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Abstract: sarcopenia is characterised by an age-related decrease in the number of muscle fibres and 19 
additional weakening of the remaining fibres, resulting in a reduction in muscle mass and function. 20 
Many studies associate poor maternal nutrition during gestation and/or lactation with altered skel- 21 
etal muscle homeostasis in the offspring and the development of sarcopenia. The aim of this study 22 
was to determine whether the musculoskeletal physiology in offspring born to mouse dams fed a 23 
low-protein diet during pregnancy was altered and whether any physiological changes could be 24 
modulated by the nutritional protein content in early postnatal stages. Thy1-YFP female mice were 25 
fed ad libitum on either a normal (20%) or a low-protein (5%) diet. Newborn pups were cross-fos- 26 
tered to different lactating dams (maintained on 20% or 5% diet) to generate 3 groups analysed at 27 
weaning (21 days): Normal-to-Normal (NN), Normal-to-Low (NL) and Low-to-Normal (LN). Fur- 28 
ther offspring were maintained ad libitum on the same diet as during lactation until 12 weeks of age 29 
creating another 3 groups (NNN, NLL, LNN). Mice on a low protein diet postnatally (NL, NLL) 30 
exhibited a significant reduction in body and muscle weight persisting up to 12 weeks, unlike mice 31 
on a low protein diet only prenatally (LN, LNN). Muscle fibre size was reduced in mice from the 32 
NL but not LN group, showing recovery at 12 weeks of age. Muscle force was reduced in NLL mice, 33 
concomitant with changes in the NMJ site and changes in atrophy-related and myosin genes. In 34 
addition, µCT scans of mouse tibiae at 12 weeks of age revealed changes in bone mass and mor- 35 
phology, resulting in a higher bone mass in the NLL group than the control NNN group. Finally, 36 
changes in the expression of miR-133 in the muscle of NLL mice suggest a regulatory role for this 37 
microRNA in muscle development in response to postnatal diet changes. Overall, this data shows 38 
that a low maternal protein diet and early postnatal life low-protein intake in mice can impact skel- 39 
etal muscle physiology and function in early life while postnatal low protein diet favors bone integ- 40 
rity in adulthood. 41 
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1. Introduction 45 
In humans a 30-50% loss of muscle mass occurs between the ages of 50 and 80 years [1-4]. 46 
Muscle mass is dictated by the number and size of muscle fibres and there is some evi- 47 
dence that the total number of muscle fibres in an individual muscle is established in utero 48 
or in early post-natal life but the factors controlling both fibre number and initial muscle 49 
mass are unclear [5].While all individuals lose muscle mass and develop age-related mus- 50 
cle weakness (termed sarcopenia), some individuals are more likely to reach clinically rel- 51 
evant levels, that profoundly impacts on their quality of life resulting in a reduced ability 52 
to carry out everyday tasks and increased susceptibility to falling. Furthermore, sarcope- 53 
nia has been associated with various musculoskeletal disorders and poor prognosis in the 54 
context of various age-related outcomes [6,7] 55 

Low birth weight, due to poor in utero nutrition, has been associated with subsequent 56 
reduced muscle mass and strength as the offspring reach older age which may include a 57 
reduction in muscle fibre number [8]. Muscle strength in older subjects is reduced in in- 58 
dividuals who did not grow well in early life [9], and it has been suggested that maternal, 59 
developmental and nutritional factors are important [10]. Meta analyses have revealed a 60 
positive association between birth weight and muscle strength which is maintained across 61 
the life course. A key component of the maternal/early post-natal diet that is proposed to 62 
influence muscle development, mass and function is the protein content. Animal studies 63 
have demonstrated that pups born to mothers fed a low protein diet are significantly 64 
smaller [11,12] and that this sub-optimal maternal nutrition results in a reduction in mus- 65 
cle fibre size [13-16] and changes in the diameter of neuromuscular junctions (NMJs) [17].  66 

In a similar manner, epidemiological studies in humans have shown that that there 67 
is a correlation between childhood growth and osteoporotic hip fracture risk in later life 68 
[18,19]. Early life nutritional effects on bone tissue have been also studied in animal mod- 69 
els, where modulation of maternal diet during pregnancy and/or lactation impacts on 70 
skeletal homeostasis in the offspring [20,21]. It has been reported that adult offspring from 71 
protein restricted dams had lower bone mass in comparison with dams fed normal protein 72 
diet [22]. Thus, both in utero as well as early post-natal protein restriction appear to be 73 
associated with poor ageing of the musculoskeletal system and a shortened lifespan [8]. 74 
Studies have identified reduced muscle mass and function as well as altered bone devel- 75 
opment and bone cell activity throughout life that may impact the ageing process.  76 

MicroRNAs (miRNAs) are small, single-stranded non-coding RNA molecules (20-22 77 
nucleotides in length), that have the capacity to control gene expression mainly via direct 78 
binding to the 3’-untranslated region (UTR) region of their mRNA transcript [23,24]. Al- 79 
hough, miRNAs are known to control the expression of multiple transcripts in more than 80 
one tissue, expression of miRNAs may often be tissue specific with some miRNAs being 81 
more abundantly expressed in certain tissues [24]. MicroRNA-133 (miR-133) belongs to a 82 
conserved family of miRNAs known as the “myomiRs” and it is specifically and highly 83 
expressed in skeletal and cardiac muscles [25]. Previous studies have shown the involve- 84 
ment of miR-133 in skeletal muscle development [26] as well as neuromuscular interac- 85 
tions in vivo [27]. However, little is known about the role of miR-133 in skeletal muscle 86 
development following early-life malnutrition.  87 

The aim of this study was therefore to determine the effects of reduced protein intake 88 
in utero and postnatally on NMJ, muscle structure and function as well as bone morphol- 89 
ogy during adulthood in mice. We hypothesised that maintaining pregnant dams on a 90 
low-protein diet will result in offspring with smaller muscle fibres and that optimisation 91 
of protein intake postnatally will result in increased muscle mass in the offspring leading 92 
to improved muscle function. The current work focused on 21 days (weaning) and 12 93 
weeks of age (post sexual maturity) in order to identify potential early phenotypic events 94 
underlying the association between pre- and postnatal intake and muscle function and 95 
maintenance. Finally, we investigated whether changes in muscle and NMJ phenotype 96 
related to early life protein restriction are associated with changes in the levels of miRNAs. 97 
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We identified miR-133 as a potential regulator of myogenesis possibly through regulation 98 
of Atrogin-1, MuSK, FoxO3 and Sirt1 genes. 99 

2. Materials and Methods 100 
2.1. Animals and experimental groups 101 

All experimental work involving animals was performed under appropriate project 102 
licenses (PPL 40/3620 and 70/8378) and inspected by the UK Home Office in accordance 103 
with guidelines under the UK Animals (Scientific Procedures) Act 1986. Animal use fol- 104 
lowed the 3Rs guidelines. Mice were kept at the Biomedical Services Unit (BSU) of the 105 
University of Liverpool and monitored daily for any health and welfare issues. Breeding 106 
pairs were originally purchased from The Jackson Laboratory (The Jackson Laboratory; 107 
Thy-1 YFP-16, Stock# 003709). Mice were bred from homozygous breeding pairs and were 108 
fed a standard laboratory diet ad libitum. All mice were maintained under barrier and were 109 
exposed to a 12-h dark, 12-h light cycle. 110 

C57BL/6 Thy1-YFP16 transgenic mice express yellow fluorescent protein (YFP) with 111 
high specificity in the motor and sensory neurons at high levels (with no expression in 112 
non-neuronal cells and no apparent toxic effects). Neuron-specific expression of YFP al- 113 
lows the visualisation of motor neurons and muscle innervation from mid-gestational 114 
stages providing a reliable approach in the assessment of structural alterations in motor 115 
neurons and NMJs without the use of antibody staining [28].  116 

Two weeks before mating, nulliparous female and age-matched male mice were fed 117 
either the low-protein diet (5% Crude Protein W/W ISO’ (P), Code 829202; Special Diet 118 
Services, Essex, UK) or a control diet (20% Crude Protein W/W ISO’ (P), Code 829206, 119 
Special Diet Services, Essex, UK). All newborn pups were cross-fostered within 24 hours 120 
after birth to different lactating dams maintained on either 20% or 5% protein diet. In the 121 
first set of experiments, pups were culled at weaning age (21days) and categorized as: 122 
Normal-to-Normal (NN), Normal-to-Low (NL) and Low-to-Normal (LN), n=6 in each 123 
group (Figure 1A). We also attempted LL (Low-to-Low) group, however the number of 124 
pups born did not reach n=6 and this group was abandoned. Further groups of mice were 125 
weaned at 21 days old onto either the low-protein (5% protein) or the 20% normal protein 126 
diet to produce the 3 following groups: NNN, NLL and LNN (n=5-15 per group), depend- 127 
ing on the available litter, and were maintained on those diets for 12 weeks (Figure 1A). 128 
Following sacrifice by cervical dislocation, body weight and the weight of various 129 
hindlimb muscles were immediately recorded and prepared as described below. Some of 130 
the mice were used for force measurements, whether other for tissue dissection and fibre 131 
size or RNA analyses. 132 

Limitations: Following weaning, mice were fed ad lib. We were not able to measure 133 
the exact food intake for each mouse individually as mice were housed in groups. How- 134 
ever, based on our observations any differences in food intake were subtle. 135 

2.2. EDL force measurement 136 
Extensor digitorum longus (EDL) muscle has a high percentage of fast-twitch muscle 137 

fibres (MyHC type II isoforms) [29], which are preferentially lost during ageing. There- 138 
fore, this muscle is ideal for measurement of the contractile properties of skeletal muscle 139 
in mice. EDL muscle force via nerve stimulation was recorded in 12-week-old mice. Under 140 
terminal anaesthesia (via intraperitoneal (IP) injection 66 mg/kg ketamine hydrochloride, 141 
0.55 mg/kg medatomidine hydrochloride), the distal tendon of the EDL muscle was ex- 142 
posed and secured to the lever arm of a servomotor (Cambridge Technology, UK). The 143 
knee of the hindlimb was fixed and bipolar platinum wire electrodes were placed across 144 
the exposed peroneal nerve. Optimal length (Lo) of the EDL was recorded using serial 145 
increments in muscle length at 1 Hz stimulation and finally set at the length that generated 146 
the maximal force (Lo). The Po of the EDL was determined following electrical stimulation 147 
of the muscle in order to contract at Lo with optimal stimulation voltage (8–10 V) every 2 148 
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min for 300 ms with 0.2 ms pulse width. The frequency of stimulation was increased from 149 
10 to 50 Hz and followed by 50 Hz increments to a maximum of 300 Hz. When the maxi- 150 
mum force of the muscle reached a plateau, despite the increase of the stimulation fre- 151 
quency, the Po was recorded. 152 

2.3. Histological analyses  153 
For analysis of muscle structure, EDL and tibialis anterior (TA) muscles were coated 154 

with OCT (Cell Path, UK) and snap-frozen in liquid nitrogen-cooled isopentane (Fisher 155 
Scientific, UK). Transverse sections of the EDL muscles (12-µm thickness) cut using a Leica 156 
1890 cryotome (Leica Biosystems, UK) were collected on SuperfrostPlus glass slides (Ther- 157 
moScientific, UK) and allowed to dry for 1 hour at room temperature. Muscle sections 158 
were fixed with ice-cold methanol (Sigma-Aldrich, UK) for 10 min followed by two 159 
washes with 0.04% Tween-20 in phosphate buffered saline solution (PBS; Sigma-Aldrich, 160 
UK) for 5 min each. For identification of the extracellular matrix of the muscle fibres, EDL 161 
and TA sections were stained with 1:1000 fluorescein wheat germ agglutinin (WGA; 5 162 
µg/mL; Vector Laboratories Ltd.) for 10 min, followed by two washes with 0.04% Tween- 163 
20 in PBS solution (Sigma-Aldrich, UK) for 5 min each. Hard-set with DAPI (Vector La- 164 
boratories Ltd.) was used as a nuclear stain and mounting medium. Staining was con- 165 
ducted at room temperature at all times. Images were acquired using a C1 Nikon Eclipse 166 
Ti confocal laser scanning microscope (Nikon, Japan) at 20x magnification. All fibres from 167 
3 sections per mouse were analysed. Image analysis was performed using ImageJ (NIH) 168 
software. All analyses were performed in a semi-automated fashion, using the “Tissue 169 
Cell Geometry Stats” macro (Institute for Research in Biomedicine, University of Barce- 170 
lona, Spain; http://adm.irbbarcelona.org/image-j-fiji#TOC-Automated-Multicellular-Tis- 171 
sue-Analysis). Muscle fibre size was determined using the minimum Feret’s diameter. 172 

For NMJ analysis, the EDL muscles were fixed in 10% neutral-buffered formalin (10% 173 
NBF; Sigma-Aldrich, UK) for 1 hour, followed by two rinses with PBS solution. Tissues 174 
were then permeabilised with 1% Triton X-100 in PBS solution for 30 min. For visualisa- 175 
tion of the motor end plate, EDL muscles were stained with α-bungarotoxin Alexa Fluor™ 176 
594 conjugate (B13423; 1:500 dilution; Molecular Probes, Life Technologies Ltd, UK) for 30 177 
min, washed with 0.04% Tween-20 in PBS solution for 20 min and transferred to 0.1% PBS- 178 
NaN₃ solution until imaged. Staining was conducted at room temperature at all times. 179 
Images of NMJs were acquired using a Nikon Eclipse Ni-E intravital confocal microscope 180 
at 60x magnification. NMJs (50-250) from each sample were scored and separated into 181 
three main groups: Normal (N), morphologically altered (MA) and denervated (D) (both 182 
partially and completely vacant endplates were included). Morphologically altered NMJs 183 
were divided into three subcategories: overall synaptic site size, lack of extensive branch- 184 
ing and “non-pretzel” or fragmented morphology of the overall synaptic site.  185 

2.4. Cell culture, transfection, cytotoxicity assay and immunostaining 186 
C2C12 myoblast cells (ATCC, New York, United States) were cultured in Dulbecco’s 187 

modified Eagle’s medium (DMEM) (Sigma-Aldrich, UK) growth medium containing 10% 188 
fetal bovine serum (FBS) (Sigma-Aldrich, UK), 1% Glutamax (Gibco, UK) and 1% penicil- 189 
lin-streptomycin (Sigma-Aldrich, UK) at 37°C. Transfections of C2C12 cells were per- 190 
formed as previously described [30]. Briefly, C2C12 myoblasts were seeded at a density 191 
of 50,000 cells/well in laminin-coated (1mg/mL; Sigma-Aldrich, UK) 6-well plates and 192 
transfected with either 100 nM of miR-133 mimic, 100 nM of miR-133 inhibitor (antagomir, 193 
AM) or 100 nM of scrambled (Scr) negative control (Supplementary Table S1). The differ- 194 
entiation medium, containing 2% horse serum (Sigma-Aldrich, UK) as a replacement of 195 
FBS in the growth medium, was added 6 h after transfection. The transfection protocol 196 
was repeated on day 3 and 5 post-seeding, to enhance efficiency of transfection in myo- 197 
tubes. Immunostaining with MF20 was performed 7–10 days after transfection using 198 
DAPI to visualize cell nuclei, as previously described [30] and images were captured using 199 
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the using the Nikon eclipse Ti-E inverted confocal microscope. For cytotoxicity assay, cells 200 
were first treated with 100nM of miR-133 mimic or antagomir (AM133) or scrambled con- 201 
trol. Six hours after transfections, cells were treated with 10µM H2O2 and incubated for 18 202 
hours. Cytotoxicity assay was performed according to manufacturer’s protocol (Cytotox 203 
96, Promega). Cell proliferation was measured using the CCK-8 proliferation kit (Sigma) 204 
following transfections.  205 

2.5. Sample preparation and RNA extraction 206 
RNA isolation was performed from left-over TA muscle tissue where available, sci- 207 

atic nerve (SN) and C2C12 cells. For muscle tissue, samples were ground in liquid nitro- 208 
gen using a pestle and mortar, while for cell samples, the wells were washed twice with 209 
pre-warmed Dulbecco’s PBS, total RNA was isolated using TRIzol (Invitrogen, UK). RNA 210 
concentration and purity were estimated according to the 260/280 and 260/230 ratio rec- 211 
orded using Nanodrop2000 (ThermoFisher, UK). 212 

2.6. cDNA synthesis and RT-qPCR 213 
First strand cDNA synthesis for miRNA and mRNA was performed using 100-200 214 

ng RNA from TA muscle, the entire SN and cell samples using the T100 Thermocycler 215 
(BioRAD, UK), using previously described methods [31]. Briefly, mRNA cDNA synthesis 216 
was performed using SuperScript™ IV VILO™ Master Mix (Invitrogen, UK) according to 217 
the manufacturer's protocol. For miRNAs, miScript II RT Kit (Qiagen, UK) was used and 218 
cDNA synthesis was performed according to manufacturer’s instructions.  219 

Real-time quantitative PCR (RT-qPCR) was performed using the BioRad CFX Con- 220 
nect™ Real-Time PCR Detection System in 20 µl reaction volume. Primers sequences (sup- 221 
plementary Table S2) were designed to span an exon-exon junction and produce a 50-70 222 
nt amplicon. Gene expression relative to 18S for mRNA and Snord-61 for miRs (supple- 223 
mentary Table S3) was calculated using the ΔΔCt method. The qPCR conditions were: 95 224 
°C for 10 s, 58 °C for 30 s, 72 °C for 30 s for mRNA and 95 °C for 30 s, 55 °C for 30 s and 72 225 
°C for 30 s for miRNAs (40 cycles) using a hot start step of 95 °C for 15 s. Samples in which 226 
a gene expression was not amplified, were not included in the analysis.  227 

2.7. Micro-computed tomography (microCT) 228 
Following skeletal muscle dissection, the hindlimb bones were harvested, fixed in 229 

10% NBF solution for 24 hours, extensively washed with PBS and scanned with microCT 230 
using a Skyscan 1272 scanner (Bruker, Belgium; 0.5 Al filter, 50 kV, 200 mA, voxel size 4.5 231 
µm, 0.3° rotation angle step). Reconstruction of the image datasets was performed using 232 
NRecon and regions of interest were selected using Dataviewer and CTan software. Tra- 233 
becular and cortical parameters were analysed using CTAn in the proximal metaphysis 234 
and midshaft using 400 and 100 slices, respectively [32,33] For trabecular bone analysis, 235 
mineralised cartilage served as a reference point [34]. 236 

2.7. Statistical analysis 237 
All datasets were statistically analysed with GraphPad Prism 6 software and ex- 238 

pressed as the mean ± standard deviation (mean ± SD). Statistical comparisons were per- 239 
formed using one-way ANOVA with Dunnett’s post-hoc analysis, using NN or NNN as 240 
the control group. A P value of less than 0.05 was considered statistically significant. 241 

3. Results 242 
3.1. The effect of dietary pre- or postnatal protein restriction on body and muscle characteristics 243 
of 21-days old mice 244 

Mice born from dams maintained on a normal protein diet but fed postnatally by a 245 
foster dam maintained on a low-protein diet (NL) were visually smaller in body size and 246 
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EDL muscle size, in comparison to mice fed a normal diet postnatally (NN and LN) (Fig- 247 
ures 1B and 1C). As a consequence, mice from the NL group at 21 days of age demon- 248 
strated significant reductions in body weight and absolute muscle weight when compared 249 
with pups from the control (NN) group (Supplemental Figures 1A and 1B, respectively). 250 
Despite these differences, absolute muscle weight adjusted for total body weight was not 251 
significantly different between any of the groups (Supplemental Figure 1C). Microscopic 252 
evaluation of NMJs also showed no differences in muscle innervation (Supplemental Fig- 253 
ure 1D), however, fibre size of the EDL muscle, as assessed by Feret’s diameter, showed a 254 
significant decrease in the NL group (Figure 1D). 255 

 256 
Figure 1. The effects of reduced protein intake in utero or postnatally on 21-day old mice. Represen- 257 
tation of the experimental design (A). NL mice were smaller in body size (B) and had smaller EDL 258 
muscle (C) with significantly reduced muscle fibre size (D). NN was used as the control group for 259 
all statistical comparisons. All data are presented as mean±SD. n=6, ***p<0.001, scale bar: 100µm. 260 

3.2. The effect of protein-deficient diet pre- or -postnatally on muscle weight, total body weight 261 
and EDL forces of 12-week old mice 262 

The body weights of the mice subjected to a protein-deficient diet postnatally (NLL) 263 
showed a significant reduction when compared to the body weight of mice from the con- 264 
trol group (NNN). Prenatal protein restriction (LNN group) did not result in changes in 265 
body weight compared to NNN group (Figure 2A). The absolute weights of EDL and TA 266 
muscles demonstrated no significant differences between mice from the three groups 267 
(Supplemental Figure 2A and 2B), whereas soleus (SOL), gastrocnemius (GTN) and quad- 268 
riceps (QUAD) muscle weights form mice of the NLL group were significantly lower in 269 
comparison to the equivalent muscles from mice of the LNN and control (NNN) groups 270 
(Supplemental Figure 2C-2E). However, absolute weights adjusted to total body weight 271 
were not significantly different between the three groups (Figure 2B; Supplementary Fig- 272 
ure 2F-2I). 273 

Force generation of the EDL muscle of 12-week-old mice was recorded in situ, in or- 274 
der to assess whether potential physiological changes were associated with reduced mus- 275 
cle strength. EDL maximum force was significantly lower only in mice of the NLL group, 276 
compared to these of the control (NNN) group (Figure 2C). Specific muscle force showed 277 
no significant differences between the three groups of mice, however a trend of lower 278 
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specific force in NLL mice was observed (Figure 2D). Histological assessment of the struc- 279 
ture of EDL muscle and analysis of the fibre size revealed no significant differences be- 280 
tween mice of the three groups (Figures 2E and 2F). Analysis of the EDL fibre sizes showed 281 
similar distribution between mice of the three groups and no significant shift in distribu- 282 
tion was recorded (Figure 2G).  283 

 284 
Figure 2. The effects of reduced protein intake in utero or postnatally on the body and muscle weight 285 
as well as EDL muscle forces of 12-week-old mice. NLL mice showed reduced total body weight 286 
(A), but no difference was observed when absolute muscle weights of EDL were adjusted to the 287 
total body weight (B). Maximum force showed a reduction in the NLL group of mice (C) while 288 
analysis of the specific tetanic force revealed no differences (D). Representative images of histolog- 289 
ical examination of the EDL muscle of 12-week old mice are shown (E). EDL fibre size, expressed as 290 
Ferret’s diameter, showed no differences between groups (F). Myofibre size distribution analysis of 291 
EDL muscle, expressed as a percentage of total muscle fibres analysed in EDL muscle of 12-week 292 
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old mice, revealed no changes between groups (G). NNN was used as the control group for all sta- 293 
tistical comparisons, Scale bars = 200µm. *p≤0.05, **p ≤0.01 (mean±SD; n=5-14). 294 

3.3. Assessment of NMJ structural integrity 295 
In order to assess whether reduction in EDL maximum force is attributed to impaired 296 

NMJ integrity and therefore a defective neuromuscular input, the structural integrity of 297 
the NMJ site was evaluated, with similar criteria as preciously described [27]. Image anal- 298 
ysis revealed the presence of morphologically abnormal NMJs in the EDL of mice from 299 
the NLL and LNN groups (Figures 3A). Examples of morphological abnormalities and 300 
denervation (partial or complete) of the AChR synaptic site are shown in Figure 3B. 301 

Individual NMJs where scored into normal (N), morphologically abnormal (MA) and 302 
denervated (D) in mice of all three groups. Analysis of NMJs showed a significantly higher 303 
percentage of morphologically abnormal NMJs in mice of NLL group, compared with 304 
those of NNN (control) and LNN group. The percentage of NMJs showing partial or full 305 
denervation was limited in mice from both NLL and LNN groups (Figure 3C). NMJs with 306 
morphological abnormalities were subsequently scored and subdivided into 3 categories: 307 
site fragmentation, size abnormalities or branching defects. The proportion of NMJs with 308 
abnormal size (small synaptic size), fragmented synaptic site or branching defects (limited 309 
branching) was significantly higher in mice of the NLL group, compared with mice from 310 
the control group (NNN) (Figures 3D-3F). 311 

 312 
Figure 3. Fluorescent images of NMJ sites in EDL muscle of 12-week-old mice. The pre-synaptic 313 
terminal expressing YFP (green) and the post-synaptic end plate stained with α-bungarotoxin (red) 314 
are in full alignment. Representative images of NMJ sites in mice of NLL and LNN groups show 315 
morphological aberrations (arrow), in comparison with the “pretzel” shape seen in the control 316 
group (A). Example images of: B) Normal “pretzel shape” NMJ site (i), partially denervated NMJ 317 
site, where AChR site is vacated (ii), NMJ with no perforation (iii), limited NMJ branching (iv), frag- 318 
mented NMJ site with no “pretzel-like” shape (v) and small size of NMJ site (vi). Classification of 319 
structural changes of the NMJ site in EDL muscle of 12-week-old mice showed a high proportion of 320 
morphological abnormalities (C) such as increased site fragmentation (D), with limited/defective 321 
branching (E) or with small size of the synaptic area (F) only in the NLL group as compared to NNN. 322 
*p≤0.05, **p≤0.01, ***p≤0.001 (mean±SD; n=3 animals in each group, minimum 80 and maximum 250 323 
NMJs were assessed per each muscle. Scale bar: 50 µm, magnification: 60x. 324 

3.4. Gene expression analysis of marker genes for muscle fibre isoforms, muscle atrophy and NMJ 325 
formation 326 
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To determine what molecular mechanisms may underlie reduced muscle and body 327 
size, as well as reduced muscle strength and NMJ abnormalities in mice on a low protein 328 
diet postnatally, expression analysis of genes involved in key mechanisms for muscle 329 
structure and function was performed. A significant increase in MyHC-IIa mRNA expres- 330 
sion was observed in TA skeletal muscle of mice from the NLL group only as compared 331 
to NNN control group (Figure 4B). Expression levels of MyHC-I (Figure 4A) and MyHC- 332 
IIb (Figure 4C) mRNA showed no significant differences between the three groups.  Fur- 333 
thermore, expression analysis of Atrogin-1 gene revealed a significant increase in mRNA 334 
expression in mice of both NLL and LNN groups, compared to the NNN group (Figure 335 
4D). MuSK expression showed a trend towards higher levels in NLL mice, however this 336 
was not significant (Figure 4E). No significant differences were observed in FoxO3 mRNA 337 
levels between mice of all groups (Figure 4F). Together, these data suggest that low pro- 338 
tein diet early in life may result in changes in myosin type levels, indicating potential fibre 339 
type remodeling, as well as activation of muscle atrophy-related pathways.  340 

 341 
Figure 4. Expression analysis of marker genes for MyHC composition, muscle atrophy and NMJ 342 
formation in TA muscle of 12-week-old mice. Mice born from dams fed a normal protein diet and 343 
maintained on the same diet (NNN) were used as controls in comparison with mice born from dams 344 
fed a normal protein diet during gestation, switched to low protein intake during lactation by cross- 345 
fostering and maintained on the low protein diet after weaning (NLL) and mice fed a low protein 346 
diet in utero  and maintained on normal protein post-weaning until adulthood (LNN). Relative 347 
gene expression levels of MyHC-I (A), MyHC-IIa (B), MyHC-IIb (C), Atrogin-1 (D), MuSK (E) and 348 
FoxO3 (F). *p≤0.05 (mean±SD; n=3-7). 349 

3.5. The effects of protein restriction on bone during adulthood 350 
The assessment of trabecular bone parameters in the tibiae of 12 weeks-old adult mice 351 

revealed morphological changes. Bone mass, as reflected by bone volume to tissue volume 352 
percentage (%BV/TV), was found significantly higher in the NLL group as compared to 353 
NNN (23.41% increase) and LNN (25.15% increase) (Figure 5A and 5B respectively). In 354 
agreement with %BV/TV, the trabecular number (Tb.N) was significantly increased and 355 
trabecular separation (Tb.Sp) significantly reduced when NNN and NLL mice were com- 356 
pared (Figure 5D and 5E). However, there was no difference in trabecular thickness 357 
(Tb.Th) and, consequently, in trabecular pattern factor (Tb.Pf) and structural model index 358 
(SMI) parameters (Figure 5C, 5F and 5G), suggesting minor changes in the trabecular net- 359 
work microarchitecture. The respective comparisons between NNN and LNN groups 360 
showed no differences in either of the parameters. On the other hand, cortical thickness 361 
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comparison in the tibial midshaft showed no differences between groups (Figure 5H and 362 
5I) which underlies different effects on bone compartments. 363 

 364 
Figure 5. Micro-computed tomography morphological measurements in tibiae of 12-week-old mice. 365 
Representative images of the NNN, NLL and LNN groups (A) and quantification of bone volume 366 
to tissue volume ratio (%BV/TV) (B), trabecular thickness (Tb.Th) (C), trabecular number (Tb.N) (D), 367 
trabecular separation (Tb.Sp) (E), trabecular pattern factor (Tb.Pf) (F) and structural model index 368 
(G).  For cortical bone (H), the cortical thickness (I) was measured and compared where NNN 369 
served as the control group for all statistical comparisons, *p≤0.05, **p≤0.01, (mean±SD; n=10-14). 370 

3.6. Role of miR-133 in skeletal muscle in vivo and in vitro  371 
Expression analysis of miR-133 revealed significantly lower levels in the TA muscle 372 

of NLL mice compared to NNN ( (Figure 6A), however, the levels in the sciatic nerve (SN) 373 
were very low and showed no differences between the three experimental groups (Figure 374 
6B). This is consistent with miR-133 being enriched in skeletal muscle [27,35]. 375 

In order to determine whether miR-133 could be a key regulator of skeletal muscle 376 
physiology of mice on a low protein diet postnatally, gain- and loss- of function experi- 377 
ments were performed in vitro, using C2C12 muscle cell cultures. Next, the effects of miR- 378 
133 overexpression or inhibition on cell viability were assessed using cytotoxicity assay. 379 
Analyses of cytotoxicity assay on C2C12 myoblast treated with H2O2 following transfec- 380 
tions revealed significantly lower cell death following overexpression of miR-133, com- 381 
pared to the Scr transfected cells (Figure 6C). Interestingly, both overexpression and inhi- 382 
bition of miR-133 had a positive effect on C2C12 myoblast number as the proliferation rate 383 
of C2C12 myoblasts significantly increased compared to the Scr control group as meas- 384 
ured by proliferation assay (Figure 6D). This reflects the opposing literature on the role of 385 
miR-133 in regulating cell proliferation which requires further analysis [25,36,37]. 386 

Fluorescent images of AM-133 – transfected myotubes revealed a larger area occu- 387 
pied by myotubes per field of view, in comparison to the Scr control (Figure 6E). Quanti- 388 
fication of this observation confirmed that AM-133 treated myotubes covered a larger area 389 
compared to NNN. Further to this, C2C12 myotubes transfected AM-133 had a larger di- 390 
ameter compared to those transfected with miR-133 mimic (miR-133), however miR-133 391 
treated myotubes did not show smaller myotube diameter as compared to Scr controls, 392 
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suggesting miR-133 may inhibit hypertrophy without promoting atrophy (Figure 6E and 393 
6F). Notably, the fusion index of C2C12 myotubes transfected with either miR-133 or AM- 394 
133 revealed no significant difference compared to the control group, suggesting that miR- 395 
133 may control myotube growth independently of its role in myogenesis (Figure 6H). 396 

 397 
Figure 6. Expression analysis of miR-133 in TA muscle (A) and sciatic nerve (B). CytoTox96 cytotox- 398 
icity assay (following treatment of cells with H2O2 and miR-133/AM133) (C) and CCK-8 proliferation 399 
assay (D) of C2C12 myoblasts following transfection with Scr, miR-133 or AM-133.  Representative 400 
images of C2C12 myotubes transfected with miR-133 or AM-133 stained for myosin heavy chain 401 
(MyHC) and nuclei (E) (MF20=Green; DAPI=Blue). Myotube diameter (F) area per field of view (G) 402 
and fusion index (H) were used as measures of myotubes. Scale bars = 200um. *p≤0.05, ***p≤0.001 403 
(mean±SD; n=3-7). 404 

3.9. miR-133 regulates expression of myosins and genes associated with hypertrophy pathways. 405 
Given that miR-133 was downregulated in muscle of NLL mice and these mice dis- 406 

played reduced muscle function and size (Figure 1 and 2), the next logical step was to 407 
investigate whether the expression of the genes that were altered in the muscle of NLL 408 
mice was affected by miR-133 in C2C12 cells. Atrogin-1 expression was downregulated in 409 
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C2C12 cells treated with AM-133 but also miR-133 (Figure 7A), suggesting this may be 410 
linked to miR-133 and AM-133 having a similar phenotypic effect on cell number (Figure 411 
6D), however this requires further exploration. Inhibition of miR-133 also led to increased 412 
levels of MuSK, FoxO3 and Sirt1 (Figure 7B-7D), while MuSK also showed elevated, albeit 413 
not significantly, higher levels in muscle of NLL mice (Figure 4E). Muscle of NLL mice 414 
showed significantly higher levels of MyHC IIa expression, and this was mimicked in 415 
C2C12 cells treated with AM133 (Figure 8F). Moreover, AM-133 also led to increased lev- 416 
els of MyHC I expression, but not MyHC IIb (Figure 7E and 7G, respectively), resulting in 417 
altered myosin percentages (Figure 8H). Together, these data suggest that downregula- 418 
tion of miR-133 in muscle of NLL mice may be associated with changes in the expression 419 
of different types of myosins and potentially fibre remodeling. Moreover, miR-133 may 420 
regulate expression of genes related to muscle hypertrophy and neuromuscular interac- 421 
tions.  422 

 423 
Figure 7. Expression (relative to 18S) analysis of marker genes for MyHC composition, atrophy and 424 
NMJ formation in C2C12 cells treated with Scr control, miR-133 mimic or anatgomiR-133 (AM-133). 425 
*p≤0.05 (mean±SD; n=3). 426 

4. Discussion 427 
The aim of this study was to determine the effect of a reduced-protein diet pre- or 428 

postnatally on NMJ structure, muscle mass and function as well as on skeletal tissue in 429 
mice during early development and adulthood. Longitudinal assessment of body and 430 
muscle physiology and function in mice subjected to a protein-deficient diet was per- 431 
formed in order to investigate whether changes seen during gestation or lactation stages 432 
(21-day old mice) persist until early adulthood (12-week old mice). Furthermore, this 433 
study aimed to assess at which developmental stage dietary modifications play a crucial 434 
role in skeletal muscle wasting.  435 

Analysis of body weight from 21-day and 12-week old mice and maximum force gen- 436 
eration in EDL muscle at 12-weeks showed a significant decline only in mice on a low- 437 
protein diet at postnatal stages of development (NL for 21 days, NLL for 12 weeks). The 438 
reduction in body weight in 21-day and 12-week old mice highlights the systemic effect 439 
of dietary interventions and the important role of nutrients during development. Changes 440 
in body weight following restriction of nutrients have been previously reported in both 441 
mice [12] and humans [38]. Several cases of malnutrition due to suboptimal protein intake 442 
have been recorded during infancy in humans even in developed countries, with a wide 443 
range of adverse effects [39]. Human studies have highlighted the link between low body 444 
weight early in life and reduced skeletal muscle function later in life [9]. In mice, early life 445 
protein restriction has been linked to lower body and organ weight along with altered 446 
expression levels of key proteins associated with muscle function and maintenance [12]. 447 
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In this study, the weight of muscles composed of a mix of type I and type II muscle fibres 448 
(SOL, GTN and QUAD with SOL containing the highest % of type I fibres [40]) was sig- 449 
nificantly reduced following postnatal but not prenatal protein restriction (i.e. in NLL 450 
mice), however, this was not the case with the EDL and TA muscle which are composed 451 
predominantly of type II muscle fibres. Muscle weight of mice from the LNN group 452 
showed no difference to control, but EDL muscle length was shorter in both NLL and 453 
LNN mice, compared to the control group (NNN). While specific muscle force showed no 454 
differences between the three groups, there was a significant reduction in maximum force 455 
generation in EDL muscle from NLL mice. These data indicate that changes in neuromus- 456 
cular interactions, rather than muscle weight itself, could be associated with lower maxi- 457 
mum force generation at that age. Absence of significant differences in mice in the LNN 458 
group suggests that pre-natal protein restriction does not have a direct impact on skeletal 459 
muscle weight and force generation during adulthood.  460 

Histological analysis of the EDL muscle was necessary in order to assess any poten- 461 
tial structural effect of maternal protein restriction in skeletal muscles of the offspring. At 462 
21 days, EDL fibre size was significantly smaller in NLL mice only, compared to the NNN 463 
mice. However, this difference in myofibre size is lost in the EDL muscle at 12 weeks. 464 
Distribution analyses of the fibre size in EDL muscle showed no significant shift in the 465 
fibre size distribution. The lack of a significant reduction in the weight of the EDL muscles 466 
may be due to bulk gained via other sources such as fat infiltration which was not inves- 467 
tigated in this study.   468 

Previous studies have demonstrated a strong link between muscle force and muscle 469 
physiology in terms of muscle fibre size. Weaker muscles have been previously associated 470 
with reduced number and muscle fibre size, one of the main characteristics of sarcopenia 471 
[41]. Recent studies have demonstrated a reduction in muscle strength during early ageing 472 
but in the absence of muscle atrophy, suggesting that reduction in the muscle force may 473 
be a predecessor of physiological changes seen in the muscle at later stages [42]. Although 474 
loss of muscle function without changes in muscle physiology has not been frequently 475 
reported, other factors may be equally responsible for a reduction in muscle strength. Ex- 476 
amples of such factors include changes in MyHC isoforms, affecting the contractile prop- 477 
erties of the muscle [43], innervation and signal transmission at the synaptic site of the 478 
muscle [44], changes in the levels of ROS [45], mitochondrial content [46] and changes in 479 
key molecular mechanisms regulating muscle mass and function [47].   480 

In order to elucidate the mechanisms causing a reduction in maximum muscle force 481 
generation in 12-week-old mice on a protein-deficient diet postnatally, the NMJ structure 482 
was assessed. Firstly, NMJs were categorised into normal, morphologically abnormal or 483 
denervated (partial or complete) in order to examine whether changes in structure and 484 
morphology would be as severe as those seen in diseases [48-50] or during ageing [28]. 485 
Scoring of NMJs showed a significantly higher percentage of morphologically altered 486 
NMJs in mice of the NLL group compared to the NNN group; although perfect overlap 487 
between the pre-and post-synaptic site was evident in the majority of NMJs. Furthermore, 488 
partial denervation was noted in a small portion of NMJs in both NLL and LNN mice 489 
groups but their proportion was less than 5% of total NMJs scored and presented no sig- 490 
nificant differences compared to the control group (NNN). This small proportion of par- 491 
tially denervated NMJs was not surprising, considering that evidence of complete dener- 492 
vation in the muscle is not common in young/adult mice without a severe underlying 493 
condition such as muscular dystrophy, where more striking physiological effects are also 494 
noted [48]. It is not clear whether partial denervation can result in decreased muscle force 495 
with data suggesting either [28,51].  496 

Since significant differences in the NMJs with morphological abnormalities were rec- 497 
orded in the NLL group, subsequent scoring of those NMJs was performed. Three subcat- 498 
egories of morphological abnormalities were generated based on fragmentation of the 499 
overall synaptic site, limited or defective branching and small synaptic area. Similar crite- 500 
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ria for NMJ scoring have been used in previous studies [52]. Data collected showed a sig- 501 
nificant increase in the proportion of the NMJs in all three subcategories in mice from the 502 
NLL group, compared to the control (NNN) mice. Unlike the NMJ phenotype observed 503 
in mice from the NLL group, no such changes in NMJ structure where observed in 12- 504 
week old mice from the LNN group, which in in line with the normal force generation of 505 
the EDL muscle of these mice. Thus, early life protein restriction does not seem to contrib- 506 
ute to aberrations of NMJ morphology during adulthood. 507 

NMJ scoring indicate alterations in the morphology of the NMJ site but very limited 508 
evidence of partial denervation. Defects in the NMJs have been previously reported to 509 
impact skeletal muscle function, however these are usually quite striking and often in- 510 
clude partial or fully vacated AChR clusters [53]. These aberrations have been recorded in 511 
mice models with severe muscle defects [48] and during ageing [28]. It is possible that 512 
alterations in the morphology of the NMJs seen in this study may instead be the results of 513 
delayed development. Small NMJ size and limited branching in the synaptic site similar 514 
to that observed in mice from the NLL group has been recorded in several studies exam- 515 
ining the developmental stages and maturation of NMJs in mice [54,55]. Assuming that 516 
mice from the NLL group exhibit delayed development, this would be in line with the 517 
small proportion of partially denervated NMJs and any site fragmentation seen which 518 
could be due to NMJ remodelling rather than a deficit. Indeed, NMJ remodelling in mice 519 
during postnatal stages includes branch elimination, presence of unoccupied AChR clus- 520 
ters along with other structural changes [56,57]. Recent studies performing functional tests 521 
in muscle fibres occupied by an abnormal NMJ (e.g. fragmented) showed that such ab- 522 
normalities per se do not affect the contractile properties of the skeletal muscle fibre [58]. 523 
However, there are studies showing a close association between NMJ morphology and 524 
muscle function in mice following injury [59]. Here, we advocate that the NMJ structural 525 
alterations observed in this study may be the result of underlying dysregulation in molec- 526 
ular mechanisms due to maternal protein restriction. This would result in a phenotype 527 
agreeing with delayed development in mice from the NLL group.  528 

We evaluated the morphological effects of maternal protein diet on the skeletal tissue 529 
in 12 weeks old mice as it corresponds to their peak bone mass. The evidence from a num- 530 
ber of studies using animal models suggests that maternal undernutrition affects skeletal 531 
tissue homeostasis in the offspring during early life and in adulthood. In a study similar 532 
in design to this work, rats were maintained on 8% (low) or 16% (normal) maternal protein 533 
diet. Offspring at 8 weeks of age had significantly fewer colony-forming units fibroblastic 534 
(CFU-Fs) and alkaline phosphatase (ALP)-positive CFU-Fs while ALP activity was re- 535 
duced in the low-protein group. However, by 12 weeks no significant difference was ob- 536 
served in the number of CFU-Fs but, importantly, ALP activity was significantly higher 537 
in the low-protein group [60]. Similarly, we found that trabecular bone mass in tibia was 538 
significantly elevated in the NLL group as compared to the control NNN. This suggests 539 
that the initial delay in bone development is then followed by a period of ‘catch-up’ 540 
growth [61]. Other studies using microCT reported that this effect is persistent in adult- 541 
hood resulting in changes in structural and mechanical properties of the offspring’s skel- 542 
etal system with variation at different anatomical sites of the skeleton [62]. Further studies 543 
using older mice will unravel these effects in bone ageing.  544 

To examine the hypothesis that protein restriction could result in altered molecular 545 
mechanisms in the muscle during development, expression of genes and miRNAs associ- 546 
ated with muscle development and homeostasis were examined. miR-133 was downreg- 547 
ulated in muscle of NLL mice compared to NNN mice (Figure 7). Expression analysis in 548 
TA muscle showed a significant upregulation of the MyHC IIa mRNA levels in mice of 549 
the NLL group only and miR-133 inhibition in C2C12 cells led to higher levels of MyHC 550 
IIa, however, expression levels of MyHC I and -IIb showed no significant differences be- 551 
tween the three groups. Increased intragroup variability in gene expression levels along 552 
with a low n number for each group were important restrictions for accurate estimation 553 
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of the gene expression levels of these gene transcripts and therefore a definitive conclusion 554 
could not be drawn. 555 

Several studies have shown that during development the composition of a skeletal 556 
muscle changes, with some MyHC isoforms being replaced. Specifically, the EDL muscle 557 
is predominantly composed by MyHC-IIb fibres at the age of 21 days, when MyHC-IIa is 558 
still present. By 90 days of age, the EDL muscle is devoid of the type IIa isoform and is 559 
composed almost exclusively of type IIb fibres and in smaller proportion type IId/x [63]. 560 
Very similar fibre type composition has also been observed in TA muscle, with MyHC-IIb 561 
being more abundant in adult mice [64]. Changes in muscle fibre composition, in terms of 562 
MyHC isoforms, could impact the contractile properties of skeletal muscles. Knockout 563 
mice for MyHC-IIb or -IId/x show distinct differences in muscle force generation [65]. 564 
Other studies have shown that adult mice lacking of MyHC-IId expression demonstrated 565 
increase expression of MyHC-IIa isoform, potentially acting as a compensatory mecha- 566 
nism [66]. Although MyHC-IIa and -IId/x fibres generate less force than -IIb fibres, upreg- 567 
ulation of MyHC-IIa expression in mice from the NLL group might be a compensatory 568 
mechanism or an indicator of a developmental defect in their TA muscles. However, it is 569 
possible that this level of overexpression may not be sufficient to recover the muscle force 570 
in these mice. In order to examine whether this is indeed the case and whether these data 571 
are consistent in both EDL and TA muscles, immunofluorescent staining in transverse 572 
sections of those muscles would be necessary. Quantification of myofibres of different 573 
MyHC isoforms would provide an indication of potential shifts between different 574 
isoforms or the presence of hybrid myofibres in these muscles.   575 

In addition to the expression patterns of MyHC isoform genes, differences in the ex- 576 
pression levels of genes involved in muscle atrophy and synapse formation were also in- 577 
vestigated. Atrogin-1 is a muscle-specific gene and it is highly expressed during skeletal 578 
muscle atrophy [67], although lower expression levels have also been reported in aged 579 
mice with sarcopenia [68]. Relative gene expression of Atrogin-1 in TA muscle showed a 580 
significant increase in the expression levels in mice from both the NLL and LNN group. 581 
Atrogin-1 levels were also altered in C2C12 cells following miR-133 level manipulation. 582 
Upregulation of this gene in mice of the NLL and LNN groups may be an early indicator 583 
muscle fibre atrophy at later stages of adulthood. Given the main phenotype observed is 584 
changes in NMJ and muscle force, these data may indicate very early changes within the 585 
muscle associated with NMJ degeneration which are currently not well understood. In 586 
terms of synaptic formation, expression levels of MuSK showed subtle changes in NLL 587 
mice, however these changes need further validation. During postnatal development in 588 
mice, MuSK activation plays a fundamental role in NMJ maintenance and maturation in 589 
vivo [69,70]. Considering the structural changes seen in NMJ morphology in this study, it 590 
is likely that any changes in MuSK gene expression may not be evident yet. In order to 591 
assess the molecular changes underlying the morphological alterations seen in NMJs, it 592 
would be important to examine the expression levels of additional genes, including 593 
AChR-α, AChR-ε and AChR-γ subunit genes. Upregulation in gene expression of the 594 
AChR-γ gene may indicate possible damage at the NMJ site, including denervation [52]. 595 
AChR-γ subunit is gradually substituted by AChR-ε subunit during NMJ maturation at 596 
early stages of development [71]. Therefore, analysis of the expression level of the two 597 
AChR isoforms would be a useful tool to access whether delayed development or NMJ 598 
denervation/remodelling occurs in mice of the NLL group. 599 

To assess whether the changes observed in vivo were attributed to downstream mo- 600 
lecular mechanisms involved in skeletal muscle homeostasis, a key miRNA(miR-133) was 601 
investigated, using C2C12 muscle cells. Gain- and loss-of function experiments using miR- 602 
133 mimic and miR-133 inhibitor (AM-133), revealed a significant increase in C2C12 my- 603 
otube diameter and total myotube area following inhibition of miR-133 (AM-133), though 604 
the opposite was not observed during overexpression of miR-133. Despite the increase in 605 
myotube area, no differences were observed in the fusion index in AM-133 transfected 606 
cells. These observations suggest overexpression of miR-133 does not cause atrophy but 607 
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instead may inhibit hypertrophy. In contrast, inhibition of miR-133 may regulate myotube 608 
hypertrophy, rather than myogenesis through extra fusion of cell and hypertrophy of my- 609 
otubes may be independent of cell fusion. This proposed mechanism is consistent with 610 
miR-133 regulation of FoxO3 and Sirt1 expression in C2C12 cells and is further supported 611 
by a study from McCarthy et al. (2011) [35] showing that satellite cells are not required for 612 
muscle fibre hypertrophy in mice. Previous studies have also shown that miR-133 expres- 613 
sion is downregulated in skeletal muscle showing hypertrophy [72]. Inhibition of miR-133 614 
in vitro caused no differences in cell death rate of C2C12 myoblasts and we speculate that 615 
inhibition of miR-133 could have triggered the endogenous cell overexpression of other 616 
miR-133 family members, providing protection of C2C12 myoblasts against cell death. 617 
This also supports the increase in the cell number observed in AM-133-treated C2C12 my- 618 
oblasts, which could be the result of activation of different cellular mechanisms by other 619 
members of the miR-133 family. In vivo studies show that deletion of miR-133 does not 620 
cause changes in the skeletal muscle of mice until after 4 weeks of age, and this absence 621 
of phenotype could be attributed to the tissue specific expression of miR-133b [73]. Con- 622 
trary to this, the rate of C2C12 cell death was significantly reduced after overexpression 623 
of miR-133, which is in line with the increased proliferation rate. Positive regulation of 624 
myoblast proliferation by miR-133 has been previously recorded in vitro [25]. Despite the 625 
data collected from in vitro and in vivo experiments in this study, it remains unclear 626 
whether miR-133 expression levels in skeletal muscle of mice is a direct consequence of 627 
the protein-deficient diet. Reduction in miR-133 levels may be the result of deregulation 628 
of molecular mechanisms directly affected by the protein-deficient diet, which could dif- 629 
fer depending on the developmental stage in which this diet was introduced. As such, the 630 
mechanisms affecting miR133 expression or the mechanisms affected by the downregula- 631 
tion of miR-133 expression could differ between the NLL and LNN groups of mice. Tran- 632 
scriptomic analysis and identification of predicted target genes as direct targets of miR- 633 
133 would provide a clearer view into the exact molecular mechanisms affected by 634 
changes in the expression levels of miR-133 in mice following a protein-deficient diet pre- 635 
or postnatally.  636 

5. Conclusions 637 
In conclusion, dietary protein restriction appears to have a more detrimental effect 638 

during postnatal stages of development and changes persist until early adulthood. Such 639 
changes include a reduction of EDL muscle force which is evident only in mice on a pro- 640 
tein-deficient diet postnatally and might be the combined result of defective NMJs and 641 
changes in the molecular machinery controlling skeletal muscle phenotype. On the con- 642 
trary, prenatal protein restriction followed by normal protein intake during postnatal 643 
stages of development may result in molecular alterations, without any substantial phe- 644 
notypical changes been evident. Early life changes within skeletal muscle and neuromus- 645 
cular interactions may be partially regulated via miR-133 through its regulation of genes 646 
associated with fibre types and hypertrophy. In addition, postnatal protein deprivation 647 
seems to have a positive effect on bone accrual in adulthood, however the possible mech- 648 
anisms, such as nutrition-induced microRNAs changes or other epigenetic modifications, 649 
as well as the long-term impact needs further investigation. 650 
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effects of reduced protein intake in utero or postnatally on the different skeletal muscles’ weight of 655 
12-week-old mice, Figure S3: Expression analysis of miRs associated with muscle development or 656 
homeostasis in TA muscle, Figure S4: MiR tracking in C2C12 cells, Table S1: Sequences for miR-133 657 
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