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26 Abstract

27

28 Intrauterine growth restriction (IUGR) is a serious condition which impairs the 

29 achievement of the fetus full growth potential and occurs in a natural and severe 

30 manner in pigs. Knowledge on skeletal muscle morphofunctional phenotype and its 

31 molecular regulation in IUGR pigs is important to understand postnatal muscle 

32 development and may help the establishment of therapies to improve skeletal muscle 

33 growth in those individuals. To investigate the impairment of skeletal muscle 

34 postnatal development due to IUGR, we evaluated the histomorphometrical pattern 

35 of the semitendinosus muscle, the Myosin Heavy Chain (embryonic, I, IIa, IIb and IIx 

36 MyHC) fiber composition and the relative expression of genes related to myogenesis, 

37 adipogenesis and growth during three specific periods: postnatal myogenesis 

38 (newborn to 100 days of age), postnatal development (newborn to 150 days of age), 

39 and hypertrophy (100 days to 150 days of age), comparing IUGR and normal birth 

40 weight (NW) pigs. Growth restriction in utero affected muscle fiber diameter, total 

41 fiber number and muscle cross sectional area which were smaller in IUGR pigs at 

42 birth (P < 0.05). Even though the percentage of MyHC-I myofibers was higher in 

43 IUGR females at birth (P < 0.05), in older gilts, a lower percentage of MyHC-IIx 

44 isoform (P < 0.05) and the presence of emb-MyHC were also observed in that 

45 experimental group. Regarding the pattern of gene expression in the postnatal 

46 myogenesis period, growth restriction in utero led to a down regulation of myogenic 

47 factors, which delayed the expression of signals that induces skeletal muscle 

48 myogenesis (PAX7, MYOD, MYOG, MYF5 and DES). Taken together, the muscle 

49 morphofunctional aspects described and their ontogenetic regulation define the 
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50 possible molecular origins of the notorious damage to the postnatal musculature 

51 development in IUGR pigs. 

52

53 Key words:  birth weight, IUGR, MyHC, myogenesis, skeletal muscle.

54

55 Introduction

56 Intrauterine growth restriction (IUGR) is defined as the impaired development 

57 of the mammalian fetus, or its organs, preventing it from reaching its full growth 

58 potential. This condition is characterized by low birth weight and is considered the 

59 second cause of infant mortality in the world [1]. It is also associated to the 

60 predisposition to certain chronic diseases (e.g. hypertension, obesity and diabetes) in 

61 adulthood. The main cause of IUGR is an insufficiency of the placenta in distributing 

62 enough nutrients and oxygen to the offspring [2].

63 IUGR is a significant problem not only in human neonatology but also in swine 

64 production. Breeding selection for increased litter size in this species has resulted in 

65 increased number of small piglets at birth, in particular those affected by IUGR [3] [4] 

66 [5]. In this species, growth restriction in utero is mainly caused by uterine crowding, 

67 resulting in asymmetrical IUGR [6] [7]. Moreover, this condition may increase the risk 

68 of neonatal morbidity or affect the piglets’ postnatal growth performance [8] [9]. 

69 Recently, it was shown that proteins related to energy supply, metabolism and 

70 structure, function and proliferation of the skeletal muscle cells were differentially 

71 expressed in IUGR-affected piglets [10]. For these reasons, IUGR is related to 

72 economic problems for meat production, such as reduced feed conversion efficiency, 

73 decreased percentage of meat [11] and increased percentage of body fat in the 

74 carcass [12]. Additionally, the pig provides an excellent animal model to translational 
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75 medicine implications of IUGR, as it shows similarities with humans regarding 

76 anatomy, metabolism, and rapid postnatal growth rate [7] [13] [14].

77 There is evidence that postnatal characteristics determined by IUGR are 

78 programmed during intrauterine development [15]. Compared to brain and heart, 

79 skeletal muscle and adipose tissue have a lower priority for nutrients repartitioning, 

80 which makes these tissues especially vulnerable to nutritional deficiency in utero [16]. 

81 Thus, IUGR individuals exhibit compromised postnatal growth [17] [18] which may be 

82 due to skeletal muscle damage [19] and delayed skeletal muscle maturity [20].

83 At the molecular level, skeletal muscle development during postnatal life is 

84 dependent on prenatal myogenesis [21]. In the vertebrata clade, molecular factors 

85 involved in myogenesis participate hierarchically in both intrauterine and postnatal 

86 muscle development [22] [23]. During the prenatal period, cells recruited to the 

87 myogenic lineage are the embryonic muscle progenitors, while in the postnatal 

88 period, these progenitor cells are quiescent, located at the periphery of the muscle 

89 fiber, and referred to as satellite cells [21] [24]. These later cells are of great 

90 importance for skeletal muscle myogenesis in the postnatal period. Under the same 

91 genetic hierarchy that determines embryonic myogenesis, satellite cells are recruited 

92 to the myogenic lineage by the PAX7 gene, giving rise to myoblasts. On the other 

93 hand, some myoblasts can eventually return to the quiescent state (satellite cells) or 

94 the expression of MYF5 and MYOD commit cells to the myogenic program. Finally, 

95 the expression of MYOG (Myogenin), a terminal differentiation gene, will characterize 

96 the muscle differentiation state: formation of myotubes/myofibers [21] [24].

97 In this context, knowing that IUGR imposes a limitation on skeletal muscle 

98 postnatal development, it is imperative to characterize the morphological 

99 modifications and molecular mechanisms that govern it. This knowledge may reveal 
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100 the biological targets for future therapeutic interventions to improve postnatal 

101 myogenesis in IUGR individuals.

102

103 Materials and Methods

104 Animals and experimental design

105 Sixty newborn female pigs DB-DanBred genotype (crossbred between 

106 Landrace and Large White breeds) from 30 litters, born to 4th - 6th parity sows, in 

107 litters of 10 to 15 total born piglets were selected immediately after birth (before they 

108 had suckled colostrum) and were divided into two birth weight categories: normal 

109 weight (NW: birth weight range from 1.4 to 1.7 kg; n=30) and intrauterine growth 

110 restricted (IUGR: birth weight range from 0.7 to 1.0 kg; n=30) littermates. The criteria 

111 used at selection were based on the concept of intrauterine crowding as performed in 

112 a previous study [17]. Birth weight ranges for each experimental group were 

113 determined as mean +1 standard deviation (SD) to mean +2 SD for the NW group 

114 and mean – 2 SD to mean – 1 SD for the IUGR group, based on the average (mean) 

115 and the SD of birth weights previously obtained from 1,000 newborn piglets of the 

116 same genetic line [25]. Runts, defined as piglets weighing less than 700 g, were 

117 excluded. Furthermore, in order to overcome possible litter birth weight effects on 

118 fetal development [26], the piglets selected belonged to litters whose mean birth 

119 weight ranged from 1.25 kg to 1.65 kg based on the average litter birth weight 

120 registered at the farm in the previous year. 

121 At the end of selection, three experimental groups were obtained: one sub-set 

122 of 10 pairs of female littermates from each experimental group which was euthanized 

123 at birth (newborn - NB), one sub-set of 10 female littermates euthanized at 100 days 
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124 of age (juvenile) and one sub-set of 10 pairs of female littermates from each 

125 experimental group euthanized at 150 days of age (adult). In the sub-set necropsied 

126 at birth, some organs (e.g. heart, pancreas, liver, spleen, small intestine, large 

127 intestine, kidneys, semitendinosus muscle and brain) were weighed and the 

128 occurrence of IUGR was confirmed by comparing the brain to liver weight ratio, 

129 according to Alvarenga and colleagues [17]. The other sub-sets were reared in group 

130 pens, grouped by birth weight class, until the finishing period (~150 days of age). 

131 Feed and water were provided ad libitum throughout the nursery and growing-

132 finishing phases. Pigs were fed standard nursery and growing-finishing diets 

133 expected to meet requirements for lean growth performance. Piglets were weaned at 

134 23.1 days old on average; the nursery period lasted six weeks, and the growing-

135 finishing phase lasted 12 weeks. Individual body weight of the females was recorded 

136 at weaning, and at the end of the nursery and growing-finishing periods, without 

137 restriction of feed and water. The experimental protocol was approved by the Ethical 

138 Committee in Animal Experimentation of the Federal University of Rio Grande do Sul 

139 (protocol #23732).

140

141 Tissue preparation

142 Following euthanasia, samples of the semitendinosus muscle were taken from 

143 the muscle origin, which is the muscle extreme close to the ischiatic tuber, and were 

144 subjected to different processing steps, according to the histomorphometrical, 

145 immunofluorescence, and gene expression analysis. For histomorphometrical 

146 evaluations, samples of 1-2 mm thickness were fixed through immersion in 5% (w/v) 

147 glutaraldehyde (Biological Grade, EMS, #16500) in 0.05M phosphate buffer pH 7.3 

148 for 24 hours, dehydrated in increasing concentrations of ethanol, embedded in glycol 
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149 methacrylate plastic resin (Historesin, Leica, Heidelberg, Germany), sectioned at 3 

150 µm thickness and stained with toluidine blue-sodium borate [27]. To perform 

151 immunofluorescence quantification of muscle fiber types, samples were fixed in 4% 

152 paraformaldehyde (w/v) in 0.05M phosphate buffer pH 7.3 for 24 hours and 

153 embedded in Paraplast (Sigma Aldrich, São Paulo, Brazil). Sections of 5 µm 

154 thickness were placed on silanized slides. For gene expression studies, fresh muscle 

155 samples were preserved in RNA holder (Bio Agency, São Paulo, Brazil) for 24 hours 

156 overnight at 4°C and subsequently stored at -20°C. 

157

158 Histomorphometrical analyses

159 Muscle cross sectional area and fiber number

160 Before embedding, muscle samples from newborn piglets were placed on an 

161 acetate sheet and their transversal circumference drawn. These drawings were 

162 scanned and the total cross sectional area of each muscle sample calculated through 

163 an analysis program (Image J, 1.49v – free version, National Institutes of Health, 

164 Bethesda, MD, USA). Additionally, 10 randomly selected histological fields were used 

165 per animal to calculate the number of fibers per area (mm2 - fiber density). These 

166 values were obtained using the same analysis program at a final magnification of 80x 

167 (newborn) and 40x (100-d and 150-d old animals). Finally, the muscle fiber density 

168 and the total cross sectional area values of the semitendinosus muscle in the 

169 newborn animals were used to calculate the total muscle fiber number per sample. 

170 As the whole semitendinosus muscle in both 100-d and 150-d old is large and very 

171 heavy, it was unfeasible to manipulate them at the slaughter house. Therefore, the 

172 information on muscle area, and consequently total muscle fiber number, is missing 

173 in those experimental groups.
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174 Muscle fiber diameter

175 The diameter of the muscle fibers cross section [28] was determined using 

176 digital images randomly selected in the NB, 100-d and 150-d old pigs. Approximately 

177 250 muscle fibers, chosen at random, from five animals of each experimental group, 

178 were measured resulting in a total of 1,250 fibers in the NW and IUGR groups. The 

179 diameter was measured using the analysis software Image J Software (1.49v – free 

180 version, National Institutes of Health, Bethesda, MD, USA). 

181

182 Volumetric density of muscular components

183 The volumetric density (%) of the muscular components, including muscle 

184 fibers, interstice, adipocytes and blood vessels for the three ages studied was 

185 obtained by point counting. Ten randomly selected sections per animal in each 

186 experimental group were examined under a light microscope (Olympus BX-51), with 

187 a 10x eyepiece fitted with a square lattice containing 284 intersections. Ten fields 

188 (total of 2,840 points) were randomly selected per animal at 400X magnification. The 

189 number of intersections on pertinent structures over the entire tissue section was 

190 counted by predetermined and systematic movement of sections across the grid 

191 without overlap. 

192 Volume density of each muscular component was obtained by dividing the 

193 sum of points falling on each structure by the total number of points over the tissues. 

194 The results were expressed as a percentage of the muscle volume obtained by 

195 multiplying the volume density of each muscular component by 100.

196

197

198
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199 Immunofluorescence 

200 To identify and quantify muscle fiber types (Myosin Heavy Chain - MyHC) type 

201 I and the isomeric forms type II (IIa, IIb and IIx) in the semitendinosus muscle, 

202 immunofluorescence was performed. Moreover, to evaluate the maturation of muscle 

203 fibers, the presence of the embryonic isoform (emb-MyHC) was also evaluated in 

204 NB, 100-d and 150-d old animals from both experimental groups. Myosin Heavy 

205 Chain is a sarcomeric protein, part of a complex which is essential for muscle 

206 development (embryonic isoform) and for slow (type-I) or fast (type-II) muscle 

207 contraction. 

208 Briefly, sections were dewaxed, rehydrated and microwaved for 3 X 5 minutes 

209 in 0.1M sodium citrate buffer (pH 6.0) for epitope antigen retrieval, cooled down to 

210 room temperature and rinsed with phosphate buffered saline pH 7.4 (PBS). Blocking 

211 of reactive aldehyde groups was carried out with 100% (v/v) methanol for 30 minutes. 

212 Sections were maintained in Tween 20 solution (0.1% v/v in PBS) and blocked with 

213 1% (w/v) of BSA in Dulbecco’s PBS for 30 minutes at 4ºC. All samples were 

214 subjected to overnight incubation (12 to 15h at 4ºC) with five different primary 

215 antibodies (Table 1). Negative controls were maintained without primary antibodies 

216 in PBS at 4ºC. All sections were then incubated (90 min at 4ºC) with their respective 

217 secondary antibody (Table 1). Finally, nuclei were stained using DAPI, and slides 

218 were mounted with glycerol 50% (v/v in Dulbecco’s PBS). For evaluation of slow and 

219 fast contraction muscle fibers, samples of rabbit semitendinosus muscle were used 

220 as positive and negative controls, according to the manufacturer, and for muscle 

221 fibers maturation, newborn pig tissues were used as positive and negative controls.

222
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223 Table 1. Description of primary and secondary antibodies used in the 

224 immunofluorescence analysis to identify immature (embryonic), slow (I) and 

225 fast (IIa, IIb and IIx) Myosin Heavy Chain (MyHC) protein isoforms in the pig 

226 semitendinosus muscle. IgG and IgM isotype primary antibodies were 

227 recognized by IgG and IgM isotype secondary antibodies, respectively.

Primary antibodies
Anti MyHC Host Isotype Clonality Dilution (in PBS) ID Product Company
Embryonic Mouse MIgG1 Monoclonal 1:200 BF-45 DSHB

I Mouse IgG1 Monoclonal 1:100 NCL-MHCs Leica
IIa Mouse MIgG1 Monoclonal 1:100 SC-71 DSHB
IIb Mouse MIgM Monoclonal 1:100 BF-F3 DSHB
IIx Mouse MIgG1 Monoclonal 1:100 BF-35 DSHB

Secondary antibodies
Host anti reactivity Isotype Clonality Wavelength (nm) Dilution ID Product Company
Rabbit anti mouse IgG Polyclonal 555 1:200 A-21422 Thermo Fisher
Goat anti mouse IgM Polyclonal 633 1:200 A-21046 Thermo Fisher
228

229 The quantification of MyHC muscle fibers was obtained through the Zen 

230 software (Blue edition 2.3 – free version, Carl Zeiss Microscopy GmbH, 2011). The 

231 proportion of MyHC muscle fiber types was calculated by the ratio between the 

232 number of MyHC (-I, -IIa, -IIb) positive and the total number of muscle fibers (positive 

233 plus negative), in at least three fields of the semitendinosus muscle cross sections 

234 per animal. Since MyHC IIx fibers are not recognized by the antibody, the 

235 identification of these myofiber types was made considering only the negative cells, 

236 and further proportion was calculated as previously described. In the same fields, the 

237 evaluation of the MyHC fiber types’ diameter (Feret’s diameter - Dubach-Powell, 

238 2011) was performed through the Image J software. Hybrid fibers were ignored.

239

240 Relative expression of myogenic, adipogenic and growth-related 

241 genes by RT-qPCR
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242 To understand the molecular mechanisms of postnatal skeletal muscle 

243 development, the relative expression of some myogenic, adipogenic and growth-

244 related genes was quantified by RT-qPCR. The protein interaction network of those 

245 genes was established, using STRING database (version 10.5 – http://string-dg.org/) 

246 [29] with minimum required interaction score defined as higher confidence (0.700) 

247 (Fig 1). 

248

249 Fig 1. Predicted protein interaction network of the respective myogenic, 

250 adipogenic and growth-related genes involved in postnatal skeletal muscle 

251 development of higher mammalian. Nodes represent the proteins originated from 

252 their respective genes. When connected by edges, these proteins have known 

253 interactions. When isolated, these proteins have no physical or functional 

254 interactions.

255

256 Total RNA was isolated using Trizol® Reagent (Life Technologies) following 

257 manufacturer’s instructions and its quality was evaluated using the Agilent RNA 

258 Screen Tape System and Agilent RGK Screen Tape System (Agilent Technologies, 

259 Mississauga, Ontario, CA) protocols. From each sample, 1 µg of total RNA was 

260 converted in cDNA, following the High Capacity cDNA Reverse Transcription Kit 

261 (Applied Biosystems – Life Technologies, Burlington, Ontario), from both oligo d(T) 

262 and random primers. Primers were designed based on pig mRNA sequences 

263 available at the Ensembl database (Table 2).
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264 Table 2. Myogenic, adipogenic and growth-related genes selected for evaluation by RTq-PCR, with their symbols, 

265 ensembl access code, forward and reverse sequence and reference.

266

Genes Symbol Ensembl access code Forward Reverse Reference

Myogenic
Myogenic differentiation 1 MYOD1 ENSSSCG00000013375 CCGACGGCATGATGGATTATAG CGACACCGCAGCATTCTT [30] [31]
Myogenin MYOG ENSSSCG00000034654 GGCTACGAGCGGACTGA GACACGGACTTCCTCTTACAC [30] [31]
Myogenic factor 5 MYF5 ENSSSCG00000000937 CGTCTAGTTCCAGGCTCATCTA GCCTCCTTCCTCCTGTGTAATA [30] [31]
Myostatin MSTN ENSSSCG00000016047 TGAGACTCATCAAACCCATGAA CATCAATGCTCTGCCAAATACC [32]
Creatine kinase M-type CKM ENSSSCG00000036132 GGAGAAAGGAGGCAACAT TAGACGGGCAGGTGAGC [33]
Desmin DES ENSSSCG00000020785 GAGAACAATTTGGCTGCCTTC GGATCTCCTCTTCGTGTACTTTC [34]
Paired box 7 PAX7 ENSSSCG00000034627 TGAGGAGTACAAGAGGGAGAA GGACAGTGCTGCGATCA [35]
Paired box 3 PAX3 ENSSSCG00000028418 CTGCCGACTTCTCAGTCTTATT CTTTGTCCATACTGCCCATACT [35]
Actin gamma 2 ACTG2 ENSSSCG00000008294 TTGGTAACAGGTCCCAGAAAG GAATCCAGGACGATGCCTAAG [36]
Actin beta like 2 ACTBL2 ENSSSCG00000016923 CCCTCACTCGAAAGAAGCTATG CTGGACTCAATGCCCAGAAA [37]

Adipogenic
Fatty acid-binding protein 4 FABP4 ENSSSCG00000040681 CCTGAAGGTTACGGCTTCTT CCCACTCCCACTTCTTTCAT [38] [39]
Lipoprotein lipase LPL ENSSSCG00000040631 ACCGTTGCAACAACTTGGGCTATG ACTTTGTAGGGCATCTGAGCACGA [40]
Leptin receptor LEPROT ENSSSCG00000003806 CAGCAATTCCCTACCGAAAGA AGAAGGAAAGGTGTGGTGAAG [41]

Growth-related
Growth hormone receptor GHR ENSSSCG00000016866 TCCCAGACTATACCTCCATTCA AGCCACACGATGAGAGAAAC [42]
Insulin like growth factor 1 receptor IGF1R ENSSSCG00000030560 GATGGGTTCATTGCGTGTTG AGCTGAGAAGAGGAGTTTGATG [42] [43]
Insulin like growth factor IGF1 ENSSSCG00000000857 GACCTTCCTGAAGAGTGAAGAAT TTTGGTAGGTCTTCTGGTGTTT [42] [44]
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268 RT-qPCR was conducted using Fast SYBR® Green Master Mix (Applied 

269 Biosystems), 0.4-0.8 mM of each primer, and 1 µL of each 1:10 diluted cDNA, in a 

270 final volume of 10 µL. Reactions were performed in a 7900 Real-Time PCR Machine 

271 (Applied Biosystems), using the following cycling parameters: 50°C × 2 min, 95°C × 2 

272 min, followed by 40 cycles of 95°C × 15 sec, 60-62°C × 30 sec, and 72°C × 20 sec. 

273 The dissociation step was performed at the end of the amplification step to allow the 

274 identification of the specific melting temperature for each primer set. All reactions 

275 were performed with technical duplicate and experimental triplicate (NW) or 

276 quintuplicate (IUGR). The calibration curve data such as the mean slope, intercept, 

277 PCR efficiency and R2 values are shown in S1 Table. 

278 The relative gene expression analysis was calculated using the 2-ΔΔCt method 

279 [45], and was analyzed from newborn (NB) until adulthood comparing, in each group, 

280 the three postnatal periods as follows: (i) postnatal myogenesis, where NB and 100-d 

281 samples were used; (ii) postnatal development, where NB and 150-d old samples 

282 were used; and (iii) hypertrophy, where 100-d and 150-d old samples were used. 

283 Results are expressed as the difference of the relative gene expression between 

284 ages.

285

286 Statistical analysis

287 All variables measured were tested for normality prior to analyses, using the 

288 univariate procedure of the Statistical Analysis System (SAS Institute Cary, NC, USA, 

289 version 8.2). Data were analyzed as a randomized complete block design, each 

290 block consisting of two littermates. The statistical model included birth weight class 

291 and block as fixed factors and pig as random factor. 
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292 Treatment effects on growth performance, histomorphometrical analysis, and 

293 muscle fiber types were analyzed using the general linear model (GLM) procedure of 

294 SAS. Least square means were compared using the Student’s t-test with P < 0.05 

295 being considered significant. In the tables and figures, data are reported as least 

296 square means and the pooled SEM. The relative expression of myogenic, adipogenic 

297 and growth-related genes were analyzed using the Relative Expression Software 

298 Tool (REST 2009, QIAGEN).

299

300 Results

301 Newborn group data and postnatal growth performance

302 The organs weights and the brain to liver weight ratio of the newborn piglets 

303 are shown in Table 3. All organs of NW piglets, including the brain, were heavier 

304 than the organs of their IUGR counterparts (P < 0.01). The brain to liver weight ratio 

305 was increased in IUGR piglets (P < 0.05), which confirms the occurrence of 

306 intrauterine growth restriction. NW animals presented higher body weight at birth (Fig 

307 2), and these differences were maintained throughout the postnatal period (weaning, 

308 nursery and grower/finisher) (P < 0.05).

309

310 Table 3. Organ weights (g) and brain/liver weight ratio in normal weight (NW) 

311 and intrauterine growth restriction (IUGR) newborn piglets.

312
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Experimental groups
Parameters

NW IUGR
SEM

N 10 10
Birth weight, kg 1.5a 0.9b 0.01
Small intestine 62.6a 36.6b 2.10
Large intestine 16.8a 10.6b 0.30
Liver 43.8a 23.9b 1.20
Heart 10.5a 6.7b 0.25
Brain 28.7a 25.2b 0.40
Stomach 9.0a 5.8b 0.30
Brain: Liver 0.7a 1.1b 0.04

313  a.b Within a row, LSmeans with different superscripts differ (P < 0.05).

314

315 Fig 2. Postnatal growth curve (kg) from normal weight (NW) and intrauterine 

316 growth restricted (IUGR) gilts. * P < 0.05

317

318 Histomorphometrical analysis

319 The histomorphometrical analyses of the semitendinosus muscle in both 

320 experimental groups at the ages evaluated are summarized in Table 4. These 

321 analyses revealed that growth restriction in utero did not affect the proportions of 

322 muscular components in the NB group (P > 0.05). On the other hand, NW newborn 

323 pigs had greater muscle fiber diameter and consequently lower fiber density 

324 (fibers/mm2), compared to their IUGR littermates (P < 0.01). In addition, the cross-

325 sectional area of the semitendinosus muscle was smaller in IUGR females from the 

326 NB subgroup (P < 0.05). 

327

328 Table 4. Histomorphometrical analyses of the semitendinosus muscle of 

329 newborn, 100-d and 150-d old pigs from normal weight (NW) and intrauterine 

330 growth restricted (IUGR) experimental groups.
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NB 100 days 150 days
Parameters

NW IUGR SEM NW IUGR SEM NW IUGR SEM
N 5 5 5 5 5 5
Volumetric proportion (%)

Muscle fiber 74.4 a 76.0 a 2.8 90.2 a 88.4 a 1.9 91.0 a 91.1 a 1.5

Adipocyte 2.1 a 0.7 a 0.8 1.7 a 0.8 a 0.6 2.9 a 4.1 a 1.6

Interstice 23.3 a 23.4 a 2.3 8.0 a 10.7 a 1.5 6.3 a 6.8 a 0.9

Blood vessels 0.10 a 0.10 a 0.07 0.10 a 0.15 a 0.09 0.10 a 0.20 a 0.07
Muscle fiber diameter (µm) 18.3a 15.3b 0.6 63.3a 65.3a 3.0 71.0a 77.0a 6.7

Density (fibers/mm2) 4,470a 6,120b 417 435a 597a 80 397a 274a 45

Muscle CSA* (cm2) 1.12 a 0.72 b 0.07 - - - - - -

Total fiber number (x103) 6,250a 4,270b 11

331 *CSA=cross sectional area.

332 a.b Within a row, LS means with different superscripts differ (P < 0.05).

333

334 Even though muscle fiber diameter and density as well as muscle cross-

335 sectional area were different in the newborn animals, these differences were not 

336 apparent over time, as both NW and IUGR animals showed similar muscle fibers 

337 diameter and density at 100 and 150 days of age (P > 0.05). 

338

339 Evaluation of muscle fiber types

340 The NW group presented emb-MyHC protein isoform only at birth; this fiber 

341 type was absent at the later stages of postnatal development (Table 5; Fig 3). 

342 However, IUGR animals presented different fiber type composition, as emb-MyHC 

343 could also be detected in 100-d and 150-d old females (Figs 3B and D). At birth, the 

344 IUGR piglets showed almost the double of the proportion of MyHC-I (slow-twitch 

345
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346 Table 5. Quantification of Myosin Heavy Chain (MyHC) fiber types in the 

347 semitendinosus muscle in newborn (NB), 100-d and 150-d old gilts from normal 

348 weight (NW) or intrauterine growth restricted (IUGR) experimental groups.

349

NB 100-d 150-dMyHC fiber types*
NW IUGR SEM NW IUGR SEM NW IUGR SEM

N 3 3 3 3 3 3
Embryonic Present Present - Absent Present - Absent Present -

I 15.2a 29.0b 2.8 0.13a 0.08a 0.06 0.10a 0.04a 0.03
IIa - - - 0.07a 0.18a 0.07 0.08a 0.20a 0.03
IIb - - - 0.15a 0.18a 0.05 0.10a 0.18a 0.02
IIx - - - 0.90a 0.81a 0.04 0.90a 0.77b 0.03

350 a.b Within a row, LS means with different superscripts differ (P < 0.05).

351 * The results are expressed as presence or absence of the embryonic MyHC protein and percentage 

352 (%) of total fibers for the other MyHC proteins.

353

354 oxidative) fibers compared to their NW counterparts, and yet this difference has 

355 disappeared over time, as this fiber type frequency was similar in both 100-d or 150-d 

356 old gilts (Figs 3E-F and 3G-H). Regarding MyHC-II (fast-twitch glycolytic) muscle 

357 fibers, neither types -IIa, -IIb or -IIx were affected by intrauterine growth restriction at 

358 100-d of age. Interestingly, the proportions of MyHC-IIa and -IIb were numerically 

359 higher in IUGR females at 150-d of age but did not reach the level of significance 

360 (p=0.059 and p= 0.087, respectively). However, growth restriction in utero affected 

361 the proportion of MyHCII-x, which was lower in IUGR gilts (Figs 3Q-R and 3S-T). 

362 Furthermore, the hypertrophy capacity evaluated between 100-d and 150-d old pigs 

363 revealed that it was lower in IUGR females in all MyHC fiber types evaluated (Table 

364 6).

365
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366 Fig 3. Immunostaining of immature (embryonic – emb), slow (I) and fast (IIa, IIb 

367 and IIx) twitch Myosin Heavy Chain (MyHC) protein isoform in the 

368 semitendinosus muscle from normal weight (NW) and intrauterine growth 

369 restricted (IUGR) pigs at 100-d and 150-d old. The bars represent 96 µm.

370

371 Table 6. Hypertrophy based on the Myosin Heavy Chain (MyHC) fiber types in 

372 the semitendinosus muscle of 100-d until 150-d old pigs from normal weight 

373 (NW) and intrauterine growth restricted (IUGR) animals.

374

375 *The hypertrophic capacity of IUGR pigs is based on the same parameter of their NW counterparts.

376

377 Relative expression of myogenic, adipogenic and growth-

378 related genes in the semitendinosus muscle during 

379 postnatal development

380 The relative gene expression data revealed that in NW animals only IGF1 was 

381 found to be up-regulated (P < 0.001) in the skeletal muscle from 100 d-old animals, 

382 compared to the NB ones (postnatal myogenesis; Fig 4A). No other significant 

383 differences were observed in the expression of the genes associated with muscle 

NW IUGR

MyHC
150-d 100-d Hypertrophy

(150d - 100d) 150-d 100-d Hypertrophy
(150d - 100d)

Hypertrophic capacity of 
IUGR related to NW (%)*

I 3.47 1.12 2.35 1.84 1.33 0.51 22
IIa 3.24 1.47 1.77 2.98 1.37 1.60 91
IIb 3.34 1.46 1.88 2.55 1.61 0.94 50
IIx 3.87 1.65 2.22 3.33 1.99 1.33 60
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384 development and homeostasis (PAX3, PAX7, MYOD1, MYF5, MYOG, MSTN and 

385 CKM, DES, ACTG2, ACTBL2), growth (GHR and IGF1R) and lipid metabolism 

386 (FABP4, LPL and LEPROT) between NB and 100 d-old samples. During the same 

387 period, however, IUGR skeletal muscle samples presented a different expression 

388 pattern: MYOD, MYOG, MYF5, DES and PAX7 were all found to be down-regulated 

389 in 100 d-old samples, compared to the NB (Fig 4A’); while no significant differences 

390 were found in the other gene expression ratios.

391

392 Fig 4. Gene expression evaluation from normal weight (NW) and intrauterine 

393 growth restriction (IUGR) pigs in three postnatal life phases: myogenesis (A-

394 A’), postnatal development (B-B’), and hypertrophy (C-C’).

395

396 The analysis between 150 d-old and NB skeletal muscles (postnatal 

397 development) revealed a similar expression pattern for both NW and IUGR: all genes 

398 were found to be down-regulated in both samples, excluding PAX3 in NW animals, 

399 which showed similar expression between those ages (Fig 4B-B’). However, the 

400 repression levels observed in IUGR samples were always at least five times higher 

401 than the ones observed in NW (i.e. MSTN expression level in the NW animals was 

402 0.036 - P<0.001; while in IUGR was 0.007 - P<0.003). The same tendency of gene 

403 repression was observed when the comparison was performed between 100 and 150 

404 d-old samples (hypertrophy; Fig 4C-C’).

405

406 Discussion
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407 Several studies have investigated skeletal muscle alterations due to 

408 intrauterine growth restriction, and yet there is little information on postnatal 

409 myogenic program and its structural changes, including fiber type, to further elucidate 

410 the effects on postnatal muscle growth. It is well established that total muscle fiber 

411 number, which is determined during fetal stage, is a crucial component of postnatal 

412 growth, and postnatal skeletal muscle development is mainly due to the increase in 

413 muscle fiber size, with no net formation of new muscle fibers [46]. Since the number 

414 of muscle fibers formed during fetal stage is dependent on the number of available 

415 myogenic progenitor cells and their proliferation is highly sensitive to nutrient 

416 availability in utero [46], a better understanding of the impact of intrauterine growth 

417 restriction on skeletal muscle development is important. 

418 Hence, the present study investigated morphofunctional alterations due to 

419 intrauterine growth restriction on skeletal muscle postnatal development in gilts and 

420 their possible postnatal myogenic program origins. In particular, it was shown that 

421 IUGR promotes structural changes in muscle fibers and alters the proportion of 

422 MyHC-I myofibers at birth, with smaller muscle fibers diameters and increased 

423 proportion of MyHC-I myofibers in IUGR animals, whose phenotype is related to 

424 postnatal myogenic program impairment. However, these structural changes did not 

425 persist over time and this may reflect a particular characteristic of the myofiber which 

426 is plasticity. To the best of our knowledge, this is the first report showing the skeletal 

427 muscle morphological phenotype and the gene expression profile of skeletal muscle 

428 development from birth to adulthood in IUGR individuals, using the pig as an 

429 experimental model. 

430 Similar to previous studies [17] [47] where growth rates of different birth weight 

431 pigs were investigated, IUGR gilts showed lower body weights throughout the 
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432 postnatal development period. This may be due to the lower muscle fiber number 

433 observed in IUGR piglets at birth, as a positive correlation between muscle fiber 

434 number and performance traits has been previously reported [48] [49]. Besides the 

435 low number of muscle fibers, the smaller muscle fiber diameter and muscle cross 

436 sectional area observed in the IUGR group at birth may also contribute to the low 

437 growth rates reported in the IUGR females during all ages evaluated. Despite the 

438 differences in the semitendinosus histomorphometry at birth, the same parameters 

439 were not apparent at 100-d and 150 days of age, suggesting that muscle hypertrophy 

440 is not affected by IUGR. Indeed, similar pattern in the relative expression of genes 

441 during the hypertrophy period (100 to 150 days of age) confirms this finding.

442 Regarding the quantification of muscle fiber type, the proportion of MyHC-I 

443 myofibers was apparently not compromised by growth restriction in utero at 100-d 

444 and 150-d of age. These findings are in agreement with Choi and colleagues [50], 

445 which did not report any differences in the proportion and area of MyHC-I fibers 

446 relative to live weight at slaughter. Since higher proportion of MyHC-I fiber types 

447 contribute to superior meat quality [51], the present results suggest that IUGR may 

448 not have direct consequences for meat sensory quality characteristics. Indeed, the 

449 impact of birth weight on meat quality has been recently investigated by Alvarenga 

450 and colleagues [52], who reported a higher shear force in the Longissimus dorsi 

451 muscle from IUGR barrows. Interestingly, the presence of the embryonic MyHC 

452 isoform in the semitendinosus muscle of 100-d and 150-d old IUGR animals 

453 suggests muscle immaturity, once it was absent in NW animals at the same age. 

454 Hence, the presence of embryonic MyHC may impair muscle functionality in IUGR 

455 pigs. Our results corroborate with those reported by Perruchot and colleagues [20] 
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456 which demonstrated greater amount of the embryonic MyHC isoform in small fetuses, 

457 suggesting delayed myofiber development. 

458 The molecular regulation of skeletal muscle postnatal myogenesis in IUGR 

459 animals still lack clarification, especially regarding postnatal development. In this 

460 regard, at the same age, while skeletal muscles from NW animals showed the up-

461 regulation of IGF1 expression, IUGR ones showed the down-regulation of the classic 

462 PAX7, MYF5, MYOD and MYOG myogenic regulatory factors (MRFs) and the 

463 cytoskeleton component DES. These results revealed the strong difference in the 

464 expression pattern of myogenic markers between these samples with NW animals 

465 inducing the expression of an important growth factor for skeletal muscle cells and 

466 the IUGR delaying the expression of signals that induces skeletal muscle 

467 myogenesis. Since the cells responsible for the expression of these markers were 

468 originated during the prenatal period, they may have been influenced by the uterine 

469 environment, as the embryo-fetal stage is crucial for skeletal muscle development 

470 [46]. In this sense, insults during prenatal development may affect gene expression 

471 related to myogenesis through DNA methylation which will have long lasting effects 

472 on postnatal development [26]. 

473 Since PAX7 participates in regulating the behavior of skeletal stem cells [53], 

474 its deficiency might play an important role in myogenesis impairment. During 

475 postnatal development, PAX7 is under expressed in IUGR animals, but not absent. 

476 Hence, it is reasonable to interpret that the recruitment of satellite cells to the 

477 myogenic lineage by PAX7 was less intense. Consequently, MYF5 and MYOD were 

478 under expressed and MYOG, a marker of terminal differentiation of the muscular 

479 lineage [54] as well as DES, were also under expressed. Therefore, it is suggested 

480 that the low expression of PAX7 affected the myogenic program causing the early 
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481 closure of postnatal skeletal muscle myogenesis. This was shown by the immune 

482 fluorescence determination of the embryonic MyHC protein in the skeletal muscle 

483 tissue in 100-d and 150-d old IUGR pigs.

484 Finally, the presence of the embryonic MyHC protein isoform in IUGR adult 

485 muscle associated with the description of the myogenic regulatory factors deserve 

486 attention. The myogenic regulators described herein become candidates in the 

487 investigation of postnatal myogenic program to ensure the proper development of 

488 skeletal muscle in swine breeding programs and in human health. Although the 

489 conditions imposed by the intrauterine environment may cause skeletal muscle 

490 morphofunctional changes in IUGR individuals, future studies are necessary to 

491 investigate the mechanisms which limit postnatal muscle growth and develop 

492 strategies that might prevent the onset of diseases in later life.

493
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