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Abstract 

Constitutional thinness (CT) is a non-pathological state of underweight. The present study aimed to 

explore skeletal muscle energy storage in individuals with constitutional thinness and to further 

characterize muscle phenotype at baseline and in response to overfeeding. Thirty subjects with CT (15 

females, 15 males) and 31 normal-weight control subjects (16 females, 15 males) participated in the 

study. Histological and enzymological analyses were performed on muscle biopsies before and after 

overfeeding. In skeletal muscle of CT participants compared to controls, it was observed a lower content 

in intramuscular triglycerides for type I (p<0.01, -17%) and type IIA (p<0.05, -14%) muscle fibers, a 

lower glycogen content for type I fibers (p<0.01, -6%) and type IIA fibers (p<0.05, -5%), a specific fiber 

type distribution, a marked muscle hypotrophy (p<0.001, -20%), a low capillary-to-fiber ratio (p<0.001, 

-19%), and a low citrate synthase activity (p<0.05, -18%). In response to overfeeding, CT participants 

increased their intramuscular triglycerides content in type I (p<0.01, +10%) and type IIA (p<0.01, +9%) 

muscle fibers. CT individuals seem to present an unusual muscle phenotype and different adaptations to 

overfeeding compared to normal-weight participants, suggesting a specific energy metabolism and 

muscle adaptations. NCT02004821 
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Introduction 

While the potential existence of thinness due to a constitutional origin was first suggested in 1933 (Grafe 

1933), the scientific literature remains quite limited more than 85 years later with only about 40 

heterogeneous studies investigating it. Given this lack of medical and scientific interest, this 

constitutional thinness (CT) is poorly recognized, diagnosed, and documented. Despite an increasing 

number of clinical consultations, it remains difficult to provide appropriate medical support and to help 

CT individuals overcome their weight gain resistance. People with CT present a low body mass index 

(BMI) (< 18.5 kg.m-²), no eating disorder-related traits as anorexia nervosa (AN) or any other eating 

disorders, and no over-exercising or associated diseases that could induce underweight (Scalfi et al. 

1992; Bosy-Westphal et al. 2004; Tagami et al. 2004; Bossu et al. 2007; Marra et al. 2009, 2019; 

Hasegawa et al. 2011; Estour et al. 2014, 2017; Germain et al. 2014, 2016; Galusca et al. 2015, 2018; 

Riveros-McKay et al. 2019; Margaritelis et al. 2019; Ling et al. 2020). Despite a potentially more 

fractionated energy intake with smaller portioned-meals and more snacking (Germain et al. 2014; Ling 

et al. 2020), individuals with CT have a similar total daily energy intake compared to normal-weight 

controls (Germain et al. 2007, 2014; Estour et al. 2014). They also have similar proportions in 

macronutrient intake (Bossu et al. 2007; Galusca et al. 2018) and do not seem to present any signs of 

impairments in their gastrointestinal fat absorption, such as steatorrhea (Ling et al. 2019). Individuals 

with CT nevertheless present an unusual phenotype of impaired bone quality with a low bone mineral 

density (Galusca et al. 2008, 2018; Fernández-García et al. 2009; Hasegawa et al. 2011), a low bone 

mass, and a diminished breaking strength, despite an apparently normal bone turnover (Galusca et al. 

2008). These data obtained in young adults (< 36 years) suggest a potential increased risk of osteoporosis 

with aging in CT population, even if it remains to be shown. Given the well-known strong connection 

between bone and muscle tissues, usually called the "functional muscle-bone unit" (Fricke and Schoenau 

2007), skeletal muscle alterations might also be expected in CT. In addition, two studies found a 

significantly higher resting metabolic rate (RMR) to fat-free mass (FFM) ratio in both CT females 
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(Bossu et al. 2007) and CT males (Marra et al. 2019) compared to normal-weight controls, underlying 

a potential increased muscle metabolism in CT individuals of each gender. However, RNA profiling in 

skeletal muscle reported that fat storage-inducing transmembrane 1 and 2 (respectively FITM1 and 

FITM2) genes involved in triglycerides metabolism were downregulated in CT females, on top of an 

unusual and untypical skeletal muscle phenotype (Galusca et al. 2018). In light of these findings, it 

seems of major interest to investigate the storage and use of muscle energy substrates to better 

understand and help CT individuals. To the best of our knowledge, no studies have been conducted to 

date on muscle energy storage (i.e. intramuscular triglycerides (IMTG) and glycogen content (Essén et 

al. 1975)) and its metabolic implications in CT. Clinically, the main issue for medical practitioners 

remains to provide appropriate strategies to help CT patients gain weight, as it has been discussed for a 

long time (Wissmer 1953; Aubertin 1953; Passmore et al. 1955; Genest et al. 1955; Apfelbaum and 

Sachet 1982). More recently, a 4-week fat overfeeding of 630 extra kcal/day failed to increase 

bodyweight in CT women compared to controls but interestingly increased RMR-to-FFM ratio in CT 

participants contrary to controls (Germain et al. 2014). We, therefore, hypothesized that specific 

adaptations in muscle metabolism of CT individuals could partly explain their weight gain resistance. 

The aim of the present study was first to investigate muscle energy storage and skeletal muscle 

phenotype in a large subset of both females and males with CT, compared to normal-weight control 

volunteers at baseline. The second objective was to explore muscle storage and muscle phenotype in 

response to overfeeding containing proteins, carbohydrates, and fats, in CT participants compared to 

normal-weight controls. 

Materials and methods 

The present clinical investigation was a large-scale study developed in partnership with the Nestlé 

Institute of Health Sciences (NIHS). This investigation was conducted in accordance with the Helsinki 

Declaration, last updated in 2013 and was registered in clinical-trial.gov as NCT02004821. The local 
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research and ethics committee of Saint-Étienne – France approved the study and all subjects gave written 

informed consent prior to inclusion in the study. 

Subjects 

Sixty-one subjects participated in the study: 30 CT subjects (15 females and 15 males) and 31 normal-

weight controls (16 females and 15 males). CT females were recruited with a BMI between 13 and 17.5 

kg.m-2, CT males with a BMI between 13 and 18.5 kg.m-2, and control females and males with a BMI 

between 20 and 25 kg.m-². The inclusion criteria for all participants were: age between 18 and 35 years 

(mean age of 23.1 ± 2.9 years for controls and 25.5 ± 4.5 years for CT participants), stable weight for at 

least 3 months, no over-exercising (according to the MOSPA questionnaire (Iqbal et al. 2006)), 

agreement to a potential weight gain of 2 kg (< 10% of bodyweight), no chronic or congenital diseases, 

and no medications. Normal-weight control subjects were recruited by advertising and participants with 

CT were recruited among outpatients consulting for bodyweight gain desire at the division of 

Endocrinology, Diabetes, Metabolism and Eating Disorders of the CHU Saint-Étienne, France. The 

specific inclusion criteria of CT participants were: no AN traits or other eating disorders confirmed by 

psychiatric evaluation and validated psychological questionnaires (Dutch eating behavior questionnaire 

(DEBQ) (van Strien et al. 1986), eating disorder inventory (EDI) (Garner et al. 1983), eating disorder 

examination questionnaire (EDE) (Cooper and Fairburn 1987), and body shape questionnaire (BSQ) 

(Cooper et al. 1987)), stable bodyweight for at least 3 months and also throughout the post-pubertal 

period, no amenorrhea, normal insulin-like growth factor 1 (IGF-1), estradiol, free triiodothyronine 

(FT3), cortisol, and non-blunted leptin. The exclusion criteria for all participants were: eating disorders 

(DSM-IV) or other psychiatric conditions, intensive physical activity (more than 3 sessions of physical 

activity per week), vegetarians or lactose-intolerant subjects, significant alcohol or tobacco consumption 

(> 10 glasses of wine per week or > 10 cigarettes per day), severe progressive disorder, and surgical 

history or treatment deemed incompatible with the study. For further details, see the complete design of 

the protocol (Ling et al. 2016). 
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Overfeeding protocol 

All participants (CT and control groups) had to complete an extra consumption of 600 kcal per day for 

2 weeks, by adding one bottle of Renutryl® Booster (300 mL) to their usual diet, every evening. One 

bottle of Renutryl® Booster contained 30 g of proteins, 72 g of carbohydrates, 21 g of fats, minerals, and 

oligo-elements. Twenty percent of the energy contained in one bottle came from proteins, 48.5% from 

carbohydrates and 31.5% from fats (Supplementary Table S1). To the best of our knowledge, only one 

publication investigated the effects of an overfeeding in CT individuals (Germain et al. 2014). This 4-

week fat overfeeding of 630 extra kcal per day showed an increase in bodyweight of CT participants 

which did not persist after the first 2 weeks (Germain et al. 2014; Ling et al. 2016). It, therefore, appeared 

that an overfeeding of fat exclusively might not be the best strategy to increase bodyweight of CT 

participants, and we hypothesized that a more balanced nutritional composition could be more relevant. 

In addition, these previous observations suggested that a 2-week overfeeding could be a better duration 

than 4 weeks in order to observe changes in CT. Thus, the duration of overfeeding was reduced to 2 

weeks in the present study while maintaining the same range of extra calories (630 kcal per day in our 

previous study (Germain et al. 2014), and 600 kcal per day in the present one). This shorter duration 

was also designed to maximize our confidence in compliance and recruitment of participants. Except 

for the extra consumption of one bottle of Renutryl® Booster per day after dinner in free-living 

conditions, participants were asked not to modify their regular lifestyle (baseline diet and physical 

activities) during the whole study. Instead of the previously used real food (Germain et al. 2014), the 

present overfeeding consisted of a multi-nutrient liquid in order to facilitate the ingestion of extra 

calories. Throughout the protocol, participants were regularly in contact with the investigators to check 

compliance and avoid compensatory behaviors. Compliance of overfeeding was defined as an increase 

in food intake of at least 450 kcal/day, a positive change in urine urea, and no increase in physical 

activity level (PAL) (Ling et al. 2020). Only participants who complied with overfeeding were included 

in post-overfeeding statistical analyses, i.e. 22 normal-weight and 24 CT participants. 
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Anthropometry, body composition, and physical activity level 

Bodyweight was measured with a digital scale (ProDoc, PD200M, Detecto, Webb City, USA) to the 

nearest 0.1 kg and body height was recorded with a standard wall-mounted stadiometer to the nearest 

0.1 cm. Fat mass (FM) and lean mass measurements were assessed by Dual-energy X-ray 

Absorptiometry (LUNAR, DPX-L). PAL was measured in free-living conditions for 5 days with an 

accelerometer (ActiHeart®, CamNtech, Cambridge, UK). 

Muscle biopsies collection 

A biopsy of 100 to 150 mg of the vastus lateralis muscle was performed with an incision by a specialized-

surgeon at one-third of the distance from the upper margin of patella to the anterior superior iliac spine, 

using Weil-Blakesley forceps under local anesthesia. The biopsy was performed on the right leg just 

before overfeeding and on the left leg at the end of overfeeding. Samples were divided to perform 

histological and enzymatic analyses. A piece of the sample containing well-identified fascicles was 

oriented under a stereo microscope, included in an embedding medium (Cryomount, Histolab, Göteborg, 

Sweden), frozen in isopentane cooled to its freezing point in liquid nitrogen and stored at -80°C. Serial 

10 μm thick transverse sections were cut at -18°C using a cryostat (CM1950, Leica Biosystems, Wetzlar, 

Germany), mounted on glass slides, air-dried at room temperature, and stored at -20°C. Before staining, 

frozen slides were air-dried at room temperature for 45 minutes. 

Histological staining (Figure 1) 

Muscle fiber type and muscle capillarization 

Slides were fixed in acetone for 15 minutes, washed in a phosphate-buffered saline solution (PBS) for 

3×5 minutes and then blocked in a PBS solution containing 10% of goat serum (GS) and 10% of bovine 

serum albumin (BSA) for 20 minutes. CD31 (Dako, M0823, Agilent Technologies, Santa Clara, USA) 
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primary antibody directed against platelet endothelial cell adhesion molecule (PECAM-1) was used to 

identify muscle capillaries. The antibody was diluted (1/40) in PBS-10% GS-10%BSA and applied for 

1 hour. After a PBS wash (3×5 minutes), sections were blocked again with a PBS-10%GS-10%BSA 

solution and then incubated with an appropriate conjugated secondary antibody (1/300, Alexa Fluor A-

21123, ThermoFisher Scientific, Waltham, USA) for 1 hour. After another washing (4×5 minutes in 

PBS) and blocking (30 minutes in PBS-10%GS-10%BSA) baths, sections were incubated in a cocktail 

of primary antibodies (DSHB, Iowa City, USA) diluted (1/100) in PBS-10%GS-10%BSA: BF-35, BA-

F8 and 2E8 for 1 hour. BA-F8 antibody specifically reacts with type I fibers while BF-35 strongly reacts 

with type IIA fibers, slightly with type I fibers and not at all with type IIX fibers. 2E8 antibody reacts 

with laminin. After the last washing (4×5 minutes in PBS) and blocking (30 minutes in PBS-10%GS-

10%BSA), sections were incubated with a cocktail of appropriate conjugated secondary antibodies 

diluted (1/300, ThermoFisher Scientific, Waltham, USA) in PBS-10%GS-10%BSA during 1 hour. After 

3 consecutive 5-min washes in PBS, slides were mounted with a mounting medium ProLong™ Gold 

antifade (P36934, ThermoFisher Scientific, Waltham, USA). 

Oil Red O staining 

Oil red O (ORO) staining was used to identify IMTG. ORO stock solution was prepared by adding 0.5 

g of ORO (O0625 Sigma-Aldrich, Saint-Louis, USA) for 100 mL of 60% triethyl phosphate (538728, 

Sigma-Aldrich, Saint-Louis, USA). Before the staining, a 36% triethyl phosphate working solution 

containing 12 mL of ORO stock solution for 8 mL of distilled water was prepared and filtered with 

Whatman Grade 42 filter paper to remove crystallized ORO. Serial transverse sections were fixed in a 

3.7% formaldehyde (F1635, Sigma-Aldrich, Saint-Louis, USA) solution for 1 hour, rinsed in distilled 

water and incubated in the ORO working solution for 30 minutes. Slides were then rinsed in distilled 

water, subsequently rinsed with running tap water for 10 minutes and mounted with Aquatex. 
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Periodic Acid Schiff staining 

Periodic acid Schiff (PAS) staining was used to identify muscle glycogen. Serial transverse sections 

were fixed in Carnoy’s solution (60% ethanol, 30% chloroform, 10% glacial acetic acid) for 10 minutes, 

rinsed in distilled water, treated with 1% periodic acid for 5 minutes, rinsed in distilled water, incubated 

in Schiff’s reagent (477601, Carlo Erba, Cornaredo, Italy) for 15 minutes at room temperature, and 

rinsed again. Slides were then dehydrated in alcohol baths (95°, 100°, 100°), treated with xylene and 

mounted with Eukitt. 

Cytochrome C Oxidase activity evaluation 

Serial transverse sections were incubated for 2 hours at 37°C in a solution of 3,3’-diaminobenzidine 

(DAB) (D5637, Sigma-Aldrich, Saint-Louis, USA) (previously prepared in a phosphate buffer), 

cytochrome C (C2506, Sigma-Aldrich, Saint-Louis, USA) saccharose, catalase (C100, Sigma-Aldrich, 

Saint-Louis, USA), rinsed in distilled water, dehydrated in alcohol baths (95°, 100°, 100°), treated with 

xylene and mounted with Eukitt. 

Image analyses 

Image acquisition was performed with a slide scanner (Axio Scann.Z1, Carl Zeiss, Munich, Germany) 

and image analyses were achieved with ImageJ software (NIH, Bethesda, USA). Concerning the 

immunohistochemical technique, different pictures of the same region obtained with different 

appropriate filters allowed identifying the different types of fibers on a merged picture (Figure 1). Type 

I, IIA, and IIX fibers were identified and counted to determine fiber type composition. The few co-

expressing fibers were classified into a main type (I, IIA or IIX), depending on the fiber type they were 

the most similar to. This choice was based on under-representation of co-expressing fibers in untrained 

young adults (Staron et al. 2000) and aimed to perform a fast and large-scale fiber typing (an average of 

1421 fibers per biopsy were individually analyzed). The measurement of fiber cross-sectional areas 
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(CSA) was performed on 150 fibers of each fiber type. The muscle fibers analyzed were randomly 

selected in different regions of the muscle section. For type IIX fibers, due to their low number, up to 

150 fibers were measured when possible. An overall mean muscle fiber CSA was also calculated as the 

sum of the products between percentages and mean areas of each type of fibers. The percentage of area 

occupied by each fiber type was calculated as the product between the proportion and the mean area of 

each fiber type divided by the overall mean CSA. Muscle capillarization was examined with global 

indexes (capillary density (CD), capillary to fiber (C/F) ratio) and local indexes (capillary contact (CC), 

CC with sharing factor (SF), capillary to fiber-perimeter exchange (CFPE), capillary contact per fiber 

area (CAFA)) (Harris 2005). For locales indexes, 40 fibers of each fiber type (or slightly less in case of 

poor muscle tissue quality) were assessed, randomly chosen. Concerning IMTG, glycogen, and 

cytochrome C oxidase (COx) histological analyses, measurements of optical densities were performed 

by converting images to grayscale before quantifying the mean grey intensity of each muscle fiber. Due 

to the low prevalence of type IIX fibers, these parameters were only measured in type I and type IIA 

fibers (50 fibers of each fiber type, randomly chosen). Results were expressed in arbitrary units (AU). 

An overall index representing each substrates load in the whole muscle section was calculated as the 

product of optical densities and percentages of area occupied by each fiber type. Since the optical density 

value of a fiber is the average grey density value of each pixel of the fiber, the measurement does not 

depend on the fiber size. 
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Immunohistochemical serial cross-section staining of muscle fiber type (A), intramuscular triglycerides (IMTG) (B), glycogen 

content (C), and cytochrome C oxidase (COx) activity (D). On image A, type I fibers are blue, type IIA fibers are green, type 
IIX fibers are black (unstained) and laminin is red. Thanks to cross-sectioning, it was possible to identify the corresponding 

muscle fibers between the fiber type staining (A) and the other stainings (B, C, D). 

Figure 1: Staining of skeletal muscle fibers 

 

Enzyme activities evaluations 

The enzyme activity of enolase (ENO), β-hydroxyacyl-CoA dehydrogenase (β-HAD), citrate synthase 

(CS), second (CII) and fourth (CIV) respiratory chain complexes, lactate dehydrogenase (LDH), 

myokinase (MK) and creatine kinase (CK) were measured just before and at the end of the overfeeding 

protocol. Muscle samples underwent a total protein extraction in mannitol buffer with mixing (3×15 

seconds) and centrifugation (20 minutes – 650 G), repeated two times to optimize the extraction. 

Mannitol buffer was composed of D-Mannitol 225 mM, Tris-HCl 7.7 mM, ethylenediaminetetraacetic 

acid (EDTA) 0.1 mM and saccharose 75 mM. Protein concentrations were measured for each sample 
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using a protein assay kit (10752735, Thermo Scientific™ Pierce™ BCA™, ThermoFisher Scientific, 

Waltham, USA) and readjusted to 1 µg.µl-1. Measurements of the maximal slope of enzyme reactions 

(i.e. the maximal variation of optical density per minute) were performed by spectrophotometry with a 

microplate reader (CLARIOstar®, BMG LABTECH, Ortenberg, Germany) at 37°C, with appropriate 

reaction mediums and substrates in excess. Enzyme activities were expressed in international unit (IU) 

per mg protein (µmol.min-1.mg-1). 

The evaluation of clinical characteristics and myocellular assessments were performed pre and post-

overfeeding. 

Statistics 

The statistical analyses were carried out using Stata statistical software (version 13, StataCorp, College 

Station, USA) and the graphs were obtained using GraphPad Prism 5.0 software. The tests were two-

sided, with a type-I error set at 5%. Hedges’ g effect size (ES) was estimated and presented with 95% 

confidence interval. Continuous data were expressed as mean ± standard deviation (SD). The 

assumption of normality was studied using the Shapiro-Wilk test. The following effects – Group, Sex 

and Group×Sex interaction at baseline – were estimated using multivariable analyses (i.e. multiple linear 

regression) taking into account possible confounders such as age and PAL. The normality of residuals 

was studied as aforementioned. When appropriate, a logarithmic transformation was used to achieve the 

normality of dependent variables. Multivariable analyses adjusted for age and PAL were also performed 

to evaluate Group effect by Gender sub-groups, before overfeeding. The relationships between 

continuous parameters at baseline were assessed using correlation coefficients (Pearson or Spearman, 

in accordance with statistical distribution), applying a Sidak’s type I error correction for multiple 

comparisons. These correlations’ results were illustrated with a color-coded heatmap. Finally, to 

examine the effect of the 2-week overfeeding intervention, random-effects models (i.e. linear mixed 

models) were performed to measure group, time-point evaluation, and their interaction effects, taking 
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into account between and within-participant variability (subject as random-effect) and adjusting 

analyses for age, PAL and Sex. As discussed for non-repeated data analyses, the normality of residuals 

was studied and when appropriate, a logarithmic transformation was used to achieve normality. 

Results 

Baseline analysis 

Anthropometry and body composition 

As it was intended, weight and BMI of the CT group was largely lower compared to controls (p<0.001, 

respectively -30% and -26%) (Table 1), and FM percentage was also found lower (p<0.001). Total FM, 

total lean mass and right leg lean mass (site of the pre-overfeeding muscle biopsy) were all found lower 

in CT group compared to controls (p<0.001; respectively -48%, -22% and -29%). PAL was lower in CT 

group compared to controls (p=0.006, ES: 0.37 [0.11; 0.63]). This result was also observed for CT males 

(p=0.008, ES: 0.52 [0.14; 0.89]), but was not significant for CT females (p=0.69, ES: 0.07 [-0.30; 0.45]) 

(Table 1). 

Fiber type distribution and CSA 

Percentages of type I and type IIA fibers were found similar between groups but CT participants had 

higher percentages of type IIX muscle fibers (Table 1). Proportions of fiber types were also expressed 

as the percentage of area occupied by these fibers, a better estimate of muscle volume occupied by the 

different types of fibers in muscle. In CT group, this parameter was found lower in type I fibers (31.9 ± 

14.0% in the CT group vs. 38.0 ± 11.4% in controls, p=0.044, ES: 0.28 [0.01; 0.55]), similar in type IIA 

fibers (52.4 ± 11.2% in the CT group vs. 51.3 ± 9.5% in controls, p=0.77, ES: 0.04 [-0.23; 0.31]) and 

tended to be higher in type IIX fibers (15.7 ± 10.3% in the CT group vs. 10.7 ± 9.6% in controls, p=0.051, 

ES: -0.27 [-0.54; 0.00]). Overall mean fiber CSA index was lower in CT group compared to controls 
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(p<0.001, ES: 0.58 [0.31; 0.85], -20%) (Figure 2). This lower muscle fiber area was found in type I 

(p<0.001, ES: 0.76 [0.49; 1.03], -21%), type IIA (p=0.001, ES: 0.46 [0.19; 0.73], -17%), and type IIX 

fibers (p=0.013, ES: 0.39 [0.09; 0.69], -16%) of CT individuals. In CT males compared to control males, 

CSA was found lower in overall mean index (p=0.004, -27%), in type I fibers (p<0.001, -30%), IIA 

fibers (p=0.019, -22%), and IIX fibers (p=0.025, -26%). In CT females, CSA was found significantly 

lower in overall mean index (p=0.017, -16%) and type I fibers (p=0.008, -12%), but did not reach 

significance in type IIA fibers (p=0.13, -16%) and IIX fibers (p=0.36, -21%) (Table 1).  

IMTG storage, glycogen storage, and COx histological enzyme activity 

IMTG was lower in the CT group compared to controls in overall index (p=0.014, ES: 0.34 [0.07; 0.62], 

-17%), type I fibers (p=0.002, ES: 0.44 [0.18; 0.70], -17%), and type IIA fibers (p=0.048, ES: 0.27 

[0.00; 0.53], -14%) (Figure 3). In CT females compared to control females, IMTG was found lower in 

overall index (p=0.049, ES: 0.40 [0.00; 0.80], -21%) and type I fibers (p=0.010, ES: 0.53 [0.14; 0.92], -

20%) but not significantly in type IIA fibers (p=0.11, ES: 0.32 [-0.07; 0.71], -22%). In CT males, p-

values were not found <0.05 in overall index (p=0.39, ES: 0.17 [-0.22; 0.56], -9%), type I fibers (p=0.15, 

ES: 0.27 [-0.11; 0.64], -12%) and type IIA fibers (p=0.65, ES: 0.08 [-0.29; 0.46], -5%). Glycogen 

content was lower in CT group compared to controls, in type I (p=0.008, ES: 0.37 [0.10; 0.63], -6%) 

and IIA fibers (p=0.015, ES: 0.33 [0.07; 0.60], -5%). A trend was observed in glycogen overall index 

(p=0.071, ES: 0.25 [-0.02; 0.52], -2%). Compared to control females, CT females had a lower glycogen 

content in overall index (p=0.023, ES: 0.47 [0.07; 0.87], -8%), type I fibers (p=0.034, ES: 0.43 [0.04; 

0.83], -8%), and type IIA fibers (p=0.045, ES: 0.41 [0.01; 0.81], -7%). In CT males, glycogen content 

was lower in type I (p=0.048, ES: 0.38 [0.00; 0.75], -6%) and type IIA (p=0.077, ES: 0.34 [-0.04; 0.71], 

-4%) fibers but similar in overall index (p=0.40, ES: 0.16 [-0.23; 0.55], +1%). COx activity 

histologically measured was found similar between CT and control groups in overall index, type I fibers 

and type IIA fibers (Table 1). 
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CSA: cross-sectional area; CT: subjects with constitutional thinness – * p<0.05, ** p<0.01, ***p<0.001 

Figure 2: Cross-sectional areas of muscle fibers in controls (n=31) and subjects with constitutional 

thinness (n=30) at baseline 

 

AU: arbitrary unit; CT: subjects with constitutional thinness; IMTG: intramuscular triglycerides – * p<0.05, ** p<0.01 

Figure 3: Intramuscular triglycerides content in controls (n=31) and subjects with constitutional 

thinness (n=30) at baseline 
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Table 1: Characteristics of the population, fiber type distribution, cross-sectional areas, intramuscular triglycerides content, glycogen content and cytochrome 

C oxidase activity at baseline 
 Controls  CT  Multivariable Analysis 

 Females 

(n=16) 

Males 

(n=15) 

Total 

(n = 31) 

 Females 

(n=15) 

Males 

(n=15) 

Total 

(n = 30) 

 Group Effect Sex Effect Group × Sex 

   p-value Hedges’ g p-value Hedges’ g p-value Hedges’ g 

Age (years) 22.4 ± 2.8 23.9 ± 2.9 23.1 ± 2.9  27.4 ± 4.6 c 23.6 ± 3.8 25.5 ± 4.5  0.018 -0.31 [-0.57; -0.06] 0.24 -0.15 [-0.41; 0.10] 0.006 0.37 [0.11; 0.62] 
Height (m) 1.65 ± 0.06 1.80 ± 0.07 1.73 ± 0.10  1.61 ± 0.06 1.76 ± 0.04 a 1.68 ± 0.09  0.013 0.33 [0.07; 0.58] <0.001 1.22 [0.97; 1.48] 0.80 0.03 [-0.22; 0.29] 

Weight (kg) 62.9 ± 4.8 74.8 ± 7.3 68.6 ± 8.5  42.8 ± 4.5 c 53.8 ± 2.9 c 48.3 ± 6.7  <0.001 1.71 [1.45; 1.97] <0.001 1.10 [0.84; 1.36] 0.85 0.03 [-0.23; 0.28] 

BMI (kg.m-²)  23.0 ± 1.1 23.0 ± 1.2 23.0 ± 1.1  16.5 ± 0.8 c 17.4 ± 0.8 c 17.0 ± 0.9  <0.001 2.63 [2.37; 2.88] 0.088 0.22 [-0.03; 0.48] 0.13 -0.20 [-0.46; 0.06] 

PAL 1.72 ± 0.18 1.81 ± 0.26 1.76 ± 0.22  1.60 ± 0.22 1.55 ± 0.24 b 1.57 ± 0.22  0.006 0.37 [0.11; 0.63] 0.76 0.04 [-0.22; 0.30] 0.11 0.21 [-0.05; 0.47] 
FM (%)  31.6 ± 4.0 20.9 ± 6.4 26.4 ± 7.5  23.3 ± 2.9 c 15.5 ± 2.3 a 19.4 ± 4.8  <0.001 0.69 [0.43; 0.95] <0.001 -1.11 [-1.37; -0.85] 0.55 -0.08 [-0.34; 0.18] 

Total FM (kg) 20.6 ± 3.3 16.4 ± 5.9 18.6 ± 5.1  10.6 ± 1.7 c 8.8 ± 1.5 b 9.7 ± 1.8  <0.001 1.02 [0.76; 1.28] 0.001 -0.45 [-0.71; -0.19] 0.40 -0.11 [-0.37; 0.15] 

Total lean mass (kg) 42.1 ± 3.5 58.1 ± 6.0 49.8 ± 9.4  32.8 ± 3.3 c 45.3 ± 2.2 c 39.1 ± 6.9  <0.001 1.17 [0.92; 1.43] <0.001 1.79 [1.53; 2.05] 0.29 0.14 [-0.12; 0.40] 

Right leg lean mass (kg)  6.8 ± 0.5 9.3 ± 1.1 8.0 ± 1.5  4.7 ± 0.6 c 6.7 ± 0.5 c 5.7 ± 1.2  <0.001 1.37 [1.12; 1.63] <0.001 1.54 [1.28; 1.80] 0.56 0.08 [-0.18; 0.33] 

Fiber type distribution (%)             

Type I  39.4 ± 7.4 36.3 ± 12.0 37.9 ± 9.9  38.1 ± 14.6 28.0 ± 5.8 0.056 33.0 ± 12.0  0.11 0.21 [-0.05; 0.47] 0.027 -0.29 [-0.55; -0.04] 0.75 0.04 [-0.22; 0.30] 
Type IIA 48.7 ± 9.4 47.2 ± 8.8 48.0 ± 9.0  44.3 ± 8.6 0.080 47.7 ± 11.9 46.0 ± 10.3  0.21 0.16 [-0.10; 0.42] 0.66 0.06 [-0.20; 0.32] 0.55 -0.08 [-0.34; 0.18] 

Type IIX  12.0 ± 9.1 16.5 ± 11.4 14.1 ± 10.4  17.6 ± 13.2 24.3 ± 11.8 0.079 20.9 ± 12.8  0.033 -0.28 [-0.54; -0.02] 0.11 0.21 [-0.05; 0.47] 0.99 0.00 [-0.26; 0.26] 

CSA (µm²)               

Overall 3490 ± 478 4819 ± 898 4086 ± 960  2931 ± 471 a 3515 ± 952 b 3256 ± 818  <0.001 0.58 [0.31; 0.85] <0.001 0.66 [0.39; 0.93] 0.15 0.20 [-0.07; 0.47] 

Type I  3714 ± 456 4414 ± 932 4028 ± 781  3278 ± 576 b 3077 ± 672 c 3167 ± 627  <0.001 0.76 [0.49; 1.03] 0.034 0.29 [0.02; 0.57] 0.16 0.19 [-0.08; 0.47] 

Type IIA 3642 ± 596 5301 ± 1057 4385 ± 1172  3043 ± 556  4149 ± 1389 a 3658 ± 1218  0.001 0.46 [0.19; 0.73] <0.001 0.75 [0.48; 1.02] 0.36 0.13 [-0.15; 0.40] 
Type IIX  2338 ± 872 3872 ± 829 2896 ± 1127  1842 ± 716 2858 ± 833 a 2434 ± 925  0.013 0.39 [0.09; 0.69] <0.001 0.73 [0.43; 1.03] 0.22 0.19 [-0.12; 0.49] 

IMTG content (AU)               
Overall 27.1 ± 4.1 22.7 ± 6.0 25.1 ± 5.4  21.3 ± 6.1 a 20.6 ± 4.8 20.9 ± 5.3  0.014 0.34 [0.07; 0.62] 0.087 -0.24 [-0.51; 0.04] 0.28 -0.15 [-0.42; 0.12] 

Type I 33.6 ± 4.9 28.0 ± 6.5 30.9 ± 6.3  26.7 ± 7.5 a 24.6 ± 6.6 25.6 ± 7.0  0.002 0.44 [0.18; 0.70] 0.031 -0.29 [-0.56; -0.03] 0.41 -0.11 [-0.37; 0.16] 

Type IIA 22.4 ± 3.8 20.3 ± 5.5 21.4 ± 4.7  17.5 ± 5.7 19.3 ± 4.6 18.4 ± 5.1  0.048 0.27 [0.00; 0.53] 0.83 -0.03 [-0.29; 0.23] 0.31 -0.14 [-0.40; 0.13] 

Glycogen content (AU)             

Overall 78.4 ± 8.2 84.2 ± 12.0 81.0 ± 10.3  72.0 ± 8.9 a 84.9 ± 13.5 79.2 ± 13.2  0.071 0.25 [-0.02; 0.52] 0.001 0.46 [0.19; 0.73] 0.89 -0.02 [-0.29; 0.25] 

Type I 70.2 ± 9.2 80.3 ± 15.8 75.1 ± 13.6  64.4 ± 7.9 a 75.2 ± 12.9 a 70.4 ± 12.1  0.008 0.37 [0.10; 0.63] 0.001 0.49 [0.22; 0.75] 0.42 0.11 [-0.16; 0.37] 
Type IIA 84.1 ± 8.2 92.2 ± 15.3 88.0 ± 12.6  78.4 ± 9.5 a 88.2 ± 14.2 0.077 83.8 ± 13.1  0.015 0.33 [0.07; 0.60] 0.004 0.40 [0.14; 0.67] 0.75 0.04 [-0.22; 0.31] 

COx activity (AU)             

Overall 100.5 ± 9.4 101.7 ± 17.4 101.1 ± 13.3  102.6 ± 11.0 105.6 ± 11.8 104.3 ± 11.4  0.32 -0.14 [-0.41; 0.13] 0.54 0.08 [-0.19; 0.35] 0.46 -0.10 [-0.37; 0.17] 

Type I 112.4 ± 9.0 113.9 ± 18.4 113.1 ± 14.1  118.1 ± 13.5 119.1 ± 17.0 118.7 ± 15.3  0.17 -0.19 [-0.45; 0.08] 0.77 0.04 [-0.23; 0.31] 0.98 0.00 [-0.27; 0.26] 

Type IIA 91.9 ± 9.4 99.5 ± 16.9 95.6 ± 13.9  92.2 ± 10.5 101.4 ± 10.2 97.3 ± 11.2  0.72 -0.05 [-0.31; 0.22] 0.013 0.34 [0.07; 0.61] 0.61 -0.07 [-0.33; 0.20] 

BMI: body mass index; COx: cytochrome C oxidase; CSA: cross-sectional area; CT: subjects with constitutional thinness; FM: fat mass; IMTG: intramuscular triglycerides; PAL: physical activity 

level 
a p<0.05, b p<0.01, c p<0.001 between controls and subjects with constitutional thinness, within gender, from multivariable analysis
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Capillary supply and enzyme activity 

As displayed in Table 2, capillary density was not found different between CT and control groups. C/F 

ratio was lower in CT subjects compared to controls (p<0.001, ES: 0.64 [0.36; 0.91], -19%). CC was 

found lower in CT group in type I (p<0.001, ES: 0.65 [0.38; 0.91], -18%), type IIA (p=0.002, ES: 0.44 

[0.17; 0.71], -16%) and type IIX fibers (p=0.008, ES: 0.42 [0.11; 0.72], -10%). CC taking into account 

SF, a better estimate of capillary supply, was also found lower in all fiber types of CT individuals (Table 

2). CFPE was found lower in the CT group in type I (p=0.026, ES: 0.31 [0.04; 0.58], -7%) and type IIA 

fibers (p=0.024, ES: 0.31 [0.04; 0.58], -8%) but not in type IIX (p=0.21, ES: 0.19 [-0.11; 0.49], -4%). 

CAFA was not found different in any of the muscle fiber types. In CT group, CS and MK activities were 

both found 18% lower compared to controls (respectively p=0.010, ES: 0.36 [0.09; 0.62] and p=0.009, 

ES: 0.37 [0.10; 0.65]). Trends toward a higher CII activity (p=0.078, ES: -0.26 [-0.56; 0.03], +4%) and 

lower CK activity (p=0.076, ES: 0.25 [-0.03; 0.52], -5%) were observed in CT group. β-HAD, ENO, 

CIV, and LDH activities were found similar between groups. In all muscle analyses at baseline, no 

Group×Sex interactions were observed. Analysis of correlations between enzyme activities and energy 

storage in CT group and control group are detailed in Figure 4. CS activity was positively correlated 

with IMTG overall index (R=0.41 and p=0.033) and with IMTG in type IIA fibers (R=0.59 and p<0.001) 

in the control group whereas in CT, CS was correlated with glycogen overall content (R=0.52 and 

p=0.009), with glycogen in type I fibers (R=0.65 and p<0.001), and with glycogen in type IIA fibers 

(R=0.45 and p=0.027). In the control group, CS was found positively correlated with COx activity in 

type IIA fibers (R=0.38, p=0.040) and tended to be with overall COx activity (R=0.34, p=0.081). ENO 

activity was negatively correlated with COx overall activity (R= -0.42, p=0.026) (Figure 4) in controls. 

In CT group, ENO was positively correlated with overall COx activity (R=0.41 and p=0.045), tended to 

be with type I fibers COx activity (R=0.39, p=0.062), and was significantly correlated with type IIA 

fibers COx activity (R=0.63 and p<0.001). Glycogen overall content was also correlated with COx 

activity in type IIA fibers (R=0.46, p=0.016) in CT (Figure 4). 
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Table 2: Capillary supply and enzyme activities at baseline 

 Controls  CT  Multivariable Analysis 

 
Females 

(n=16) 

Males 

(n=15) 

Total 

(n = 31) 
 

Females 

(n=15) 

Males 

(n=15) 

Total 

(n = 30) 
 Group Effect Sex Effect Group × Sex 

CAPILLARIZATION – Global Indexes       p-value Hedges’ g p-value Hedges’ g p-value Hedges’ g 

CD 313.1 ± 54.4 317.5 ± 44.5 314.9 ± 49.8  299.6 ± 58.5 309.8 ± 55.5 305.2 ± 56.0  0.32 0.14 [-0.14; 0.42] 0.46 0.10 [-0.17; 0.38] 0.49 -0.10 [-0.37; 0.18] 

C/F 1.08 ± 0.18 1.50 ± 0.34 1.25 ± 0.33  0.90 ± 0.18 a 1.10 ± 0.25 b 1.01 ± 0.24  <0.001 0.64 [0.36; 0.91] <0.001 0.70 [0.42; 0.98] 0.40 0.12 [-0.16; 0.39] 

CAPILLARIZATION – Local Indexes             

TYPE I FIBER              

CC 3.73 ± 0.51 4.41 ± 0.71 4.05 ± 0.69  3.20 ± 0.63 a 3.45 ± 0.69 b 3.34 ± 0.67  <0.001 0.65 [0.38; 0.91] 0.001 0.45 [0.19; 0.72] 0.81 0.03 [-0.24; 0.30] 

CC with SF 1.26 ± 0.22 1.60 ± 0.33 1.42 ± 0.32  1.06 ± 0.23 a 1.20 ± 0.28 b 1.13 ± 0.26  <0.001 0.65 [0.38; 0.91] <0.001 0.54 [0.27; 0.81] 0.82 0.03 [-0.24; 0.30] 

CFPE (CC/Pe) (10-3) 16.17 ± 2.06 17.14 ± 1.50 16.62 ± 1.86  14.74 ± 2.49 16.05 ± 2.07 0.083 15.46 ± 2.32  0.026 0.31 [0.04; 0.58] 0.027 0.31 [0.04; 0.57] 0.50 -0.09 [-0.36; 0.18] 

CAFA (CC/CSA) (10-3) 1.10 ± 0.19 1.04 ± 0.14 1.07 ± 0.17  1.08 ± 0.20 1.18 ± 0.21 1.14 ± 0.21  0.15 -0.20 [-0.47; 0.07] 0.82 0.03 [-0.24; 0.30] 0.21 -0.17 [-0.44; 0.10] 

TYPE IIA FIBER              

CC 3.30 ± 0.64 4.51 ± 0.80 3.87 ± 0.94  2.79 ± 0.48 3.62 ± 0.63 b 3.25 ± 0.70  0.002 0.44 [0.17; 0.71] <0.001 0.76 [0.50; 1.03] 0.37 0.12 [-0.15; 0.39] 

CC with SF 1.10 ± 0.24 1.62 ± 0.34 1.34 ± 0.39  0.91 ± 0.16 1.28 ± 0.26 a 1.11 ± 0.29  0.003 0.42 [0.16; 0.69] <0.001 0.84 [0.57; 1.10] 0.42 0.11 [-0.16; 0.38] 

CFPE (CC/Pe) (10-3) 14.23 ± 1.87 15.87 ± 2.33 14.99 ± 2.22  12.78 ± 2.09 14.55 ± 1.49 0.059 13.76 ± 1.96  0.024 0.31 [0.04; 0.58] 0.002 0.45 [0.18; 0.72] 0.74 -0.04 [-0.31; 0.22] 

CAFA (CC/CSA) (10-3) 0.99 ± 0.14 0.88 ± 0.15 0.94 ± 0.15  0.97 ± 0.19 0.93 ± 0.15 0.95 ± 0.17  0.96 -0.01 [-0.28; 0.26] 0.17 -0.19 [-0.46; 0.08] 0.16 -0.19 [-0.46; 0.08] 

TYPE IIX FIBER              

CC 2.24 ± 0.46 2.84 ± 0.40 2.46 ± 0.52  1.85 ± 0.47 2.47 ± 0.52 a 2.21 ± 0.58  0.008 0.42 [0.11; 0.72] <0.001 0.64 [0.34; 0.94] 0.94 -0.01 [-0.31; 0.29] 

CC with SF 0.72 ± 0.16 0.98 ± 0.14 0.81 ± 0.19  0.59 ± 0.16 0.82 ± 0.20 a 0.73 ± 0.21  0.007 0.43 [0.12; 0.73] <0.001 0.69 [0.39; 0.99] 0.79 0.04 [-0.26; 0.34] 

CFPE (CC/Pe) (10-3) 11.80 ± 1.54 11.51 ± 1.74 11.70 ± 1.58  10.79 ± 2.22 11.55 ± 1.71 11.24 ± 1.93  0.21 0.19 [-0.11; 0.49] 0.48 0.11 [-0.20; 0.41] 0.28 -0.16 [-0.47; 0.14] 

CAFA (CC/CSA) (10-3) 1.12 ± 0.35 0.76 ± 0.15 0.99 ± 0.34  1.13 ± 0.33 0.93 ± 0.18 1.01 ± 0.27  0.58 -0.08 [-0.38; 0.22] 0.004 -0.45 [-0.75; -0.15] 0.16 -0.21 [-0.52; 0.09] 

Enzyme activities – (IU.mg protein-1)            

β-HAD (10-3) 198 ± 33 199 ± 40 198 ± 36  179 ± 28 186 ± 23 182 ± 25  0.11 0.22 [-0.05; 0.49] 0.66 0.06 [-0.21; 0.33] 0.83 -0.03 [-0.30; 0.24] 

ENO 1.50 ± 0.22 1.96 ± 0.42 1.71 ± 0.40  1.35 ± 0.34 1.86 ± 0.33 1.63 ± 0.42  0.13 0.21 [-0.06; 0.48] <0.001 0.77 [0.50; 1.04] 0.38 0.12 [-0.15; 0.39] 

CS (10-3) 52.1 ± 12.0 55.0 ± 13.4 53.5 ± 12.5  37.0 ± 9.5 a 49.3 ± 16.0 43.7 ± 14.6  0.010 0.36 [0.09; 0.62] 0.052 0.27 [0.00; 0.53] 0.43 -0.11 [-0.38; 0.16] 

CII (10-3) 289 ± 22 293 ± 26 291 ± 24  311 ± 25 298 ± 16 304 ± 21  0.078 -0.26 [-0.56; 0.03] 0.49 -0.10 [-0.40; 0.19] 0.36 0.14 [-0.16; 0.43] 

CIV (10-3) 33.5 ± 9.0 37.9 ± 17.6 35.6 ± 13.6  31.3 ± 8.1 33.0 ± 11.9 32.2 ± 10.2  0.27 0.15 [-0.12; 0.42] 0.35 0.13 [-0.14; 0.39] 0.54 0.08 [-0.19; 0.35] 

LDH (10-3) 443 ± 43 414 ± 80 430 ± 64  446 ± 55 414 ± 48 428 ± 53  0.62 -0.07 [-0.34; 0.21] 0.052 -0.27 [-0.54; 0.00] 0.92 -0.01 [-0.29; 0.26] 

MK 1.53 ± 0.44 1.91 ± 0.53 1.70 ± 0.51  1.19 ± 0.39 0.067 1.56 ± 0.43 a 1.39 ± 0.45  0.009 0.37 [0.10; 0.65] 0.003 0.42 [0.15; 0.69] 0.66 0.06 [-0.21; 0.33] 

CK 11.3 ± 0.6 10.6 ± 1.4 11.0 ± 1.1  10.3 ± 1.1 b 10.5 ± 1.4 10.4 ± 1.2  0.076 0.25 [-0.03; 0.52] 0.40 -0.11 [-0.39; 0.16] 0.14 -0.20 [-0.48; 0.07] 

β-HAD/CS ratio 4.00 ± 1.09 3.71 ± 0.68 3.87 ± 0.92  5.02 ± 1.15 4.09 ± 1.25 4.54 ± 1.27  0.035 -0.29 [-0.56; -0.02] 0.062 -0.26 [-0.53; 0.01] 0.58 0.08 [-0.19; 0.35] 

ENO/CS ratio 30.4 ± 8.3 38.4 ± 16.2 34.1 ± 13.0  37.5 ± 8.8 40.2 ± 10.6 39.0 ± 9.7  0.12 -0.21 [-0.48; 0.06] 0.10 0.22 [-0.04; 0.49] 0.35 0.13 [-0.14; 0.39] 

CIV/CII ratio (10-3) 119 ± 35 140 ± 51 128 ± 43  104 ± 28 116 ± 42 111 ± 36  0.28 0.16 [-0.13; 0.45] 0.16 0.21 [-0.09; 0.50] 0.50 0.10 [-0.20; 0.39] 

β-HAD: β-hydroxyacyl-CoA dehydrogenase; CII and CIV: second and fourth respiratory chain complexes; CAFA: capillary contact per fiber area; CC: capillary contact; CD: capillary density; 

C/F capillary to fiber ratio; CFPE: capillary to fiber-perimeter exchange; CK: creatine kinase; CS: citrate synthase; CSA: cross-sectional area; CT: subjects with constitutional thinness; ENO: 
enolase; LDH: lactate dehydrogenase; MK: myokinase; Pe: Perimeter; SF: sharing factor 

Units: CD (cap.mm-2), C/F (cap.fib-1), CC (cap.fib-1), CC with SF (cap.fib-1), CFPE (cap.fib-1.µm-1), CAFA (cap.fib-1.µm-2) 
a p<0.05, b p<0.01, c p<0.001 between controls and subjects with constitutional thinness, within gender, from multivariable analysis 
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β-HAD: β-hydroxyacyl-CoA dehydrogenase; CII and CIV: second and fourth respiratory chain complexes; CK: creatine 
kinase; COx: cytochrome C oxidase; CS: citrate synthase; CT: subjects with constitutional thinness; ENO: enolase; IMTG: 

intramuscular triglycerides; LDH: lactate dehydrogenase; MK: myokinase; NA: Not Applicable (correlation within a single 

variable) – * p<0.05, ** <0.01, *** <0.001 

 

Figure 4: Heatmap of correlations between intramuscular triglycerides, glycogen content, cytochrome 

C oxidase activity, and enzyme assessments in controls (n=31) and subjects with constitutional 

thinness (n=30) at baseline 
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Effect of overfeeding 

After 2 weeks of overfeeding, both control and CT groups gained weight (p<0.001, 68.6 ± 8.5 kg pre 

vs. 69.4 ± 9.5 kg post-overfeeding in controls and p<0.001, 48.3 ± 6.7 kg pre vs. 48.5 ± 6.5 kg post-

overfeeding in CT individuals, p=0.23, ES: -0.12 [-0.31; 0.07], for Group×Time interaction) (Table 3). 

CSA of each muscle fibers was found unchanged in response to overfeeding in both groups. For IMTG 

indexes, no Group×Time interactions were observed. Yet, the mixed model showed an increase in IMTG 

of CT group in overall index (p=0.001, ES: 0.47 [0.19, 0.75], +11%), type I fibers (p=0.004; ES: 0.40 

[0.13; 0.68], +10%) and type IIA fibers (p=0.007, ES: 0.38 [0.11; 0.65], +9%). All indexes of IMTG 

were found unchanged in the control group. Glycogen content, COx activity, and capillary supply were 

found unchanged with overfeeding for all indexes in both control and CT groups, except for C/F ratio 

(see Table 3). Statistical analysis of CII and CIV enzyme activities showed an absence of significance 

in Group×Time interaction for CII activity, and a trend for CIV activity (p=0.078, ES: 0.18 [-0.02; 

0.38]). Yet, CT group tended to increase CII activity (p=0.054, ES: 0.31 [0.00; 0.62], +5%) and CIV 

activity (p=0.052, ES: 0.29 [0.00; 0.58], +17%) whereas CII and CIV activities were found unchanged 

in control group. No effects of overfeeding were observed for β-HAD, ENO, CS, LDH, MK and CK 

enzyme activities in both groups. 
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Table 3: Effect of overfeeding 

 Controls  CT  Mixed model 

 Pre 

overfeeding 

Post  

overfeeding  

Pre 

overfeeding 

Post overfeeding  
Group × Time 

Characteristics of the population     p-value Hedges’ g 

Weight (kg) 68.6 ± 8.5 69.4 ± 9.5 c  48.3 ± 6.7 48.5 ± 6.5 c  0.23 -0.12 [-0.31; 0.07] 

BMI (kg.m-²)  23.0 ± 1.1 23.3 ± 1.2 c  17.0 ± 0.9 17.1 ± 0.9 c  0.46 -0.07 [-0.26; 0.12] 

FM (%)  26.4 ± 7.5 26.3 ± 6.8  19.4 ± 4.8 19.2 ± 4.8  0.063 0.18 [-0.01; 0.37] 

Total FM (kg) 18.6 ± 5.1 18.8 ± 5.0 b  9.7 ± 1.8 9.5 ± 1.7 a  0.71 0.04 [-0.15; 0.23] 

Total lean mass (kg) 49.8 ± 9.4 50.5 ± 9.4 c  39.1 ± 6.9 39.3 ± 7.0 a  0.031 -0.21 [-0.40; -0.02] 

CSA (µm²)         

Overall 4086 ± 960 3994 ± 1163  3256 ± 818 3478 ± 766  0.087 0.17 [-0.02; 0.37] 

Type I  4028 ± 781 3801 ± 855  3167 ± 627 3308 ± 619  0.12 0.15 [-0.04; 0.35] 

Type IIA 4385 ± 1172 4384 ± 1419  3658 ± 1218 3781 ± 1076  0.38 0.09 [-0.11; 0.28] 

Type IIX  2896 ± 1127 2727 ± 937  2434 ± 925 2368 ± 809  0.67 0.05 [-0.17; 0.27] 

IMTG content (AU)        

Overall 25.1 ± 5.4 25.7 ± 6.5  20.9 ± 5.3 23.2 ± 4.1 b  0.16 0.14 [-0.06; 0.34] 

Type I 30.9 ± 6.3 31.4 ± 6.5  25.6 ± 7.0 28.2 ± 5.8 b  0.17 0.14 [-0.06; 0.33] 

Type IIA 21.4 ± 4.7 22.5 ± 6.2  18.4 ± 5.1 20.1 ± 3.9 b  0.30 0.10 [-0.09; 0.30] 

Glycogen content (AU)        

Overall 81.0 ± 10.3 85.4 ± 12.4  79.2 ± 13.2 80.0 ± 11.7  0.57 -0.06 [-0.25; 0.14] 

Type I 75.1 ± 13.6 78.5 ± 13.1  70.4 ± 12.1 72.1 ± 10.7  0.85 -0.02 [-0.21; 0.18] 

Type IIA 88.0 ± 12.6 88.9 ± 12.5  83.8 ± 13.1 84.8 ± 12.1  0.79 0.03 [-0.17; 0.22] 

COx activity (AU)        

Overall 101.1 ± 13.3 103.6 ± 12.1  104.3 ± 11.4 101.2 ± 14.5  0.20 -0.13 [-0.33; 0.07] 

Type I 113.1 ± 14.1 114.1 ± 14.7  118.7 ± 15.3 113.2 ± 18.6  0.16 -0.14 [-0.34; 0.06] 

Type IIA 95.6 ± 13.9 98.1 ± 10.1  97.3 ± 11.2 94.3 ± 13.8  0.20 -0.13 [-0.33; 0.07] 

CAPILLARIZATION – Global Indexes       

CD 314.9 ± 49.8 307.0 ± 66.1 0.090  305.2 ± 56.0 307.6 ± 58.5  0.30 0.11 [-0.09; 0.31] 

C/F 1.25 ± 0.33 1.23 ± 0.39  1.01 ± 0.24 1.09 ± 0.24 a  0.041 0.21 [0.01; 0.41] 

CAPILLARIZATION – Local Indexes       

TYPE I FIBER         

CC  4.05 ± 0.69 3.94 ± 1.09  3.34 ± 0.67 3.45 ± 0.62  0.30 0.10 [-0.09; 0.30] 

CC with SF  1.42 ± 0.32 1.41 ± 0.48  1.13 ± 0.26 1.19 ± 0.25  0.43 0.08 [-0.12; 0.27] 

CFPE (CC/Pe) (10-3) 16.62 ± 1.86 16.49 ± 3.12  15.46 ± 2.32 15.41 ± 1.97  0.68 0.04 [-0.15; 0.24] 

CAFA (CC/CSA) (10-

3) 
1.07 ± 0.17 

1.08 ± 0.21  
1.14 ± 0.21 

1.09 ± 0.17  0.69 -0.04 [-0.23; 0.16] 

TYPE IIA FIBER         

CC  3.87 ± 0.94 3.99 ± 1.13  3.25 ± 0.70 3.44 ± 0.79  0.39 0.09 [-0.11; 0.28] 

CC with SF  1.34 ± 0.39 1.43 ± 0.48  1.11 ± 0.29 1.20 ± 0.32 0.062  0.68 0.04 [-0.15; 0.24] 

CFPE (CC/Pe) (10-3) 14.99 ± 2.22 14.91 ± 2.59  13.76 ± 1.96 13.83 ± 2.08  0.51 0.07 [-0.13; 0.26] 

CAFA (CC/CSA) (10-

3) 
0.94 ± 0.15 

0.90 ± 0.14  
0.95 ± 0.17 

0.92 ± 0.17  0.68 0.04 [-0.15; 0.24] 

TYPE IIX FIBER         

CC 2.46 ± 0.52 2.29 ± 0.55 0.093  2.21 ± 0.58 2.09 ± 0.42  0.55 0.07 [-0.15; 0.29] 

CC with SF 0.81 ± 0.19 0.77 ± 0.20  0.73 ± 0.21 0.69 ± 0.15  0.80 0.03 [-0.19; 0.25] 

CFPE (CC/Pe) (10-3) 11.70 ± 1.58 11.03 ± 1.83 0.085  11.24 ± 1.93 10.90 ± 1.97  0.63 0.05 [-0.17; 0.27] 

CAFA (CC/CSA) (10-

3) 
0.99 ± 0.34 

0.92 ± 0.21  
1.01 ± 0.27 

1.01 ± 0.32  0.87 0.02 [-0.20; 0.24] 

Enzyme activities – (IU.mg protein-1)       

β-HAD (10-3) 198 ± 36 205 ± 29  182 ± 25 193 ± 37  0.77 0.03 [-0.17; 0.23] 

ENO  1.71 ± 0.40 1.82 ± 0.45  1.63 ± 0.42 1.76 ± 0.71  0.92 0.01 [-0.19; 0.21] 

CS (10-3) 53.5 ± 12.5 57.6 ± 18.3  43.7 ± 14.6 46.4 ± 14.8  0.93 -0.01 [-0.21; 0.19] 

CII (10-3) 291 ± 24 299 ± 40  304 ± 21 317 ± 30 0.054  0.51 0.07 [-0.14; 0.29] 

CIV (10-3) 35.6 ± 13.6 33.3 ± 10.5  32.2 ± 10.2 37.7 ± 12.8 0.052  0.078 0.18 [-0.02; 0.38] 

LDH (10-3) 430 ± 64 437 ± 66  428 ± 53 430 ± 53  0.67 -0.04 [-0.25; 0.16] 

MK 1.70 ± 0.51 1.86 ± 0.63  1.39 ± 0.45 1.46 ± 0.60  0.57 -0.06 [-0.26; 0.14] 

CK  11.0 ± 1.1 11.4 ± 1.1  10.4 ± 1.2 10.8 ± 1.4  0.95 0.01 [-0.19; 0.21] 

β-HAD/CS ratio 3.87 ± 0.92 3.93 ± 1.42  4.54 ± 1.27 4.40 ± 1.04  0.72 -0.04 [-0.24; 0.16] 

ENO/CS ratio 34.1 ± 13.0 34.5 ± 13.0  39.0 ± 9.7 39.6 ± 13.7  0.69 -0.04 [-0.24; 0.16] 

CIV/CII ratio (10-3) 128 ± 43 116 ± 37  111 ± 36 123 ± 36  0.15 0.16 [-0.06; 0.38] 

β-HAD: β-hydroxyacyl-CoA dehydrogenase; BMI: body mass index; CII and CIV: second and fourth respiratory chain 
complexes; CAFA: capillary contact per fiber area; CC: capillary contact; CD: capillary density; C/F capillary to fiber ratio; 

CFPE: capillary to fiber-perimeter exchange; CK: creatine kinase; COx: cytochrome C oxidase; CS: citrate synthase; CSA: 

cross-sectional area; CT: subjects with constitutional thinness;; ENO: enolase; FM: fat mass; IMTG: intramuscular 

triglycerides; LDH: lactate dehydrogenase; MK: myokinase; Pe: Perimeter; SF: sharing factor; Units: CD (cap.mm-2), C/F 

(cap.fib-1), CC (cap.fib-1), CC with SF (cap.fib-1), CFPE (cap.fib-1.µm-1), CAFA (cap.fib-1.µm-2);  a p<0.05, b p<0.01, c p<0.001 

between pre and post-overfeeding within controls and subjects with constitutional thinness, from mixed model analysis 
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Discussion 

The main objective of the present study was to investigate muscle energy substrates and muscle 

phenotype of CT subjects compared to control ones, at baseline and in response to overfeeding. The 

present work seems to be the first to report low IMTG stores in CT. Individuals with CT presented lower 

IMTG stores for overall index (p=0.014, -17%), type I (p=0.002, -17%), and type IIA (p=0.048, -14%) 

muscle fibers, compared to controls. Moreover, CT females seemed to be more affected than CT males 

by this low IMTG content. Indeed, CT females showed significantly lower IMTG in overall index and 

type I fibers than controls (respectively -21% and -20%), unlike CT males whose IMTG content was 

not significantly lower than controls (respectively -9% and -12%). The main reason for exploring IMTG 

in CT was the downregulation of FITM1 and FITM2 genes previously observed (Galusca et al. 2018). 

FITM1 is specific to skeletal muscle whereas FITM2 is expressed in many tissues (Kadereit et al. 2008), 

both playing a role in the partitioning of newly synthesized triglycerides into lipids droplets (Kadereit 

et al. 2008). Indeed, overexpression of FITM2 results in IMTG accumulation (Miranda et al. 2011). 

Thus, present results are consistent with our initial hypothesis and existing literature. From these low 

IMTG levels observed in CT, low β-HAD enzyme activity could have been expected. Although CT 

subjects presented much lower values of β-HAD activity; significance was not achieved (182 ± 25 IU.mg 

protein-1 in CT group vs. 198 ± 36 IU.mg protein-1 in controls, p=0.11, -8%), likely due to the high 

variability of this type of enzyme assessments. The low IMTG content of CT individuals observed for 

the first time here might be in agreement with their low muscle oxidative profile (Galusca et al. 2018), 

but should be further investigated in future works. A lower expression in CT of perilipins (PLIN) that 

have many different roles in the regulation of IMTG synthesis and lipid droplets growth (Morales et al. 

2017) would for instance support present observations. It could also be of interest to assess AMP-

activated protein kinase (AMPK), the key "fuel sensing" system playing a crucial role in the activation 

of fatty acid metabolism (Hardie 2004), and its signaling cascades (in particular acetyl-CoA carboxylase 
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(ACC), malonyl-CoA and carnitine palmitoyltransferase-1 (CPT1) (Winder 2001; Saha and Ruderman 

2003)). 

On the other hand, CT participants also showed a lower glycogen content compared to controls in type 

I (p=0.008, -6%) and IIA fibers (p=0.015, -5%), and a trend towards a lower glycogen content in overall 

index (p=0.071). This lower glycogen content was found in overall index, type I fibers and type IIA 

fibers for CT females (respectively -8%, -8%, and -7%), but only for type I fibers in CT males (-6%) 

despite a tendency for type IIA fibers (-4%). Clinically, these results should however be interpreted with 

caution since, although significant, the differences remain small. Besides, ENO enzyme of glycolysis 

was not found significantly lower in skeletal muscle of CT subjects. Carbohydrate supplementation and 

physical training that are known to impact muscle glycogen content (Hearris et al. 2018) would not, 

however, explain the results since CT and control participants had normal energy intakes with the same 

distribution of macronutrients and were all recruited without engagement in regular intense physical 

activity (according to the MOSPA questionnaire, and no more than 3 sessions of physical activity per 

week) (Ling et al. 2016, 2019). PAL, measured for the first time in CT males in the present study, was 

found lower compared to control males. In contrast, PAL in CT females was found similar to control 

females, as already reported (Bossu et al. 2007; Galusca et al. 2018). Although unexpected, these results 

further refute the potential implication of high energy expenditure through over-exercising in the low 

BMI of CT participants, since on the contrary, CT participants presented a similar PAL (females) or a 

lower PAL (males) compared to controls. 

As a second main result, CT subjects displayed an unusual muscle phenotype. Firstly, a muscle 

hypotrophy was observed for all fiber types of CT individuals, in agreement with previous findings 

(Galusca et al. 2018). In CT, CSA was found -21%, -17% and -16% lower, for type I, IIA and IIX fibers 

respectively, with strong statistical power. Overall mean CSA was also largely lower (<0.001, -20%) in 

CT. In view of the statistical results, muscle hypotrophy was even more pronounced in CT males than 

in CT females (-30%, -22%, -26% and -27% for males and -12%, -16%, -21% and -16% for females, in 
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type I, IIA, IIX fibers and overall mean CSA respectively). This may suggest the presence of a minimum 

threshold in fiber size of "healthy" individuals who are not suffering from myopathy. A lower percentage 

of area occupied by type I fibers (p=0.044) was observed in CT and fiber type composition revealed a 

higher percentage of type IIX fibers in CT (p=0.033), suggesting a low oxidative profile. Fiber 

distribution should however be considered with caution given the high variability in the biopsied fibers 

of a 150 mg sample.  

In addition, present results showed a lower capillary supply in CT. C/F ratio, a global index of capillary 

supply, was found lower in subjects with CT. The normal CD observed in CT group was easily explained 

by their low C/F ratio which tended to decrease CD, concomitantly with their smaller fibers that tended 

to increase CD. Concerning local indexes, the low capillarization of CT subjects affected all fiber types, 

but with a higher statistical power in type I oxidative fibers. Since capillaries are determinant factors of 

dioxygen and nutrients supply, present results support once more a low oxidative capacity in CT. Yet, 

CAFA index (CC/CSA), which reflects a supply diffusion distance, contrasted with other local indexes: 

no statistical differences were found between CT subjects and controls. This, therefore, raises the 

hypothesis that the low capillary supply observed in CT individuals might only reflect an adaptation to 

their small fiber size. In addition, capillaries do not only provide oxygen supply but are also implied in 

the control of muscle mass. Indeed, satellite cells are localized close to blood vessels and are correlated 

with muscle capillarization (Mounier et al. 2011). Then, it could also be relevant to explore whether 

satellite cells would be less abundant in CT. 

CS enzyme activity was found lower in CT participants (p=0.010) even if no alterations of the 

mitochondrial respiratory chain were demonstrated here. Indeed, CIV activity determined with 

spectrophotometry and COx activity determined with histological methods were both found similar to 

controls in CT participants. A trend toward a higher CII activity (p=0.078) was however observed. 

Previous observations on the same cohort however showed a tendency toward lower first complex of 

the respiratory chain (CI) and CII activities using oxygraphy on fresh skeletal muscle in CT (Ling et al. 
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2019), while a higher CII activity but similar CI activity compared to controls were observed in white 

adipose tissue (Ling et al. 2019). Further studies are needed to question mitochondrial respiration 

regarding these differing results. Rapid muscle regeneration of ATP was also explored in the present 

study and results showed a lower MK activity (p=0.009) and a tendency for CK activity to be low 

(p=0.076) in CT. Thus, CT people could display impairments in their anaerobic alactic metabolism 

involving ADP-to-ATP conversions and hydrolysis of phosphocreatine which both provide rapid 

regeneration of energy. Analysis of correlations also showed different profiles between CT and control 

groups (Figure 4). In the control group, CS activity was unsurprisingly positively correlated with IMTG 

storage and COx activity, and COx activity was negatively associated with ENO activity. In contrast, 

for CT participants, CS was positively correlated with glycogen content, and COx activity was positively 

associated with ENO and glycogen content. These correlations need to be interpreted with caution 

regarding their moderate-to-large correlation coefficients but would suggest an unusual muscle 

metabolic profile in CT individuals, mostly based on carbohydrate metabolic pathways to support 

mitochondrial oxidative activity. Although some studies suggest a similar fasting respiratory quotient at 

rest between CT and normal-weight individuals (Scalfi et al. 1992; Bossu et al. 2007; Marra et al. 2007, 

2019; Germain et al. 2014; Galusca et al. 2018; Ling et al. 2019); this substrates utilization remains to 

be further questioned during daily activities and exercise. These enzyme results should be cautiously 

interpreted given the technical limitations: enzyme assessments were performed on homogenates of 

muscle samples and were therefore inevitably impacted by fiber type distribution. Yet, these 

homogenates are still representative of the enzyme efficiency of the whole muscle sample. 

Altogether, present results suggest a low muscle oxidative profile in CT. In future investigations, it could 

be of major interest to question the potential downregulation of key regulators of oxidative metabolism 

– such as peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-1α) (Liang and Ward 

2006) – to further explore this untypical metabolic profile in CT. 
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For the first time, results showed that present overfeeding succeeded in making people with CT gain 

weight (p<0.001). This result however needs to be interpreted with caution from a clinical point of view: 

CT individuals only went from 48.3 ± 6.7 kg pre to 48.5 ± 6.5 kg post-overfeeding. To the best of our 

knowledge, the present study was the first to investigate the effect of an overfeeding on skeletal muscle 

tissue in CT compared to controls. Based on literature, different results could have been expected. For 

instance, recent studies in normal-weight individuals showed contrasting results on skeletal muscle in 

response to 8 weeks of high-fat overfeeding. Toledo et al. observed an increase in lipid droplet content 

and CS mRNA expression but no changes in COx mRNA expression (Toledo et al. 2018); whereas 

Covington et al. observed no modifications of IMTG content (Covington et al. 2017). In the present 

study, normal-weight controls did not modify their IMTG stores for any of the indexes, but in contrast, 

CT individuals increased their IMTG in overall index (p=0.001, +11%), type I fibers (p=0.004; +10%) 

and type IIA fibers (p=0.007, +9%). If this increase might have been facilitated by their low IMTG at 

baseline, it remains that CT individuals showed an increase in their IMTG content. CII and CIV activities 

also tended to be increased in the CT group in response to overfeeding (respectively p=0.054, +5% and 

p=0.052, +17%), which might be related to their increase in IMTG. IMTG accumulation might be 

associated with higher mitochondrial oxidation from lipid substrates, but it would therefore be difficult 

to explain the absence of an increase in both β-HAD and CS activities. CII and CIV results must be 

interpreted with caution given the absence of significant Group×Time interactions (respectively p=0.51, 

0.07 [-0.14; 0.29] and p=0.078, 0.18 [-0.02; 0.38]). The other analyses such as glycogen content, 

capillary supply, CS or COx activities, do not seem to be particularly modified by the overfeeding for 

either CT or control participants. 

From a methodological point of view, some limitations in the present study should be considered. Food 

intake was recorded using self-reported 2×7-day food diaries in free-living conditions, pre and post-

overfeeding (Ling et al. 2016). As previously published (Ling et al. 2020), baseline food intake was not 

lower in CT individuals compared to controls, and both CT and control groups increased food intake 
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with overfeeding. However, food intake assessed through self-reporting (using GENI software and 

SUVIMAX study) is known to be subjective. More objective methods should be used in the future. In 

addition, the diet has been reported during the 2nd week of overfeeding, and not during the whole period. 

PAL was measured by ActiHeart® providing estimations of PAL, based on its capacity to detect and 

quantify movements. This accelerometer is not necessarily the most accurate and appropriate to evaluate 

all types of physical activities and sedentary lifestyles. It probably led to underestimations of PAL, 

especially for spontaneous and repeated muscle contractions in daily life, such as fidgeting. Yet, 

literature shows a growing interest in potential implications of fidgeting in CT (Marra et al. 2007; 

Pasanisi et al. 2013; Germain et al. 2014), which should be more investigated in future studies.  

To conclude, this was the first study that performed skeletal muscle biopsies in a large sample of both 

females and males with CT. The results provided evidence of low IMTG and glycogen stores, low CSA 

reflecting muscle hypotrophy, high proportions of type IIX fibers, low capillary supply, and specific 

enzyme features including a low CS activity in CT participants. Most of the results suggested a low 

muscle oxidative profile in CT that might be indicative of low aerobic capacity. In response to 

overfeeding, few modifications specific to CT groups were observed, except a moderate increase in 

IMTG, CII activity, and CIV activity, that have however to be interpreted with caution. Present findings 

raised the question of the functional consequences in real conditions of these histological and 

enzymological observations. It would be of particular interest to evaluate aerobic and anaerobic 

capacities, substrates oxidation, and metabolic flexibility in CT. From a clinical approach, the fact 

remains that CT individuals have a very low BMI, and physical activity combined with a diet may help 

people with CT gain weight. Thus, a better knowledge of CT subjects’ physical abilities might make it 

possible to provide better care for this population. 
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Supplementary Table S1: Composition of the Renutryl® Booster overfeeding 

 

Renutryl® Booster (300 ml)   

Energy kcal 600 

     Fat g 21 

     31.5% kcal   

     Carbohydrate g 72 

     48.5 % kcal   

          of which sugars g 21 

          of which lactose g <1.5 

     Protein g 30 

     20 % kcal   

     Minerals   

          Sodium mg 285 

          Potassium mg 720 

          Calcium mg 687 

          Phosphate mg 459 

 

Renutryl® Booster is a hyper-caloric (2 kcal/mL) oral nutritional supplement providing macronutrients and micronutrients. 

Four flavors (vanilla, coffee, caramel, and strawberry) were proposed to the participants 


