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ABSTRACT

Background & Aims. Severe malnutrition exposes patients to adverse outcomes and a higher
mortality risk. The Yucatan minipig, closer to human physiology than murine models could be
a pertinent and innovative experimental model for studying the physiopathology and
consequences of severe malnutrition. The present study aimed to determine whether a low
calorie/low protein diet (LC/LP) can reproduce marasmus malnutrition in minipigs, and to
characterize body composition, gut microbiota, malnutrition-related blood parameters, and
histological and molecular skeletal muscle patterns.

Methods. Eleven Yucatan minipigs were subjected to two different diets: a standard control
diet (ST) (n=5) and a LC/LP diet (n=6). LC/LP animals daily received 50% of an isocaloric
low-protein diet (10.37 MJ/kg, 8.6% protein). Body composition was measured by computed
tomography (CT-scan) before (T0) and after 8 weeks of diet (T8). Trapezius and biceps femoris
muscles were sampled at the end of protocol to perform histological and molecular analyses.
Gut microbiota composition were was also analyzed at TO and T8 in fecal samples.

Results. Eight weeks of LC/LP diet significantly reduced body weight (-12.3+9.5%, P=0.03)
and gut microbiota richness (i.e. number of observed species) (-10.4+8.3%, P=0.014) compared
to baseline. After 8 weeks, LC/LP animals exhibited a significant reduction of retroperitoneal
fat and skeletal muscle surface areas (P=0.03 and P=0.047, respectively), whereas these
parameters remained unchanged in ST animals. These reductions were associated with lower
muscle fiber cross-sectional area (CSA) in trapezius (P<0.001) and biceps femoris (P=0.003)
in LC/LP animals compared to ST. LC/LP diet promoted an increase of AMP Kkinase
phosphorylation in trapezius and biceps femoris (P=0.05), but did not affect cytochrome ¢ and
COX IV protein content, markers of mitochondrial content. Gene and proteins involved in
ubiquitin-proteasome system and apoptosis remained unchanged after 8 weeks of LC/LP diet

both in trapezius and biceps femoris.



Conclusion. All these findings support that this experimental minipig model of severe
malnutrition is valid to mimic pathophysiological changes occurring in human protein-energy
marasmus malnutrition and muscle atrophy associated with malnutrition, as observed in

patients with secondary sarcopenia .

KEYWORDS: undernutrition, muscle atrophy, energy metabolism, sarcopenia, protein

synthesis

NO-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; Bax: Bcl-2—associated X protein; Bcl-2: B-cell lymphoma 2; CRP: c-
reactive protein; CT-scan: computed tomography; COXIV: cytochrome c oxidase subunit 1V;
FSR: fractional synthesis rate; GLUT4: glucose transporter type 4; IP3K: inositol 1,4,5-
trisphosphate 3-kinase; MAFbx: muscle atrophy F-box; mTORC1: mammalian target of

rapamycin 1; MuRF1: muscle ring finger-1; p70S6K: Ribosomal protein S6 kinase beta-1



INTRODUCTION

The medical costs due to diseases associated with malnutrition are evaluated at more than 31
billion dollars in Europe and 9.5 billion dollars in the United States of America [1,2]. Among
the different forms of malnutrition, the protein-energy malnutrition is observed in several
clinical situations including anorexia nervosa, cancers, cirrhosis, inflammatory bowel disease,
chronic renal failure, but also in some forms of obesity [3,4]. Malnourished patients frequently
exhibit sarcopenia, defined as a loss of muscle mass and strength and physical performance,
exposing them to adverse outcomes and a higher mortality risk [5,6].

The cellular mechanisms involved in the loss of muscle mass have been extensively explored
in sarcopenia related to aging, cancer or immobilization [7-9]. The loss of muscle mass results
from an imbalance of myofibrillar protein turnover due to an exacerbation of proteolysis and/or
a reduction of protein synthesis in muscle fibers. On one hand, proteolysis can be exacerbated
by an activation of calpains, cathepsins, caspases, ubiquitin-proteasome and autophagy-
lysosome systems, which act synergistically to stimulate protein breakdown [7,10]. On the other
hand, an alteration in the activity of the PI3BK/Akt/mTORC1 signaling pathway is identified as
playing a key role in the reduction of protein fractional synthesis rate (FSR) in atrophied skeletal
muscle [11-13]. Muscle apoptosis is also likely to play an important role in the reduction of
protein synthesis in atrophied skeletal muscles, even if a debate still exists about the muscle cell
population where it occurs (i.e. myofibers, satellite cell, endothelial cells) [14,15]. In
malnourished patients, these cellular mechanisms could be activated affected both by a protein-
energy deficit (e.g. anorexia nervosa) or/and to the hypermetabolism related to diseases (e.g.
liver cirrhosis, cancer, inflammatory bowel disease, critical illness). Interestingly, gut
microbiota dysbiosis is reported in anorexia nervosa patients with marasmus malnutrition [16],
but also in mice and patients exposed to low-protein diet [17,18]. Such dysbiosis has been

recently proposed as playing a potential role in sarcopenia development [19].



During the last decade, several experimental models have been developed, essentially in
rodents, to better understand the cellular mechanisms involved in sarcopenia related to
malnutrition. Some of these rodent models reproduce the hypermetabolism related to chronic
diseases [20,21], others induce a drastic protein-energy restriction to mimic marasmus or
kwashiorkor [22,23]. Though, the rodent models present several limitations related to their
phylogenetic distance and significant differences compared to humans in terms of eating
behavior, circadian rhythm and general anatomy. These discrepancies can make the
transposition and analogy to humans difficult when studying the pathophysiological
mechanisms of malnutrition. The minipig has recently emerged as an alternative and innovative
experimental model to explore physiological mechanisms related to malnutrition, including
amino acids metabolism or eating behavior [24,25]. Except for the non-human primates, the pig

presents the advantage to be the experimental model the closest from human physiology among

all the animal models used in nutrition research [26]. Firaly—minipigs—are-smalerthan-the

Therefore, the purpose of the present study was to develop with the minipig a preclinical animal

model of malnutrition close to human marasmus, as especially observed in anorexia nervosa.
To validate this experimental model, we determined in Yucatan minipigs the effects of a low-
calorie/low-protein (LC/LP) diet on body composition, gut microbiota, malnutrition-related

blood parameters, and histological and molecular skeletal muscle patterns.

MATERIALS AND METHODS

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 diet. Eleven 30-month-old Yucatan minipigs were randomly distributed into two
experimental groups: A standard diet group (ST, n=5, 4 females and 1 male) and a low-
calorie/low-protein diet (LC/LP, n=6, 5 females and 1 male). The two different diets were
isocaloric: a standard diet (10.33 MJ/Kg, 15% protein) and a low-protein diet (10.37 MJ/Kkg,
8.6% protein). The composition of the two types of food is detailed in Table 1. The ST diet was
similar to that given to all animals in the months and years preceding this experimentation. ST
ration was calculated on the basis of the metabolic weight (MW=LW?®", where LW is the live
weight in kg) of the animals, energy requirements and the energy composition of the food. The
normal energetic ration for a normal-weight adult Yucatan minipig is 0.3017 MJ/kg MW.
LC/LP diet consisted in half of this daily ration, i.e. 0.1508 MJ/kg. The food ration for each
animal was calculated and corrected on individual weight every two weeks. All animals were
housed in individual pens (120 cm x 85 cm) with standard conditions for temperature (22-
23°C), light/dark cycle (12h/12h) and a free access to tap water. The animals were weighed at
the beginning, and then every two weeks until the end of the experiment. After 8 weeks of diet,
minipigs were sacrificed with electronarcosis followed by immediate exsanguination in the
morning in fasting condition. Skeletal muscles (i.e. Biceps Femoris, Trapezius) were sampled
immediately after euthanasia, weighed and frozen in liquid nitrogen or fixed in 4%
paraformaldehyde (PFA). Blood was centrifuged (1500 g for 10 min) for plasma collection.
Stool samples were collected before (T0O) and at the end of the protocol (T8).

Computed tomography-scan (CT-scan) body composition measurement. CT-scan were
performed under general anesthesia at the beginning of the experiment (TO) and after 8 weeks

of diet (T8) as previously described [27]. Briefly, cross-sectional scans were acquired at the



thoracic vertebra T13 to determine adipose tissue and muscle .e. Longissimus dorsi, Psoas
major and large muscle) areas. Despite intra-abdominal fat could be separated into two
compartments [27], visceral fat (i.e. inside the peritoneum) and retroperitoneal fat, in our study,
only the retroperitoneal fat was considered because of major feces artefacts and the thinness of
some pigs, which complicated the assessment of visceral fat and represented a potential bias for
the analyses. Muscle and fat areas were measured using ImageJ software (National Institutes of
Health, Rockville, MD, USA). As in humans, a muscle density range for CT-scan was
considered between -29 and +150 Hounsfield units (HU) and a fat density range was considered
between -190 and -30 HU.

Plasma analyses. C-Reactive Protein (CRP) levels were determined using ELISA kit
purchased from Immunology Consultant Laboratory (Portland, USA). Alanine
aminotransferase (ALT), aspartate aminotransferase (AST), urea, creatinine, glucose, and
albumin were measured using a Konelab automated system and specific detections kits for each
parameter purchased from Thermo Fisher Scientific (Illkirch, France).

DNA extraction from feces and sequencing. Total cellular DNA was extracted from animal
fecal material using the ZR Fecal DNA MiniPrepTM kit (ZymoResearch, USA). DNA
concentration was then determined at 260 nm using a nanospectrophotometer (Denovix,
Wilmington, USA). The V3-V4 region of the 16S rRNA gene was then amplified by using the
primers F343 (5’-CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG-3’)
and R784 (5’-GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT-
3’) modified to add adaptors during the second PCR amplification [28]. Sequencing was
performed using the MiSeq technology (Illumina) at the Genopole Toulouse Midi-Pyrenees

(GeT) genomics facility (https://get.genotoul.fr/).

Metagenomics analysis. The 16s ribosomal RNA raw sequences were analyzed using the

bioinformatic pipeline FROGS (Find Rapidly OTU with Galaxy Solution)[29]. Briefly, this


https://get.genotoul.fr/

pipeline includes a preprocessing step where reads are merged with FLASH [30], dereplicated,
and filtered according to their length, mismatches in primers with cutadapt [31] and N content.
This step is followed by Swarm clustering [32] with an agglomeration distance of d=3. Chimera
detection is then performed using Vsearch [33] before applying an OTU abundance filter
(OTUs < 0.005% of the total abundance are discarded) [34]. The most abundant sequences of
each OTUs were then affiliated with BLASTn against the Silva v132 database [35]. Estimates
of bacterial OTU diversity were estimated using the Shannon and Simpson indexes, in addition
to observed richness and Chaol indexes. B-diversity analyses were performed on Bray-Curtis
distances matrix of DNA samples and were then visualized using principal coordinate analysis
and the ggplot2 R package.

Histological analyses. Biceps femoris and trapezius muscle samples were fixed in formalin,
embedded in paraffin and then cut into serial 10-um-thick slices using a LEICA microtome.
These slices were then stained with hematoxylin-eosin. In trapezius muscle samples only,
complementary slices were also stained with monoclonal antibodies targeting type 2 fast and
type 1 slow myosin isoforms as previously described [36]. Image acquisitions were performed
at x10 magnification using a microscope (Nikon Eclipse 80i) and analyzed using ImageJ
software [37]. Six muscle fields per animal were analyzed, and all muscle fibers in each group
were pooled for statistical analysis (500-900 fibers/group).

RNA extraction and quantitative real time PCR. Total RNA from trapezius and biceps
femoris were extracted using Qiagen RNeasy Plus Universal Mini Kit according to the
manufacturer’s protocol. RNA amounts were determined by Denovix spectrophotometer, and
RNA quality was controlled using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA). Reverse transcription reaction (RT) was carried out on 1 pg of total RNA (IScript
reverse transcription, 170-8840). Then, real-time PCR experiments were performed on RT

products in a final volume of 12.5 pl containing: 2.5 pl of cDNA (diluted at 1/40), 0.75 pl of



primers (5 uM) and 6.25 ul of SYBR® Green Supermix (1725271, Biorad) and 3 ul of ultrapure
water. Experiments were monitored in CFX Real-Time machine (Biorad). The expression of
target genes was normalized to reference genes and the relative expression was calculated using
the AACt method. Primer sequences are listed in Supplemental Table 1. The reference genes
were TATAbox Binding Proteinl (Tbpl), ribosomal protein L4 (Rpl4) and hypoxanthine
phosphoribosyltransferasel (Hprtl).

Cytosolic protein extraction. Skeletal muscles were grounded in liquid nitrogen and the
obtained powder was used to perform extraction. Cytosolic protein extraction was performed
from trapezius and biceps femoris in cold lysis buffer containing 10.0 mM Tris-HCI, pH 7.4,
0.5 M sucrose, 50.0 mM NaCl,5.0 mM EDTA, 30.0 mM Na4P207, 1% NPosP-40, 0.25%
sodium deoxycholate, 50.0 mM NaF, 100.0M sodium orthovanadate, and protease inhibitor
cocktail (51/ml, P8340; Sigma, St. Louis, MO). The samples were homogenized using a
Polytron homogenizer at 4°C. Each sample was then incubated on ice for 30 min followed by
10 s of sonication. The homogenates were then transferred to microcentrifugation tubes and
centrifuged at 12,0009 for 12 min at 4°C. The protein concentration of the supernatant was
determined by a Lowry assay using bovine serum albumin as a standard.

Western blotting. Samples were diluted in SDS-PAGE sample buffer (50 mM Tris-HCI, pH
6.8, 2% SDS, 10% glycerol, 5%-mercaptoethanol, and 0.1% bromophenol blue) and heated
5 min at 95°C until analyses. Samples containing 50 pg of proteins were resolved on 10% or
12.5% SDS-PAGE. The proteins were transferred at 240 mA for 90 min onto a 0.2-um
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 (Supplemental Table 2).
Thereafter, 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,

10



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 corrected for loading based
on the HSC70 expression.

Statistical analyses. All data are presented as the mean + standard deviation (SD). Mann-
Whitney tests were performed to explore the effects of LC/LP diet compared to standard diet
on histological and biological parameters. Wilcoxon signed-rank tests were performed to
explore the same effects on body weight, CT-scan data and gut microbiota indexes. To assess
B-diversity of gut microbiota, distance matrices between samples were generated on the basis
of Bray-Curtis dissimilarity and reported in Multi-dimensional Scaling (MDS). For all
statistical analyses, the significance level was set at 0.05. Statistical trends were considered for
0.05<P-value<0.10. Data were analyzed using the statistical package GraphPad Prism version

8.00 for Windows (GraphPad Software, La Jolla, California).

RESULTS

Effects of LC/LP diet on body weight and body composition. Body weight and body
composition variations before and after 8 weeks of standard or LC/LP diet are shown in
Figure 1. While the ST diet had no effect on body weight (Fig. 1A), we reported a significant
weight loss after 8 weeks of LC/LP diet (-12.3+9.5%, p=0.03, Fig. 1A). We observed a
significant decrease in T13 muscle area determined by CT-scan after 8 weeks of LC/LP diet
(from 11866+1657 mm?2 to 11142+1057 mm?, P=0.046, Fig. 1B), whereas this parameter
remained unchanged in the ST group (Fig. 1B). Similarly, a significant reduction in

retroperitoneal fat area occurred after 8 weeks of LC/LP diet (from 10626+4380 mm?2 to
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8073+3808 mmz, P=0.015, Fig. 1C), while this parameter remained unaffected in the ST group
(Fig. 1C).

Effects of LC/LP diet on muscle fiber size. Muscle fiber cross-sectional area (CSA)
histological analyses have been performed both in biceps femoris and trapezius muscles. These
results are shown in Figure 2. Muscle fiber CSA were significantly lower in the LC/LP group
compared to the ST group both in the trapezius (-34%, P<0.001, Fig. 2A-C) and in the biceps
femoris muscles (-15%, P<0.001, Fig. 2D-F). Type 1 slow fiber CSA were significantly lower
in the LC/LP group compared to the ST group in the trapezius (-28.9%, P<0.001, Fig. 2G and
2H). Similarly, type 2 fast fiber CSA were significantly lower in the LC/LP group compared to
the ST group in the trapezius (-38.4%, P<0.001, Fig. 2G and 2I).

Effects of LC/LP diet on plasma biochemical parameters. Plasma biochemical parameters
measured in blood samples obtained after 8 weeks of diet are presented in Table 2. Urea plasma
level significantly decreased in the LC/LP compared to the ST group (from 371+88 to 23640
mg/l, P=0.008), while the plasma creatinine level significantly increased from 15.5+0.9 to
17.9+1.4 mg/l, P=0.017). Plasma albumin and glucose levels did not differ between LC/LP and
ST groups. AST levels were significantly lower in the LC/LP group compared to the ST group
(from 79.3£19.7 to 41.0+£11.9 mg/l, P=0.016), whereas LC/LP diet decreased plasma ALT
levels (from 55.2+13.0 to 39.0+7.3 mg/l, P=0.05). Plasma CRP levels remained unchanged in
LC/LP compared to ST groups.

Effects of LC/LP diet on gut microbiota composition. Data related to the impact of the ST
and LC/LP diets on gut microbiota composition are shown in Figure 3. While the ST diet had
no effect on gut microbiota richness (i.e. number of observed species and Chaol) and a-
diversity indexes (i.e. Shannon and Simpson) (Fig. 3A), we reported a significant reduction of
the number of observed species after 8 weeks of LC/LP diet (-10.4+8.3%, p=0.014, Fig. 3B).

Similarly, the Chaol index tended to decrease after 8 weeks of LC/LP diet (-9.6%+9.9%,
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p=0.07, Fig. 3B). PERMANOVA tests show that 8 weeks of LC/LP diet slightly influenced the
B-diversity based on Bray—Curtis dissimilarity index (r2=0.23, p=0.005, Fig. 3E), whereas no
significant difference was reported after 8 weeks of ST diet (Fig. 3D). The abundance of the
main phyla of gut microbiota remained unaffected after 8 weeks of standard or LC/LP diet (Fig
3C). A significant correlation was observed between the variations of the number of observed
species and the body weight between TO and T8 (r=0.68, p=0.02, Fig. 3F).

Effects of LC/LP diet on signaling pathways involved in energy metabolism and muscle
atrophy. LC/LP diet significantly increased the phosphorylation of AMP kinase (AMPK) both
in trapezius and biceps femoris (p=0.051, Fig. 4B and D). COXIV and cytochrome c protein
levels remained unchanged after 8 weeks of LC/LP diet both in trapezius and biceps femoris
(Fig. 4B and D). After 8 weeks of diet, protein ubiquitination, as well as MuRF1 and MAFbx
MRNA and protein levels, did not differ between ST and LC/LP groups in trapezius and biceps
femoris (Fig. 4B and D, Fig. 5A-B). Whereas phosphorylation of 4EBP1 and P70S6K protein
content remained unaffected after 8 weeks of LC/LP diet, we observed a significant increase of
Akt phosphorylation levels both in trapezius and biceps femoris (P=0.05 and P=0.0087,
respectively, Fig. 4B and D). Protein expression of Bax and Bcl-2 apoptotic factors did not
differ between ST and LC/LP groups whatever the skeletal muscle explored (Fig. 4B and D).
The mRNA levels of myostatin tended to decrease in trapezius muscle (Fig. 5A), whereas no

significant changes were reported in biceps femoris (Fig. 5B).

DISCUSSION

The objective of the present study was to develop an experimental and innovative preclinical
model of protein-energy malnutrition (i.e. marasmus) in the Yucatan minipig, to characterize
the histological and molecular skeletal muscle patterns of these animals, and to approach the

underlying mechanisms. We observed that the LC/LP diet decreased body weight, abdominal
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fat mass and muscle mass determined by CT-scan and gut microbiota richness, supporting the
validity of our model to mimic the clinical picture of a protein-energy malnutrition. The
concomitant reduction of muscle fiber CSA reported in both biceps femoris and trapezius,
combined with CT-scan data, also support that this malnutrition experimental model could
promote-sarcepenia muscle atrophy. All together, these data highlight that our LC/LP diet in
minipigs is a valid experimental model to explore human marasmus malnutrition.

The recent Global Leadership Initiative on Malnutrition (GLIM) consensus report defined that
a severe malnutrition occurs when a patient exhibits a body weight loss higher than 10% in the
past 6 months [38]. In the present study, we observed a weight loss higher than 10% in minipigs
after 8 weeks of LC/LP diet, which supports a severe malnutrition state. The longitudinal
exploration of body composition by CT-scan also showed reductions in both abdominal fat and
muscle surfaces in LC/LP animals, which—cenfirms—this—state—of-severe—malnutrition is in
accordance with the data reported in human marasmus (i.e. anorexia nervosa patients) [39,40].
In parallel, we measured the muscle fiber CSA in biceps femoris and trapezius, two skeletal
muscles with distinct contractile phenotypes. The trapezius possesses indeed a majority of slow
twitch fibers, whereas biceps femoris expresses a majority of fast twitch fibers [41]. Here, we
report that LC/LP animals exhibited smaller muscle fiber CSA in both biceps femoris and
trapezius, which is in agreement with our CT-scan data and with histological data obtained in
marasmic patients [40,42]. In trapezius muscle, we specifically observed that both type 1 and
type 2 CSA significantly decreased in LC/LP animals compared to ST animals, and that the
decrease tended to be greater for type 2 fibers. These results are in agreement with data collected
in anorexia nervosa patients supporting higher atrophy in fast than slow fibers [40,42-44].
Altogether, these results support the validity of our experimental model to mimic structural

muscle adaptations occurring in protein-energy malnutrition reported in human marasmus.
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We measured in the plasma of our minipigs the blood biomarkers commonly used for
diagnosing malnutrition at hospital in humans. We first observed that LC/LP animals displayed
low plasma urea levels, similarly to previous studies performed in rodent or pigs exposed to
low-protein diet [17,45]. Protein restriction is indeed well known to affect urea-cycle enzymes,
and our results are in accordance with low levels of plasma urea reported in children or adult

patients suffering from kwashiorkor [46,47] or protein-energy malnutrition [48,49]. but-alse

of muscle mass is generally associated with decrease in plasma creatinine levels in

malnourished children and adults [50], bedridden patients [51] or sarcopenic older adults [52].
We observed increased plasma creatinine levels in samples from animals exposed to 8 weeks
of LC/LP diet. Such an increase could be explained by a renal dysfunction concomitant to
muscle mass loss. Indeed, renal dysfunction is generally reported in different forms of protein-
energy malnutrition [53,54]. We also observed that plasma albumin levels remained unchanged
in LC/LP minipigs, similarly to previous studies in malnourished animals with a low-protein
diet [17,55,56], and in accordance with the usually observed normal plasma albumin levels in
humans with marasmus malnutrition [38]. All these data associated with the lack of change in
plasma CRP levels support the assumption that our experimental model is a severe malnutrition
model close to marasmus, with no systemic inflammation.

During the last decade, few studies have investigated the impact of severe malnutrition on gut
microbiota composition and function [16,18,57,58]. By performing fecal transplantation from
malnourished Malawian children in germ-free mice, a marked weight loss and impaired growth
compared to control germ-free mice that received microbiota from healthy children were
reported [18,57], thus supporting a potential link between gut microbiota composition and
malnutrition genesis. Several studies also showed that anorexia nervosa patients exhibit a

marked decrease in gut microbiota richness (i.e. observed species and Chaol index), whereas
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the Shannon index, an a-diversity index, remained unchanged compared to healthy controls
[16,59]. In the present study, we similarly reported a reduction of gut microbiota richness in
LC/LP animals, whereas the a-diversity indexes remained unchanged. Interestingly, we also
observed that this reduction of gut microbiota richness was well correlated with body weight
loss. All together, these results reinforce the validity of our minipig model of human marasmus
malnutrition. Further studies are needed to better understand the pathophysiological role of gut
microbiota in malnutrition and sarcopenia.
Underlying—mechanisms—of-sarcopenia—underLC/LP-diet. Impact of LC/LP diet on
signaling pathways involved in muscle atrophy. Few scientific data are currently available
concerning the cellular mechanisms involved in sarcopenia related to protein-energy
malnutrition. Deficit in cellular energy is associated with an activation of the energy sensor
AMPK. In the present study, we first observed an activation of AMPK both in biceps femoris
and trapezius. These results demonstrate that skeletal muscle is sensitive to the protein-energy
deficit induced by our experimental model, which is coherent with a recent study reporting also
an activation of this energy sensor in malnourished rats [23]. In physiological situations like
physical exercise, the transient energy deficit and concomitant activation of AMPK promotes
muscle adaptations to stimulate mitochondrial activity and oxidative metabolism [60]. Under
protein-energy malnutrition and chronic energy deficit in skeletal muscle, we observed that both
cytochrome ¢ and COX IV protein contents, markers of mitochondrial density, remained
unchanged in biceps femoris and trapezius. The fact that the energy deficit was chronic, and
not feHowed-by associated to substantial nutrient intake by skeletal muscles, probably
contributes to explain this inability of skeletal muscles to promote mitochondrial biogenesis
under severe malnutrition.

The muscle atrophy we observed in minipigs after 8 weeks of LC/CP diet can be explained both

by reduced protein synthesis and/or increased proteolysis. Protein synthesis is mainly regulated
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by the Akt/mTORC1 signaling pathway that promotes translation initiation and ribosomal
protein synthesis through the activation of 4EBP1 and p70S6K, respectively [61]. In the present
study, we did not report any changes in activation of 4EBP1 and p70S6K both in biceps femoris
and trapezius. However, protein FSR is known to be reduced in skeletal muscle of malnourished
animals [62,63]. The fact that we explored 4EBP1 and p70S6K activation in the starved state,
and not challenged by insulin, could in part explain the lack of changes reported in the present
study. Also, we cannot exclude that exploring these signaling pathways after 8 weeks of energy-
protein restriction might be too late to observe significant changes in protein synthesis in
skeletal muscles. Akt activation is known to stimulate mTORCL to activate protein synthesis in
response to insulin [61]. Here, we observed an activation of Akt in biceps femoris and trapezius
in malnourished minipigs. The trends for downregulation of muscle mMRNA myostatin levels
we report in muscle of malnourished minipigs may play a role in Akt activation since this
transforming growth factor is recognized to negatively regulate the activity of Akt [64]. Even
if previous studies observed a similar activation of Akt in energy-restricted rodents [22,65], this
result should have impacted mTORCL signaling pathways, and especially 4EBP1 and p70S6K.
The activation of Akt in skeletal muscle from malnourished minipigs suggest that muscle
insulin sensitivity may be improved to allow a better muscle glucose uptake via the action of
Akt on GLUT4 translocation [65]. The lack of impact of Akt on protein synthesis could be
explained by the concomitant activation of AMPK, recognized as an inhibitor of muscle protein
synthesis through the down-regulation of mMTOR signaling, and this downstream of the action
of Akt [66]. Several mechanisms also contribute to proteolysis in atrophied skeletal muscle,
including the activation of calpains, caspases, ubiquitin-proteasome and autophagy-lysosome
systems [7]. In the present study in malnourished minipigs, we did not observe changes of
ubiquitinated proteins, nor of the ubiquitinase ligase MuRF1. As previously reported in rodent

and humans in response to short- and long-term disuse atrophy [67—69], we cannot exclude that
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proteolysis was mainly activated during the first days and weeks of energy-protein restriction,
and that exploring these signaling pathways after 8 weeks was too late to observe this
phenomenon.

Conclusion. In summary, our results support that our experimental minipig model of severe
malnutrition is valid to mimic changes in body weight, body composition, gut microbiota,
histological and molecular skeletal muscle patterns occurring in human protein-energy
malnutrition. The blood biomarkers we measured suggest that our model is close to marasmus
and severe malnutrition observed in anorexia nervosa. Our model should be useful to better
understanding the pathophysiological mechanisms of muscle atrophy associated with
malnutrition, as observed in patients with secondary sarcopenia, and to test new therapeutics

against human marasmus malnutrition.
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Table 1. Composition and nutritional values of the two isocaloric diets given to the

Yucatan minipigs for 8 weeks: the standard diet (ST) or the low-calorie/low-protein

(LCILP) diet.

Standard diet LC/LP diet

Soft wheat (%) 10 30.77
Barley (%) 33 10
Soft wheat bran (%) 25 25
Soybean hulls (%) 12 12
Dry beet pulp (%) / 5
Soybean meal 48 (%) 6 /
Unshelled sunflower meal (%) 10 /

Molasses (%) 1 1

Corn starch / 8.14
Sugar / /
Cellulose / 5
Sodium chlorure 0.6 0.6
Calcium carbonate 1.3 11
Dicalcium phosphate 0.6 0.89

Mineral vitaminic complement 0.5 0.5
Total 100 100
EM (MJ/kg) 10.33 10.37
EM (kcal/kg) 2470 2479
MAD/EN 15 8.63

EM, metabolisable energy; EN: net energy; MAD: digestible nitrogenous matter.
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Table 2. Biological plasma analyses in Yucatan minipigs subjected to a standard diet (ST)

or low-calorie/low-protein (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; CRP, C-reactive

protein.
VARIABLES ST group LC/LP group P-value
Urea (mg/dl) 33.86+8.82 23.52+4.07 0.008
Creatinine (mg/dl) 1.55+0.09 1.81+0.15 0.017
Glucose (g/l) 0.65+0.15 0.74+0.08 0.34
Albumin (g/l) 46.39+3.2 44.7245.7 0.77
AST (1U/) 79.34+£19.7 41.04+11.9 0.02
ALT (1U/l) 55.2+13 38.97t7.4 0.05
CRP (ug/ml) 38.2+26.8 32.8424.6 0.79
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FIGURE LEGENDS

Figure 1. Body weight and body composition assessed by computed tomography (CT-
scan) in minipigs subjected to a standard diet (ST) or low-calorie/low-protein (LC/LP) for
8 weeks. -BA: Evolution of body weight. i+-STand-=C/-P-animals BE-F: Evolution of muscle
T13 area. ir-SFand-LCHP-antmals C: Evolution of visceral fat mass area. GD: Representative
picture of CT-scan slices with in red, either the threshold for muscle (from -29 to +150 HU) or
fat (from -190 to -30 HU). The yellow delineations include Longissimus dorsi, Psoas major
and large muscle, as well as abdominal muscles on the left panel, and the retroperitoneal fat
tissue on the right panel. Values are shown as paired individual mean values (n=5-6/group).
Significance was checked using Wilcoxon test. Significant differences between TO and T8:

*P<0.05.

Figure 2. Muscle fiber size in minipigs subjected to a standard diet (ST) or low-
calorie/low-protein (LC/LP) for 8 weeks. A-C: Muscle fiber cross-sectional area (CSA)
histological analyses and frequency distribution of muscle CSA in the trapezius after 8 weeks
of standard (n=5) or LC/LP (n=6) diets. D-F: Muscle fiber cross-sectional area (CSA)
histological analyses in the biceps femoris after 8 weeks of standard (n=5) or LC/LP diet (n=6).
G: Representative immunohistochemistry images for type 1 slow (dark) and type 2 fast (blank)
fibers from trapezius. H-I: cross-sectional area (CSA) of type 1 slow and type 2 fast fibers in
the trapezius after 8 weeks of standard (n=5) or LC/LP diet (n=6).

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

Significant differences between ST and LC/LP groups: *** P<0.001.
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Figure 3. Gut microbiota composition of minipigs subjected to a standard diet (ST) or
low-calorie/low-protein (LC/LP) for 8 weeks. A-B: Richness and a-diversity indexes before
and after 8 weeks of ST (A) or LC/LP (B) diets. C: Abundance of the main phyla before and
after 8 weeks of ST or LC/LP diets. D: Principal component analysis (PCA) diagram using
Bray—Curtis distances on the normalized abundance of OTUs before and after 8 weeks of ST
(D) or LC/LP diets (E). F: Relationship between the variations of number of observed species
and body weight before and after 8 weeks of ST or LC/LP diets. Significant differences before

and after 8 weeks of LC/LP diet: * P<0.05, Wilcoxon test.

Figure 4. Energy metabolism and atrophy signalling pathways in skeletal muscle of
minipigs subjected to a standard diet (ST) or low-calorie/low-protein (LC/LP) for 8 weeks.
Representative images of Western Blot performed in trapezius (A) and biceps femoris (C). Total
content or phosphorylation of signalling proteins involved in energy metabolism and atrophy
in trapezius (B) and biceps femoris (D). Data are presented as fold change in LC/LP compared
to ST group (mean £ SD, n=5-6). Significance was checked using Mann-Whitney test.

Significant differences between ST and LC/LP groups: * P<0.05; ** P<0.01.

Figure 5. Expression of genes coding for myostatin, MuRF1 and MAFbx in the trapezius
(A) and biceps femoris (B) muscles in minipigs subjected to a standard diet (ST) or low-
calorie/low-protein (LC/LP) for 8 weeks. Data are presented as fold change in LC/LP
compared to ST group (mean = SD, n=5-6). Significance was checked using Mann-Whitney

test.
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