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ABSTRACT 

Background & aims. Malnutrition can develop in patients with obesity suffering from acute 

or chronic illness or after obesity surgery, promoting sarcopenic obesity. A better 

understanding of this pathophysiology and the development of new therapeutics for chronic 

diseases, that are often complicated with malnutrition and obesity, justify the development of 

new animal experimental models close to the human physiology. This study aims to 

characterize the effects of obesity and underfeeding on Yucatan obese minipigs, assessing its 

validity as a preclinical model for obesity-related malnutrition. 

Methods. Sixteen 30-month-old Yucatan minipigs were divided into two groups for 8 weeks: 

a standard diet group (ST, n=5) and an obesogenic diet group (OB, n=11). After 8 weeks, the 

OB group was further divided into two sub-groups: a standard diet group (OB-ST, n=5) and a 

low-calorie/low-protein diet group (OB-LC/LP, n=6) for 8 weeks. Body composition by CT-

Scan and blood parameters were monitored, and trapezius muscle biopsies were collected to 

analyse signaling pathways involved in protein turnover and energy metabolism. 

Results. At W8, OB-ST animals exhibited significantly higher body weight (+37.7%, 

p=0.03), muscle mass (+24.9%, p=0.02), and visceral fat (+192.0%, p=0.03) compared to ST. 

Trapezius cross sectional area (CSA) normalized to body weight was lower in OB-ST animals 

(-15.02%, p=0.017). At W16, no significant changes were observed in protein turnover 

markers, although REDD1 increased in OB-ST (96.4%, p=0.02). After 8 weeks of low-

caloric/ low protein diet, OB-LC/LP showed decreased body weight (-9.8%, p=0.03), muscle 

mass (-6.5%, p=0.03), and visceral fat (-41.5%, p=0.03) compared to OB-ST animals. 

Trapezius fiber CSA significantly decreased in OB-LC/LP (-36.1%, p<0.0001) and 

normalized to body weight (-25.4%, p<0.0001), combined to higher ubiquitinated protein 

content (+38.3%, p=0.02). 
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Conclusion. Our data support that the Yucatan minipig model mimics nutritional and skeletal 

muscle phenotypes observed in obese patients, with or without protein-energy malnutrition. It 

also reproduces muscle atrophy observed in chronic diseases or post-obesity surgery, making 

it a promising preclinical model for obesity-related malnutrition. 

 

KEYWORDS: obesity; undernutrition; muscle atrophy; sarcopenia; obesity surgery. 

 

NON-STANDARD ABBREVIATIONS 

4EBP1: eukaryotic translation initiation factor 4E binding protein 1; Akt: protein kinase B, 

ALT: alanine transaminase; AMPK; adenosine monophosphate-activated protein kinase, 

AST: aspartate transaminase; CSA: cross sectional area; CT-scan: computed tomography; 

EASO: European Association for the Study of Obesity; ESPEN: European Society of Clinical 

Nutrition and Metabolism ; LC3B: light chain 3 Beta; mTORC1: mammalian target of 

rapamycin 1; MuRF1: muscle ring finger-1; NF-kB: nuclear factor-kappa B; REDD1: 

Regulated in Development DNA damages responses 1; WGA: wheat germ agglutinin. 
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INTRODUCTION 

According to the European Society of Clinical Nutrition and Metabolism (ESPEN) 

terminology [1], ‘malnutrition’ or ‘undernutrition’ can be defined as “a state resulting from 

lack of intake or uptake of nutrition that leads to altered body composition (decreased fat-free 

mass) and body cell mass leading to diminished physical and mental function and impaired 

clinical outcome from disease” [1]. Patients suffering from malnutrition face numerous 

clinical consequences, including increased hospital length of stay, morbidity, mortality, and 

decreased quality of life [2,3]. Among the various forms of malnutrition, protein-energy 

malnutrition (referred to as ‘malnutrition’ here) can occur in certain clinical situations 

including obesity [4]. However, diagnosing malnutrition in the obese population remains 

challenging due to the excess of fat mass. A recent study found that 23% of elderly 

individuals with a BMI over 25 kg/m² were at risk of malnutrition, and 2% were malnourished 

[5]. Besides aging, other factors such as repeating dieting, acute or chronic diseases or obesity 

surgery could also promote malnutrition in obese patients [6,7]. Nonetheless, inadequate 

energy and protein intake can induce muscle atrophy and lead to the development of 

secondary sarcopenic obesity (SO) at any age [8]. SO is defined by the co-existence of an 

excess of fat mass and low muscle mass/function [8]. The risk of developing SO could be 

increased by repeated dieting and related weight cycles, which have been identified as risk 

factors for low muscle mass [9]. Decreased skeletal muscle mass could also be observed after 

obesity surgery, particularly during the first months post-surgery, when the primary objective 

is fat mass loss [10,11]. This loss of muscle mass is of significant concern for obese patients, 

as SO is well-known to induce adverse clinical consequences and increase the risk of 

mortality [12,13].  

Muscle atrophy is promoted by an exacerbation of proteolysis mediated by different pathways 

as calpains/caspases, ubiquitin-proteasome or autophagy-lysosome, and/or an alteration in 
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protein synthesis, primarily regulated by the PI3K/Akt/mTORC1 signaling pathway [14]. 

However, the mechanisms involved in muscle atrophy related to malnutrition are poorly 

understood, especially in people with obesity, highlighting the necessity to develop preclinical 

models. Among these models, the Yucatan minipig has emerged as an interesting alternative 

to rodent models for biomedical research [15,16] due to its greater phylogenetic proximity to 

humans [17]. Recently, our laboratory has highlighted that the Yucatan minipig is a valid 

model to mimic changes in body composition, as well as histological and molecular patterns 

in skeletal muscle, occurring in human marasmus malnutrition [18]. However, the effects of 

underfeeding on body composition and skeletal muscle mass in the context of obesity and the 

underlying mechanisms involved remain unknown. 

The context of the obesity pandemics and increased incidence of chronic diseases motivates 

the development of new animal experimental models close to the human physiology 

mimicking the clinical situations of chronic diseases complicated with obesity and 

malnutrition. The Yucatan minipig preclinical model of malnutrition combined with obesity 

would be a solid basis to make research possible that cannot be done in humans, such as in 

pathophysiology (to study the intra-organ molecular regulation during the genesis of 

malnutrition), drug pharmacokinetics (e.g.: chemotherapy, to prevent the situations of toxicity 

observed in obese malnourished oncology patients), or preclinical studies for new therapeutics 

for chronic diseases taking into account the frequent association of these diseases with obesity 

and malnutrition.  

Therefore, the aims of this study were to characterize the effects of obesity itself, and then 

underfeeding, on body composition and skeletal muscle phenotype in Yucatan obese 

minipigs, and so, to assess its validity as a model for obesity-related malnutrition in humans. 

We first examined the consequences of obesity on body composition and skeletal muscle 

phenotype. We subsequently investigated in obese Yucatan minipigs the effects of a low-
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calorie/low-protein (LC/LP) diet on weight, body composition, blood parameters, as well as 

histological and molecular patterns in skeletal muscle. 

 

MATERIALS AND METHODS 

Animal ethics. Animal experiments were approved by The Regional Ethics Committee in 

Animal Experiment of Brittany (APAFIS # 16413-2018080711214660 v2) and validated by 

the French Ministry of Research in accordance with the current ethical standards of the 

European Community (Directive 2010/63/EU as amended by Regulation (EU) 2019/1010). 

All experiments were performed at the INRAE UE3P experimental facilities for pig 

physiology and phenotyping, under Agreement No. C35-275-32 and individual Authorization 

No. 35-88 (DVL). 

Animals and diets. Sixteen 30-month-old Yucatan minipigs were randomly assigned to two 

experimental groups for eight weeks: a standard diet group (ST, n=5) and an obesogenic diet 

group (OB, n=11). The obesogenic diet consisted of a high-fat/high sucrose (HF/HS) diet. OB 

animals received 1 kg of the HF/HS feed per day during the first week, 1.5 kg during weeks 2 

and 3, and 2 kg later on. When OB animals reached a body weight of 80 kg, their daily 

individual feed ration was decreased to 1 kg to prevent further excessive weight gain. The 

animals that did not reach this body weight continued to received 2 kg of HF/HS feed per day 

until the beginning of the experimental diets. After these 8 weeks of HF/HS diet, the ST group 

maintained the same standard diet for an additional period of 8 weeks (ST, n=5). The OB 

group animals were weighed at 8 weeks (W8). They were then divided into two diet sub-

groups according to body weight in order to ensure a homogeneous weight distribution 

between the two groups at the start of the diets: a standard diet group (OB-ST, n=5) to 

maintain obesity, or a low-calorie/low-protein diet (OB-LC/LP, n=6) for 8 weeks to induce 

malnutrition as previously published [18]. The ST diet was calculated based on the metabolic 
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weight (MW) of the animals (MW=LW0.75, where LW is the live weight in kg), energy 

requirements and the energy composition of the food. The usual energy intake for a normal-

weight adult Yucatan minipig is 0.3017 MJ/kg MW (15% of digestible proteins). LC/LP diet 

consisted of half of the daily intake in terms of energy, i.e., 0.1508 MJ/kg, with 43% less of 

proteins (8.63% of digestible proteins). Therefore, it can be inferred that the protein intake in 

the LC/LP group was 28% of the one of the ST group. The food intake for each animal was 

calculated and adjusted based on individual weight every two weeks. The composition of the 

different diets is detailed in Table 1. All animals were housed in individual pens (120 cm x 85 

cm) under standard conditions of temperature (22-23°C), light/dark cycle (12h/12h), and 

provided with free access to tap water. At W8, animals subjected to the obesogenic diet were 

weighed to be evenly divided into two groups. A CT-Scan was also performed on these 

minipigs. All animals were weighed at the end of the study, i.e. at week 16 (W16). At W16, 

fasted minipigs were euthanized under electronarcosis followed by immediate exsanguination 

in the morning. Skeletal muscles (i.e. trapezius) were collected immediately after euthanasia, 

weighed and either frozen in liquid nitrogen or fixed in 4% paraformaldehyde (PFA). Blood 

samples were collected in heparin lithium tubes, and then centrifuged (1500 g for 10 min) to 

collect plasma.  

Computed tomography (CT)-scan for body composition measurement. CT-scan were 

performed under general anesthesia as previously described [16], at W8 for the OB group 

animals, and at W16 for all the animals. Cross-sectional scans were acquired at the level of 

the 13th thoracic vertebra (Th13) to determine the areas of adipose tissue and muscle 

(longissimus dorsi, psoas major and large muscle). Muscle and fat areas were measured using 

ImageJ software (National Institutes of Health, Rockville, MD, USA). Muscle density range 

was considered between -29 and +150 Hounsfield units (HU), and fat density range, between 

-190 and -30 HU, as classically did in humans [19]. 
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Plasma analyses. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), urea, 

creatinine, albumin, glucose, triglycerides (TG) and cholesterol were measured using a 

Konelab automated system and specific detections kits for each parameter purchased from 

Thermo Fisher Scientific (Illkirch, France). 

Histological analyses. Trapezius muscle samples were fixed in 4% PFA, embedded in 

paraffin, and then cut into serial 7-μm-thick slices using a LEICA microtome (Leica 

CM3050S). Subsequently, these sections were stained using the Wheat Germ Agglutinin 

(WGA) method for reticulin stain. Complementary slices were also stained with monoclonal 

antibodies targeting type 2 and type I myosin isoforms as previously described [20]. Image 

acquisitions were performed at x20 magnification using a microscope (Nikon Eclipse 80i) and 

analyzed using Image J software [21]. Eight muscle fields per animal were analyzed, and all 

muscle fibers in each group were pooled for statistical analysis (7600-13300 fibers per group).  

Cytosolic protein extraction. Skeletal muscles were ground in liquid nitrogen, and the 

obtained powder was used for extraction. Cytosolic protein extraction was performed from 

trapezius using a cold lysis buffer containing 10.0 mM Tris·HCl, pH 7.4, 0.5 M sucrose, 50.0 

mM NaCl, 5.0 mM EDTA, 30.0 mM Na4P2O7, 1% NPosP-40, 0.25% sodium deoxycholate, 

50.0 mM NaF, 100.0M sodium orthovanadate, and protease inhibitor cocktail (5l/ml, P8340; 

Sigma, St. Louis, MO). Each sample was then incubated on ice for 30 min, followed by three 

sets of 5 s of sonication. The homogenates were then transferred to microcentrifugation tubes 

and centrifuged at 12,000g for 12 min at 4°C. The protein concentration of the supernatant 

was determined using a Lowry assay with bovine serum albumin as a standard. 

Western blotting. Samples were diluted in SDS-PAGE sample buffer (50 mM Tris·HCl, pH 

6.8, 2% SDS, 10% glycerol, 5%-mercaptoethanol, and 0.1% bromophenol blue) and heated 

for 5 min at 95°C before analysis. Samples containing 50 µg of proteins were resolved on 8% 

to 14% SDS-PAGE. The proteins were transferred at 120 mA/gel for 90 min onto a 0.2-µm 
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nitrocellulose membrane. Membranes were blocked with 5% BSA or non-fat dry milk in Tris-

buffered saline/0.05% Tween-20 (TBST) for 1h at room temperature. Membranes were 

incubated overnight at 4°C with appropriate primary antibodies (Suppl Table 1). Afterward, 

membranes were washed with TBST and incubated for 1h at room temperature with infrared 

dye-conjugated secondary antibodies (LI-COR, Lincoln, NE). After being washed, blots were 

captured using the Odyssey Imaging System (LI-COR). All blots were scanned, and 

densitometry analysis of the bands was conducted using GS-800 imaging densitometer and 

Quantity One software (Bio-Rad Laboratories, Inc.). All blots were normalized based on 

HSC70 expression as a loading control. 

Statistical analyses. All data are presented as the mean ± standard deviation (SD). The 

analysis was separated into two parts. The first part compared the OB-ST group to the ST 

group to determine the related consequences of the induced obesity on body composition and 

skeletal muscle phenotypes. Mann-Whitney tests were performed to compare the OB-ST 

group to ST group for body weight, CT-scan data, biological and histological parameters, at 

W16. The second part compared the OB-ST and OB-LC/LP groups to determine the effects of 

the LC/LP diet on obese animals, and whether they could be considered as malnourished. 

Wilcoxon signed-rank tests were performed to compare the effects of OB-ST and OB-LC/LP 

diets on body weight and CT-scan data between W8 and W16. Mann-Whitney tests were 

performed to compare biological and histological parameters at W16. The significance level 

was set at 0.05 for all statistical analyses. Statistical trends were considered for 0.05<P-

value<0.10. Data were analyzed using GraphPad Prism version 8.00 for Windows (GraphPad 

Software, La Jolla, California). 

 

RESULTS 
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Effects of the obesogenic diet on body weight and body composition. Body weight and 

body composition at W16 are shown in Figure 1. We observed a significantly higher body 

weight in the OB-ST group compared to the ST group (+37.7%, p=0.032, Figure 1A). The 

retroperitoneal fat area was significantly higher in the OB-ST group than in the ST group, 

both in absolute value (+192.0%, p=0.032, Figure 1B) and relative (normalized to weight: 

+126.5%, p=0.032, Figure 1C, or to total surface area: +135.5%, p=0.032, data not shown) 

values. This indicates that the obese minipigs reproduce the excess in fat mass observed in 

human obesity. Absolute values of muscle area were also significantly higher in the OB-ST 

group than in the ST group (+24.9%, p=0.0079, Figure 1D and 1F). However, relative 

(normalized to body weight) values of muscle mass area did not significantly differ between 

the two groups (228.8 ± 29.7 vs. 204.2 ± 19.8 mm²/kg in the ST and OB-ST group 

respectively, Figure 1E and 1F). 

 

Effects of obesity on muscle fiber size. Muscle fiber cross-sectional areas (CSA) were 

determined by histological analyses in the trapezius muscle (Figure 2). At W16, muscle fiber 

CSA were significantly higher in the OB-ST group than in the ST group (+22.8%, p<0.0001, 

Figure 2A). When expressed relative to body weight, muscle fiber CSA were significantly 

lower in the OB-ST group than in the ST group (-15.02%, p=0.017, Figure 2B, 2C and 2D). 

We did not observe any difference in the proportion of types II and I muscle fibers between 

groups (Figure 2E and 2F).  

 

Effects of obesity on the expression of the signaling proteins involved in muscle mass 

regulation (atrophy) and energy metabolism. At W16, there were no significant differences 

between OB-ST and ST groups regarding the expression of Akt and 4EBP1, well known 

markers of protein synthesis pathway (Figures 2G-H). However, the expression of REDD1 
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was significantly higher in the OB-ST group than in the ST group (+96.4%, p=0.016) 

(Figures 2G-H). The markers characterizing the activity of the ubiquitin-proteasome (Murf1, 

ubiquitinated proteins), autophagy (p62, LC3B), and apoptosis (p-NF-kB) did not 

significantly vary between the two groups (Figures 2G-H). Total AMPK and p-AMPK did 

not significantly differ between the two groups (Figures 2G-H).  

 

Effects of obesity on biological plasma parameters. At W16, glucose levels tended to be 

higher in the OB-ST than in the ST group (Table 2). Transaminases levels were significantly 

lower in the OB-ST group than in the ST group. The other parameters did not differ between 

the two groups (Table 2).  

 

Effects of the LC/LP diet on body weight and body composition of obese minipigs. Body 

weight and body composition at W8 and W16 are shown in Figure 3. We observed a 

tendency of an increase in body weight between W8 and W16 in the OB-ST group (+5.2%, 

p=0.063), whereas it significantly decreased in the OB-LC/LP group (-9.8%, p=0.031, Figure 

3A). The absolute values of retroperitoneal fat and muscle areas significantly decreased in the 

OB-LC/LP group between W8 and W16 (-41.5%, p=0.031, Figure 3B, and -6.5%, p=0.031, 

Figure 3D, respectively). No differences were observed concerning the evolution of the 

retroperitoneal fat and muscle areas in the OB-ST group between W8 and W16. A significant 

decrease in relative (normalized to body weight) retroperitoneal fat area was observed in the 

OB-LC/LP group (-35.5%, p=0.031, Figure 3C), whereas the mean relative muscle area did 

not vary across the time (Figure 3E). 

 

Effects of the LC/LP diet on muscle fiber size in obese minipigs. Muscle fiber CSA were 

determined by histological analyses in the trapezius muscle at W16 (Figure 4). Muscle fiber 
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CSA were significantly lower in the OB-LC/LP group than in the OB-ST group, both in 

absolute (-36.1%, p<0.0001, Figure 4A, 4C and 4D) and relative (to body weight) (-25.4%, 

p<0.0001, Figure 4B) values. The proportion of types II muscle fibers and I did not differ 

between groups (Figure 4E and 4F). 

 

Effects of the LC/LP diet on the expression of the signaling proteins involved in muscle 

mass regulation (atrophy) and energy metabolism in obese minipigs. At W16, the 

expression of ubiquitinated proteins were significantly higher in the OB-LC/LP group than in 

the OB-ST group (+38.3%, p=0.015, Figures 4G-H). However, no significant changes were 

observed between the groups regarding other markers of protein synthesis (p-AktThr308, p-

AktSer473, Akt, p-4EBP1, 4EBP1) or proteolysis (i.e. Murf1) (Figures 4G-H), as well as 

AMPK phosphorylation (Figures 4G-H).  

 

Effects of the LC/LP diet on biological plasma parameters in obese minipigs. At W16, 

alanine aminotransferase levels were significantly lower in the OB-LC/LP group than in the 

OB-ST group (Table 3). Creatinine tended to be higher in the OB-LC/LP group. The other 

parameters did not differ between the two groups (Table 3).  

 

DISCUSSION 

Obesity induces changes in body composition, notably an increase in fat mass, that is often 

accompanied by an increase in absolute muscle mass and strength due to the mechanical 

stress exerted by the individuals' body weight [22–24]. However, this muscle adaptation 

appears to be modulated by age, as it is observed in young adults but not in older individuals 

[25,26].  Expressed in relative values, muscle mass and strength can be significantly reduced 

in obese individuals, contributing to the onset of SO, even in the absence of skeletal muscle 

atrophy [8,23,24]. Therefore, the last recommendations from the European Association for the 
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Study of Obesity (EASO) and ESPEN suggest introducing the concept of “relative or 

adequate (regarding the excess in fat mass) muscle mass” to define reduced muscle mass as a 

criterion of SO diagnosis [27]. Consistent with observations in humans, we found that 

Yucatan minipigs fed with an obesogenic diet, and thus becoming obese, exhibit higher body 

weight, retroperitoneal fat, and muscle (i.e. longissimus dorsi, psoas major and large muscles) 

areas in absolute values than animals fed with a standard diet. The increase in trapezius fiber 

CSA in absolute values in OB-ST minipigs confirms the increase in muscle mass in obese 

animals. Nonetheless, muscle fiber CSA normalized to body weight is significantly reduced in 

the OB-ST compared to the ST minipigs. Overall, these results demonstrate that an 8-week 

obesogenic diet promotes an increase in muscle mass in minipigs, but this increase appears 

insufficient compared to the increase in fat mass and body weight, indicating an inadequate 

relative muscle mass, as reported in obese patients and patients with SO [27].  

We then investigated the impact of the obesogenic diet on muscle protein turnover. Skeletal 

muscle proteolysis is mainly mediated by the ubiquitin-proteasome and autophagy-lysosome 

systems [14]. Here, we found that 8 weeks of an obesogenic diet do not affect proteolysis 

markers (i.e. ubiquitinated proteins, MurF1, LC3B, p62) in the trapezius muscle, which is 

finally consistent with the increase in muscle mass occurring in these animals. However, the 

inadequate muscle mass we observed can be explained by a reduction in muscle anabolic 

response, as previously observed in obese humans and rodents [28,29]. Indeed, protein 

synthesis is primarily modulated at the translation level through the Akt/mTORC1 pathway 

[14]. Although the phosphorylation levels of Akt and 4EBP1 remain unchanged between the 

ST and the OB-ST animals under basal fasted conditions, we observe, in the OB-ST group, a 

higher expression of REDD1, known to be a negative regulator of the Akt/mTOR pathway 

[30]. This result is in accordance with previous studies, indicating that high-fat-fed mice 

exhibit higher REDD1 expression in skeletal muscle than control mice [31,32]. The increase 
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in REDD1 may be due to the hyperactivity of mTORC1, which is observed at the basal state 

in patients with obesity [28]. Unfortunately, we were unable to detect the mTORC1 protein 

content by Western blot despite different tested antibodies, to confirm these findings in 

minipigs. Furthermore, in the post-prandial state, overweight or obese patients present a poor 

responsiveness of muscle protein synthesis compared to normal-weight subjects [28,29].  

Unfortunately, due to the high costs of minipig experiments, we have not yet explored these 

post-prandial responses in our experiments. Despite these limitations, our data support the 

notion that Yucatan minipigs subjected to an 8-week obesogenic diet, exhibited changes in 

body composition and muscle mass similar to those observed in the human obese population, 

making our experimental model highly relevant to explore the pathophysiological 

mechanisms and new therapies of SO.  

The second objective of the present study was to characterize the histological and molecular 

skeletal muscle patterns in malnourished obese Yucatan minipigs, and so, to assess whether 

this model could be a good preclinical model of protein-energy malnutrition (i.e., marasmus) 

combined with obesity, as observed in obese patients with chronic disease or after obesity 

surgery. While a low BMI is often used as a criterion of malnutrition [33], it cannot be applied 

to obese patients. Therefore, weight loss compared to a previous weight is the main 

phenotypic criterion of malnutrition in this population. According to the Global Leadership 

Initiative on Malnutrition (GLIM) consensus, one of the five criteria to diagnose severe 

malnutrition is a non-volitional body weight loss of more than 10% in the past six months 

[34]. Moreover, it is well established that malnutrition is associated with muscle mass loss 

[35]. In the present study, we reproduced in obese animals the experimental model of 

marasmus-type protein-energy malnutrition, previously validated by our research team in lean 

Yucatan minipigs [18]. Obese Yucatan minipigs subjected to the similar low-energy and low-

protein diet exhibited a decrease of 9.8% in body weight and of 6.5% in muscle area after 
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only eight weeks. We also reported a significant decrease in muscle fiber CSA of the 

trapezius muscle in the OB-LC/LP group compared to the OB-ST group, both in absolute and 

relative values, indicating a state of muscle atrophy, therefore confirming malnutrition in 

accordance with body composition data. These results are in line with skeletal muscle mass 

loss reported in patients after obesity surgery [11], and support the validity of our 

experimental Yucatan minipig model to induce similar body composition and muscle mass 

losses as those observed in malnourished obese patients. 

Currently, few scientific data are available concerning the cellular mechanisms involved in 

muscle atrophy related to protein-energy malnutrition [18,36], and none in obese populations 

to our knowledge. Here, we observed that malnourished obese minipigs exhibited a higher 

expression of ubiquitinated proteins, suggesting that muscle atrophy would be partly due to 

protein degradation by the ubiquitin-proteasome system. These results are in line with studies 

performed on lean aged rodents, showing an increase in the activity of the ubiquitin-

proteasome system in malnourished animals [36,37]. Furthermore, it is well established that 

the protein fraction synthesis rate (FSR) is reduced in the skeletal muscle of malnourished 

animals [37].  However, in our study, we did not observe any changes in the levels of 

phosphorylation of Akt and 4EBP1. As mentioned above, we did not explore the post-prandial 

response of Akt/mTORC1, which would have allowed us to determine whether the anabolic 

sensitivity is affected or not in the skeletal muscle of malnourished obese minipigs. This 

should be the objectives of future studies. 

In conclusion, our findings indicate that the high fat/high sucrose diet in Yucatan minipigs 

was able to induce obesity and changes in body composition and skeletal muscle mass, similar 

to those observed in obese humans. Moreover, the low-calorie/low-protein diet applied for 8 

weeks to obese Yucatan minipigs also led to fat mass and muscle mass losses, validating this 

experimental model to mimic protein-energy marasmus malnutrition in the context of obesity. 
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This model opens promising perspectives to develop new therapeutic strategies, and to 

characterize the pathophysiological mechanisms of muscle atrophy associated with 

malnutrition in the context of obesity, as observed in patients suffering from chronic diseases 

or after obesity surgery. 
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TABLES 

 

Table 1 - Composition and nutritional values of the Yucatan minipig diets: the high-

fat/high-sucrose diet (HF/HS), the standard diet (ST) or the low-calorie/low-protein (LC/LP) 

diet. ME, metabolizable energy; NE: net energy; DNM: digestible nitrogenous matter. 

 

Nutrients / compounds HF/HS diet ST diet LC/LP diet 

Soft wheat (%) 6.25 10 30.77 

Barley (%) 12 33 10 

Soybean meal 48 (%) 12 6 - 

Soybean oil (%) 10 - - 

Dry beet pulp (%) - - 5 

Molasses (%) - 1 1 

Soft wheat bran (%) 14 25 25 

Unshelled sunflower meal (%) 8 10 - 

Soybean hulls (%) 8 12 12 

Sugar (%) 20 - - 

Cornstarch (%) 6.50 - 8.14 

Cellulose (%) - - 5 

Dicalcium phosphate (%) 0.60 0.60 0.60 

Calcium carbonate (%) 1.30 1.30 1.10 

Sodium chlorure(%) 0.60 0.60 0.89 

Mineral Vitamin complement (%) 0.75 0.50 0.50 

Total (%) 100 100 100 

ME (MJ/kg)  14.53 10.31 10.37 

ME (kcal/kg) 3473 2463 2479 

DNM/NE (%) 20.31 15 8.63 
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Table 2. Biological plasma analyses of the Yucatan minipigs subjected to the standard 

diet (ST) or the obesogenic diet (OB-ST) for 16 weeks. Values are expressed as mean ± SD. 

Data were compared between groups using the Mann-Whitney test. Significant differences are 

indicated in bold/italic. ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, 

triglycerides.  

 

 ST group  

(n=5) 

OB-ST group  

(n=5) 

P value 

Glucose (g/l) 0.66 ± 0.15 0.81 ± 0.05 0.079 

Albumin (g/l) 46.39 ± 3.19 45.24 ± 3.16 >0.999 

ALT (IU/l) 55.20 ± 13.02 37.30 ± 6.49 0.032 

AST (IU/l) 79.33 ± 19.67 38.82 ± 10.49 0.008 

Creatinin (g/l) 15.55 ± 0.89 15.31 ± 1.50 0.695 

Urea (mg/l) 371.28 ± 88.15 313.44 ± 65.00 0.548 

TG (mg/l) 386.48 ± 119.98 445.56 ± 271.18 >0.999 

Total cholesterol (mg/l) 831.36 ± 162.75 761.35 ± 136.01 0.548 
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Table 3. Biological plasma analyses of the obese Yucatan minipigs subjected to the 

standard diet (OB-ST) or the low-calorie/low-protein diet (OB-LC/LP) for 8 weeks. 

Values are expressed as mean ± SD. Significance was checked using Mann-Whitney test. 

Significant differences are indicated in bold/italic. ALT, alanine aminotransferase; AST, 

aspartate aminotransferase; TG, triglycerides.  

 

 OB-ST group  

(n= 5) 

OB-LC/LP group 

(n=6) 

P value 

Glucose (g/l) 0.81 ± 0.05 0.87 ± 0.06 0.18 

Albumin (g/l) 45.24 ± 3.16 44.95 ± 2.82 0.66 

ALT (IU/i) 37.29 ± 6.49 27.19 ± 2.66 0.02 

AST (IU/l) 38.83 ± 10.49 33.21 ± 13.44 0.43 

Creatinin (g/l) 15.31 ± 1.50 18.18 ± 2.08 0.052 

Urea (mg/l) 313.44 ± 64.99  253.09 ± 75.19 0.33 

TG (mg/l) 447.56 ± 271.18 348.22 ± 134.22 0.66 

Cholesterol (mg/l) 761.35 ± 136.01 770.89 ± 54.31 >0.99 
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FIGURE LEGENDS 

Figure 1. Body weight and body composition assessed by computed tomography (CT)-

scan at the 13th thoracic vertebra (Th13) level in Yucatan minipigs subjected to the 

standard diet (ST, n=5) or the obesogenic diet (OB-ST, n=5) for 16 weeks. A: Evolution 

of Body weight. B-C: Evolution of retroperitoneal fat areas (absolute and normalized to body 

weight). D-E: Evolution of muscle T13 areas (absolute and normalized to body weight). F: 

Representative image of a CT-scan slice at the Th13 level measuring muscle mass area. 

Values are expressed as mean ± SD. Significance was checked using Mann-Whitney test. 

Significant differences between ST and OB-ST groups: *p< 0.05; ** P<0.01. BW, body 

weight. 

 

Figure 2. Histological and Western Blot analyses performed in trapezius muscle from 

Yucatan minipigs subjected to the standard diet (ST, n=5) or the obesogenic diet (OB-

ST, n=5) for 16 weeks. A-B: Muscle fiber cross-sectional area (CSA) histological analyses. 

C: Frequency distribution of muscle fibers according to their surface. D: Representative 

images of immunostaining (WGA). E: Proportion of type I and type II muscle fibers 

determined by histological analyses (MHCI and MHCII staining). F: Representative 

immunostaining images for type I (dark) and type 2 (blank) fibers. G: Representative images 

of Western Blot analyses. H: Content of total or phosphorylated proteins involved in muscle 

protein turnover and energy metabolism. Data are presented as fold change in the OB-ST 

compared to the ST group (mean ± SD, n=5/group). Significance was checked using Mann-

Whitney test. Significant differences between ST and OB-ST groups: P < 0.05; ***P < 0.001. 

 

Figure 3. Body weight and body composition assessed by computed tomography (CT)-

scan at the 13th thoracic vertebra (Th13) level in obese minipigs subjected to the 

standard diet (OB-ST, n=5) or to low-calorie/low-protein diet (OB-LC/LP, n=6) for 8 

weeks. A: Evolution of Body weight. B-C: Evolution of retroperitoneal fat areas (absolute and 

normalized to body weight). D-E: Evolution of muscle T13 areas (absolute and normalized to 

body weight). F: Representative image of a CT-scan slice at the Th13 level measuring muscle 

mass area. Values are shown as paired individual mean values (n = 5-6/group). Significance 

was checked using Wilcoxon test. Significant differences between OB-ST and OB-LC/LP 

groups: *p< 0.05. BW, body weight.  
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Figure 4. Histological and Western Blot analyses performed in trapezius muscle from 

obese Yucatan minipigs subjected to the standard diet (OB-ST, n=5) or the low-

calorie/low-protein diet (OB-LC/LP, n=6) for 8 weeks. A-B: Muscle fiber cross-sectional 

area (CSA) histological analyses. C: Frequency distribution of muscle fibers according to 

their surface. D: Representative images of immunostaining (WGA). E: Proportion of type I 

and type II muscle fibers determined by histological analyses (MHCI and MHCII staining). F: 

Representative immunostaining images for type I (dark) and type 2 (blank) fibers. G: 

Representative images of Western Blot analyses. H: Content of total or phosphorylated 

proteins involved in muscle protein turnover and energy metabolism. Data are presented as 

fold change in the OB-LC/LP group compared to the OB-ST group (mean ± SD, n=5-6). Data 

were compared using the Wilcoxon test. *p< 0.05. AU, arbitrary units. 
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