation is

impaired in insulin-resistant and/or type 2 diabetic individuals.

The observation that whole-body lipid oxidation at rest was lower in LO-CS vs. HI-CS

subjects is in line with previous studies (28,29). As discussed elsewhere (40), RQ is mostly
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affected by energy balance and diet composition. In the current study, we provided a

standardized diet to our participants for 2 days prior to metabolic testing and the participants

were instructed to maintain their usual physical activity pattern. However, since energy

expenditure was not measured in these participants, it is impossible to determine whether all

of them were in energy balance despite our controlled feeding design. Furthermore, liver is

an important energy-demanding tissue under resting conditions (41) which also influence

whole-body lipid oxidation rate.

The cross sectional nature of our study may be seen as a weakness compared to intervention

studies in which muscle mitochondrial density is modified. For instance, Rimbert et al. (42)

found in humans that a 4-week training cessation period decreased mitochondrial enzyme

activities and lowered the reliance on lipid oxidation during a maximal aerobic test. A

similar study with a longer exercise training protocol and with careful control of plasma/

muscle fuel availability would be insightful.

Our data emphasize the importance of taking fuel availability into account when fuel

oxidation is assessed in response to a particular challenge. Indeed, muscle glycogen content

and plasma FFA concentration were the main determinant of lipid oxidation during exercise

whereas differences in skeletal muscle mitochondrial density showed no influence on total

lipid oxidation. In conclusion, the hypothesis that impaired muscle mitochondrial density

leads to impaired reliance on lipid oxidation and eventually increased muscle lipid

accumulation and IR needs more assessments of lipid balance using metabolic chambers

over days.
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Figure 1.
Muscle maximal citrate synthase activity, (a) maximal aerobic capacity (per kg fat-free mass

(FFM)), (b) in vitro skeletal muscle palmitate oxidation rate (c) and type I skeletal muscle

fiber content (d) in subjects with high and low skeletal muscle citrate synthase activity

(Means ± s.e.). Maximal aerobic capacity per kg of body weight in HI-CS vs. LO-CS were:

42 ± 1 vs. 37 ± 2 ml O /kg BW/min (P = 0.01). HI-CS, high skeletal muscle citrate synthase

activity; LO-CS, low skeletal muscle citrate synthase activity.
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Figure 2.
Distribution of skeletal muscle mitochondrial DNA and mitochondrial protein complexes I

to V in individuals with high and low skeletal muscle citrate synthase (CS) activity.
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Figure 3.
Plasma glucose, lactate, free-fatty acids, insulin, epinephrine, and norepinephrine

concentrations before and during exercise (Means ± s.e.) in subjects with high (black line) or

low (gray line) skeletal muscle citrate synthase activity.
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Figure 4.
Whole-body respiratory quotient (a) and cumulative lipid oxidation (b) before and during

exercise (Means ± s.e.) in subjects with high or low skeletal muscle citrate synthase

activity. aP < 0.05.
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Figure 5.
Association between cumulative lipid oxidation and exercise-induced muscle glycogen

change (a) and plasma free-fatty acid (FFA) area under the curve (b). HI-CS, high skeletal

muscle citrate synthase activity; LO-CS, low skeletal muscle citrate synthase activity.
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Table 1

Characteristics of study subjects (Means ± s.e.)

HI-CS LO-CS

n 10 10

Age (years) 25.1 ± 1.5 22.9 ± 1.3

Body weight (kg) 76.4 ± 1.4 77.0 ± 2.6

BMI (kg/m2) 24.0 ± 0.5 23.2 ± 0.6

Body fat (%) 16.0 ± 1.1 17.2 ± 1.0

Fat-free mass (kg) 64.2 ± 1.3 63.6 ± 1.7

Fasting glucose (mmol/l) 4.9 ± 0.1 4.9 ± 0.1

Fasting insulin (pmol/l) 21 ± 4 22 ± 2

HOMAIR 0.77 ± 0.14 0.78 ± 0.10

Muscle CS activity
(nmol/min/mg protein) 24.2 ± 0.8 17.0 ± 0.7

a

mtDNA/nDNA 2,351 ± 211 1,926 ± 174

Compiex I (AU) 1.1 ± 0.3 0.7 ± 0.1

Compiex II (AU) 1.5 ± 0.2 1.2 ± 0.1

Compiex III (AU) 3.7 ± 0.4 3.7 ± 0.4

Compiex IV (AU) 5.8 ± 1.4 4.5 ± 0.7

Compiex V (AU) 3.1 ± 0.3 3.3 ± 0.4

a
By design, muscle CS activity is different. HI-CS, high skeletal muscle citrate synthase activity; HOMAIR, homeostasis model assessment of

insulin resistance; LO-CS, low skeletal muscle citrate synthase activity; mtDNA, mitochondrial DNA.

Obesity (Silver Spring). Author manuscript; available in PMC 2014 July 21.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Galgani et al. Page 18

Table 2

Work load, energy expenditure, intensity, and duration of the exercise bout (Means ± s.e.)

HI-CS LO-CS

Energy expenditure (kcal) 651 ± 1 647 ± 1*

Duration (min) 77 ± 4 86 ± 4**

Heart rate, end of exercise (bpm) 147 ± 3 149 ± 5

RPE, end of exercise 13.6 ± 0.5 13.3 ± 0.5

Intensity at 20% exercise duration
(%VO2max)

52 ± 1 53 ± 1

Intensity at 100% exercise duration
(%VO2max)

57 ± 1 59 ± 2

Work load (W) 98 ± 7 82 ± 5**

HI-CS, high skeletal muscle citrate synthase activity; LO-CS, low skeletal muscle citrate synthase activity; RPE, rate of perceived exertion.

*
P = 0.02;

**
P = 0.07.
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