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ABSTRACT 25 

 26 

Toll-like receptors (TLRs) are a group of sensory receptors which are capable 27 

of recognizing a microbial invasion and activating innate immune system 28 

responses, including inflammatory responses, in both immune and 29 

non-immune cells. However, TLR functions in chick myoblasts, which are 30 

myogenic precursor cells contributing to skeletal muscle development and 31 

growth, have not been studied. Here, we report the expression patterns of 32 

TLR genes as well as TLR ligand-dependent transcriptions of interleukin 33 

(IL) genes in primary-cultured chick myoblasts. Almost TLR genes were 34 

expressed both in layer and broiler myoblasts but TLR1A was detected only 35 

in embryonic layer chick myoblasts. Chick TLR1/2 ligands, Pam3CSK4 and 36 

FSL-1, induced inflammatory ILs in both broiler and layer myoblasts but a 37 

TLR4 ligand, lipopolysaccharide, scarcely promoted. This is the first report 38 

on TLR ligand-dependent inflammatory responses in chick myoblasts, which 39 

may provide useful information to chicken breeding and meat production 40 

industries. 41 

 42 

Keywords: inflammatory response; interleukin; skeletal muscle myoblast; 43 

Toll-like receptor. 44 
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1. Introduction 46 

 47 

Toll-like receptors (TLRs) are sensory receptors which recognize 48 

pathogen-associated molecular patterns (PAMPs) produced by microbial 49 

components such as nucleotides, lipopeptides, and lipopolysaccharides 50 

(LPSs). Recognition of PAMPs by TLRs is essential for the detection of a 51 

microbial invasion and the subsequent activation of the immune system. 52 

TLRs are expressed in various immune and non-immune cells, where 53 

TLR-dependent signaling pathways rapidly produce inflammatory mediators 54 

(Kawai and Akira, 2007). Although general functions of TLRs are 55 

evolutionally conserved among multi-cellular organisms, the composition of 56 

TLR genes is partially different between mammals and aves (Keestra et al., 57 

2013). Humans have ten TLR genes (TLR1–10), while mice have twelve 58 

(Tlr1–9 and Tlr11–13) (Roach et al., 2005). Chickens have ten TLR genes, 59 

TLR1A, TLR1B, TLR2A, TLR2B, TLR3, TLR4, TLR5, TLR7, TLR15, and 60 

TLR21. TLR1A, TLR1B, and TLR15 are unique to aves. TLR21 is shared 61 

with fish (Temperley et al., 2008). Therefore, an understanding of the 62 

expression patterns and functions of chick TLRs may contribute vastly to the 63 

improvement of chicken breeding. 64 

Chick TLRs are able to recognize known TLR ligands and initiate 65 

inflammatory responses. The synthetic triacylated lipopeptide, Pam3CSK4, is 66 

a ligand for the mammalian TLR1/2 heterodimer. The synthetic diacylated 67 

lipopeptide, fibroblast-stimulating lipopeptide 1 (FSL-1), is an agonist of the 68 

mammalian TLR2/6 heterodimer (Tapping and Tobias, 2003; Wetzler, 2003). 69 
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In chickens, both Pam3CSK4 and FSL-1 are recognized by the TLR1/2 70 

heterodimer, probably because chickens do not have the TLR6 homolog 71 

(Keestra et al., 2007; Higuchi et al., 2008). LPS, a major component of the 72 

outer membrane of Gram-negative bacteria, is recognized by mammalian 73 

and chick TLR4 (Palsson-McDermott and O’Neill, 2004; Keestra and van 74 

Putten, 2008). In mammals, TLR4 forms a complex with a coreceptor MD2 75 

and a lipid scavenger protein CD14 (Lee et al., 2012). Chick CD14 is 76 

dissimilar to that of mammals (Wu et al., 2009), and its function is still 77 

controversial (Keestra et al., 2013). Ligand-binding to chick TLRs, except 78 

TLR3, is considered to activate the adaptor molecule, MyD88, for signal 79 

transduction (Keestra et al., 2013). In chickens, Pam3CSK4, FSL-1, or LPS 80 

induces the expression of inflammatory cytokines such as interleukin (IL)-1β, 81 

IL-6, IL-8, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α in the bursa 82 

of Fabricius (Cheng et al., 2014), spleen (Alkie et al., 2017; Li et al., 2017), 83 

primary-cultured splenocytes (St. Paul et al., 2013), heterophils (Kogut et al, 84 

2006), thrombocytes (Ferdous and Scott, 2015; Winkler et al., 2017), cecal 85 

tonsil cells (Taha-abdelaziz et al., 2016), and the macrophage cell line 86 

MQ-NCSU (Barjesteh et al., 2014; Alkie et al., 2017). LPS also induces 87 

nuclear factor (NF)-κB, a transcription factor for regulating immune 88 

responses, in the bursa of Fabricius (Cheng et al., 2014) but not in 89 

thrombocytes (Winkler et al., 2017). In addition to these inflammatory 90 

mediators, IL-10, a feedback negative regulator of inflammation, is known to 91 

be induced by LPS in macrophage and is detected in serum from the chickens 92 

infected with Eimeria tenella (Wu et al., 2016; Qi et al., 2017). Infection of 93 



5 

Cryptosporidium baileyi to chickens, which causes respiratory disorders 94 

(Molina-Lopez et al., 2010), induces a pro-inflammatory cytokine, IL-17, 95 

likewise IL-1β and IL-6 in trachea and spleen (Zhao et al., 2014). 96 

As mentioned previously, TLR ligand-dependent inflammatory 97 

responses in chickens have been reported mostly in immune and 98 

hematopoietic cells. The expression and function of chick TLRs in 99 

non-immune cells have been rarely investigated. TLR1B, TLR2B, TLR3, and 100 

TLR5 expression has been detected in the skeletal muscle tissues of Line 72 101 

White Leghorn (Iqbal et al., 2005). However, muscle tissue is composed of a 102 

variety of cell types including immune cells. Skeletal muscle consists of a 103 

large number of myofibers, which are multi-nucleated myocytes. During 104 

muscle development and growth, myogenic precursor cells termed myoblasts 105 

proliferate and differentiate into myocytes, which then fuse to existing 106 

myofibers (Dumont et al., 2015). Therefore, myoblasts play a central role in 107 

skeletal muscle formation, which is of importance to meat production. 108 

In human myoblasts, TLR3, TLR4, and TLR7 are expressed, and the 109 

synthetic double-strand RNA as a TLR3 ligand promotes IL-6 expression 110 

(Tournadre et al, 2010; Kim et al, 2013). In the murine myoblast cell line 111 

C2C12, Tlr1–7 are expressed, and Pam3CSK4 or LPS induces IL-6, TNF-α, 112 

and NF-κB (Frost et al., 2002; Frost et al., 2006). These studies strongly 113 

suggest that the TLR-dependent pathway in chick myoblasts may be 114 

involved in generating inflammatory responses. Acute and chronic 115 

inflammatory changes in the breast meat of broiler chickens have been 116 

increasingly reported (Kuttappan et al., 2013). However, the pathogenesis of 117 
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these serious lesions still remains unclear. In this study, primary-cultured 118 

chick myoblasts were utilized to investigate the expression patterns of TLR 119 

genes and related ligand-dependent inflammatory responses. A better 120 

understanding of TLRs in chick myoblasts may provide interesting insights 121 

into skeletal muscle tissue inflammation. 122 

123 
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2. Materials and methods 124 

 125 

2.1. Isolation, culture, and stimulation of chick myoblasts 126 

All experimental procedures were conducted in accordance with the 127 

Regulations for Animal Experimentation of Shinshu University, and the 128 

animal protocol was approved by the Committee for Animal Experiments of 129 

Shinshu University. Spleens were extirpated from two-day-old chickens. 130 

Skeletal muscle myoblasts were isolated from the leg muscles of E10 chick 131 

embryos and two-day-old chickens as previously described (Takaya et al., 132 

2017). The myoblasts were cultured on dishes coated with collagen type I-C 133 

(Cellmatrix; Nitta Gelatin, Osaka, Japan) at 37°C with 5% CO2 throughout 134 

the experiment. Undifferentiated myoblasts were maintained in a growth 135 

medium (GM) consisting of RPMI1640 (Nacalai, Osaka, Japan), 20% fetal 136 

bovine serum (FBS) (HyClone; GE Healthcare, UT, USA), 1% non-essential 137 

amino acids (Wako, Osaka, Japan), 1% chicken embryo extract (US 138 

Biological, MA, USA), and 2 ng/ml basic fibroblast growth factor (Wako). In 139 

order to initiate myotube formation, 1.0×105 of myoblasts were seeded on 140 

30-mm dishes, then myogenic differentiation was induced by replacing GM 141 

with a differentiation medium consisting of DMEM and 2% FBS with TLR 142 

ligands on the next day. 143 

Pam3CSK4 (tripamitoyl-S-(bis(palmitoyloxy)propyl)-Cys-Ser-(Lys)3-Lys; 144 

Novus Biologicals, CO, USA), FSL-1 145 

(S-(2,3-bispalmitoyloxypropyl)-Cys-Gly-Asp-Pro-Lys-His-Pro-Lys-Ser-Phe; 146 

Adipogen, CA, USA), or LPS from Escherichia coli O55:B5 (L2637; 147 
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Sigma-Aldrich, MO, USA) were dissolved in sterile water. For the purpose of 148 

administrating TLR ligands, 2.0×105 of myoblasts in GM were seeded on 149 

60-mm dishes and stimulated with Pam3CSK4, FSL-1, or LPS on the next 150 

day. Equal volume of sterile water was administered as a negative control in 151 

each experiment. 152 

 153 

2.2. RT-PCR 154 

Total RNA of myoblasts and spleens were isolated using TRIzol 155 

Reagent (Thermo Fisher Scientific, MA, USA) and reverse transcribed using 156 

ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan). cDNAs were 157 

amplified by PCR (40 cycles), subjected to agarose gel electrophoresis, and 158 

stained with ethidium bromide to visualize PCR products. Quantitative 159 

real-time RT-PCR (qPCR) was performed using GoTaq qPCR Master Mix 160 

(Promega, WI, USA) with StepOne Real-Time PCR System (Thermo Fisher 161 

Scientific). The amount of each transcript was normalized to that of 16S 162 

ribosomal RNA. The results were expressed as fold-change. Primer 163 

sequences are described in Table 1. 164 

 165 

2.3. Histocytochemistry 166 

For myosin heavy chain (MHC) staining, myoblasts were fixed with 167 

2% paraformaldehyde, permeabilized using 0.2% triton, and immunostained 168 

with mouse monoclonal anti-MHC antibody MF20 (R&D Systems, MN, USA). 169 

Cell nuclei were visualized by DAPI staining. Phase-contrast and fluorescent 170 

images were taken and layered using EVOS FL Auto microscope 171 
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(AMAFD1000; Thermo Fisher Scientific). The ratio of MHC+ cells were 172 

expressed as the number of nuclei in all MHC+ cells divided by the total 173 

number of nuclei. Fusion indexes were expressed as the number of nuclei in 174 

multinuclear MHC+ myotubes divided by the total number of nuclei. 175 

 176 

2.4. Statistical analysis 177 

The results were presented as mean ± standard error. Statistical 178 

comparisons were performed using unpaired two-tailed Student’s t tests. 179 

Statistical significance was set at p < 0.05. 180 

181 
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3. Results 182 

 183 

3.1. Expression patterns of TLRs in chick myoblasts 184 

Primary-cultured myoblasts were isolated from E10 embryos or 185 

two-day-old (D2) chickens of White Leghorn (WL) layer chicken, Barred 186 

Plymouth Rock (BPR) dual-purpose chicken, and UK Chunky (UKC) broiler 187 

chicken. The expression of ten TLR genes (TLR1A, TLR1B, TLR2A, TLR2B, 188 

TLR3, TLR4, TLR5, TLR7, TLR15, and TLR21) in the myoblasts were 189 

examined by RT-PCR. At E10, all TLR cDNAs were detected in WL 190 

myoblasts but TLR1A was not observed in BPR and UKC myoblasts. 191 

However at D2, TLR1A expression disappeared in WL myoblasts and was 192 

slightly detected in UKC myoblasts (Fig. 1A, myoblast). Since both WL and 193 

UKC spleens at D2 distinctly expressed TLR1A (Fig. 1A, spleen), TLR1A 194 

transcription in myoblasts may be epigenetically regulated during muscle 195 

development from E10 to D2, and its regulation seems to be different among 196 

chicken breeds. 197 

In following experiments, E10 myoblasts were utilized to investigate 198 

TLR functions because expression of TLR1A was greatly different between 199 

WL and UKC. Transcriptions of TLRs and their adaptors, CD14, MD2 (LY96), 200 

and MyD88, in myoblasts were quantified by qPCR (Fig. 1B). TLR1A was not 201 

detected in UKC myoblasts also by qPCR. The mRNA levels of TLR1B, 202 

TLR2A, and TLR7 were significantly lower in UKC myoblasts compared to 203 

WL myoblasts. However, the levels of TLR adaptors were almost equal 204 

between WL and UKC myoblasts. As shown in Fig. 1C, expression patterns 205 
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of TLR genes in UKC myoblasts were not significantly changed during 206 

myogenic differentiation. Even following the induction of differentiation, the 207 

levels of TLRs, excluding that of TLR3, were almost the same on 208 

differentiation day 0 and on day 2 in UKC myoblasts. These results suggest 209 

that TLR1A transcription may be silenced in muscular lineage cells during 210 

embryonic myotube formation in broiler chickens. 211 

 212 

3.2. TLR ligands induce ILs in chick myoblasts 213 

In UKC myoblasts at E10, TLR1A was not expressed and the levels 214 

of TLR1B and TLR2A were significantly lower than those in WL myoblasts. 215 

Pam3CSK4 and FSL-1 are ligands for chick TLR1/2 heterodimer (Keestra et 216 

al., 2007; Higuchi et al., 2008) and known to induce ILs in immune cells. To 217 

compare TLR1/2-dependent induction of ILs between WL and UKC 218 

myoblasts, E10 myoblasts were stimulated with 10 ng/ml Pam3CSK4 or 100 219 

ng/ml FSL-1 for 4 hours, following which transcriptions of IL-1β (IL1B), IL-6 220 

(IL6), IL-8 (IL8L1 and IL8L2), IL-10 (IL10), and IL-17 (IL17A and IL17F) 221 

were quantified by qPCR (Fig. 2). Both Pam3CSK4 and FSL-1 upregulated 222 

transcriptions of inflammatory interleukins, IL1B, IL6, IL8L1, and IL8L2, in 223 

the UKC myoblasts in a manner similar to that in WL myoblasts. However, 224 

neither Pam3CSK4 nor FSL-1 increased transcriptions of a suppressive IL, 225 

IL10, and a pro-inflammatory IL, IL17A, in both myoblasts. IL17F 226 

expression was not detected in any samples at all (data not shown). These 227 

results demonstrate that UKC myoblasts, regardless of zero or low 228 
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transcriptions of TLR1A, TLR1B, and TLR2A, are able to recognize 229 

Pam3CSK4 and FSL-1 to induce inflammatory ILs. 230 

Next, dose-dependent effects of Pam3CSK4 and FSL-1 on IL 231 

transcriptions in WL and UKC myoblasts at E10 were examined. The 232 

myoblasts were challenged by 1, 10, and 100 ng/ml of Pam3CSK4 or FSL-1 for 233 

4 hours (Fig. 3). Both Pam3CSK4 and FSL-1 dose-dependently induced IL1B, 234 

IL6, and IL8L2 transcriptions with no significant differences between WL 235 

and UKC myoblasts. At the doses of 10 and 100 ng/ml, the levels of induction 236 

by Pam3CSK4 were more than ten times higher than those by FSL-1, 237 

indicating that chick myoblasts are more sensitive to Pam3CSK4 compared to 238 

FSL-1 and its sensitivity is independent of TLR1A. 239 

To investigate the time course of TLR ligand-dependent 240 

inflammatory responses, WL and UKC myoblasts at E10 were stimulated 241 

with 100 ng/ml Pam3CSK4, 100 ng/ml FSL-1, or 1 μg/ml LPS and harvested 1, 242 

2, 4, and 8 hours after the stimulation. Transcriptions of IL1B, IL6, IL8L2, 243 

TNF-α (LITAF), and NF-κB (NFKB1) were quantified by qPCR (Fig. 4). Both 244 

in WL and UKC myoblasts, IL1B levels revealed >1000- and >200-fold 245 

increases 2 hours after the Pam3CSK4 and FSL-1 stimulation, respectively. 246 

However, LPS administration showed only a maximum of around 10-fold 247 

increase in IL1B expression. Similarly, IL6 levels peaked 2 hours after the 248 

stimulation with Pam3CSK4 (122-fold in WL and 218-fold in UKC), FSL-1 249 

(19.1-fold in WL and 33.2-fold in UKC), or LPS (3.3-fold in WL and 4.3-fold in 250 

UKC). Peak IL8L2 levels approximately 4 hours after the treatments were 251 

as follows; Pam3CSK4 (415-fold in WL and 497-fold in UKC), FSL-1 (59.8-fold 252 



13 

in WL and 82.1-fold in UKC), and LPS (3.3-fold in WL and 5.2-fold in UKC). 253 

IL1B, IL6, and IL8L2 transcriptions were rapidly increased by a significant 254 

amount due to Pam3CSK4 but were hardly enhanced by LPS. Remarkably, 255 

the levels of LITAF and NFKB1 were not altered by stimulation with either 256 

Pam3CSK4, FSL-1 or LPS both in WL and UKC myoblasts. 257 

 258 

3.3. TLR ligands do not induce differentiation of chick myoblasts 259 

IL-6 is also known as a myokine (Serrano et al., 2008), and a TLR 260 

adaptor, MyD88, promotes myotube formation in mice (Hindi et al., 2017). 261 

Since Pam3CSK4 and FSL-1 enhanced IL6 transcription in myoblasts, their 262 

effects on myogenic differentiation were evaluated. UKC myoblasts at E10 263 

were induced to differentiate with 100 ng/ml of Pam3CSK4 or FSL-1. First, 264 

inductions of ILs by Pam3CSK4 or FSL-1 during differentiation were 265 

confirmed. qPCR results showed that both Pam3CSK4 and FSL-1 promote 266 

IL1B and IL6 transcriptions also in differentiating condition (Fig. 5A and B). 267 

On differentiation day 2, MHC+ myotube formation of the stimulated 268 

myoblasts was measured by immunostaining (Fig. 5C). The number of DAPI+ 269 

cell nuclei was not reduced by Pam3CSK4 or FSL-1, indicating that these 270 

TLR ligands did not cause cell death. The ratio of MHC+ differentiated 271 

myocytes were significantly decreased by Pam3CSK4 but not by FSL-1. 272 

Formation of multinuclear myotubes was not affected by Pam3CSK4 or 273 

FSL-1 (Fig. 5D). These results demonstrate that TLR1/2 ligands do not 274 

facilitate myogenic differentiation of chick myoblasts. 275 

276 
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4. Discussion 277 

 278 

This is the first study to report that chick myoblasts express TLR 279 

genes and produce ILs in response to TLR ligands. Interestingly, TLR1A 280 

gene was clearly expressed only in embryonic layer WL myoblasts. TLR1A 281 

expression was scarcely detected in broiler UKC myoblasts both at E10 and 282 

D2 and disappeared even in WL myoblasts after hatching. Since both WL 283 

and UKC spleens express all TLR genes, TLR1A transcription may be 284 

considered as being epigenetically silenced specifically in myoblasts. 285 

Embryonic UKC myoblasts also exhibited lower transcriptional levels of 286 

TLR1B, TLR2A, and TLR7 compared to those of WL myoblasts. In order to 287 

improve meat production, broiler chickens have been crossbred through 288 

many generations. Microarray analyses indicated that gene expression 289 

profiles in skeletal muscle tissues are different between broiler and layer 290 

chickens (Zheng et al., 2009). This suggests that transcriptions of TLR genes 291 

in UKC myoblasts may have been genetically modified by long-term breeding. 292 

On the other hand, the levels of TLR adaptors, CD14, LY96, and MYD88, 293 

were almost equal between WL and UKC myoblasts. Transcriptome analyses 294 

of myoblasts will clarify such differential gene transcriptions involved in the 295 

TLR signaling pathway among chicken breeds. 296 

Despite the lack of TLR1A expression, UKC myoblasts produced 297 

inflammatory ILs in response to the TLR1/2 ligand, Pam3CSK4, at the same 298 

level as that of WL myoblasts. Reactivity of the TLR1B/2A heterodimer to 299 

Pam3CSK4 is several times higher than that of TLR1A/2A (Higuchi et al., 300 
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2008). Thus, in UKC myoblasts, TLR1B may compensate TLR1A to recognize 301 

TLR1/2 ligands and transduce its signaling. Another TLR1/2 ligand, FSL-1, 302 

was also able to induce inflammatory ILs in myoblasts but its effects were 303 

relatively weak compared to those of Pam3CSK4. Pam3CSK4 and FSL-1 304 

differentially induced ILs in murine macrophages (Long et al., 2009) and 305 

chick splenocytes (St Paul et al., 2013) in a manner similar to that seen in 306 

chick myoblasts. These studies suggest that the response kinetics of TLR1/2 307 

may be different among ligands. Remarkably, neither Pam3CSK4 nor FSL-1 308 

upregulated suppressive IL-10 and pro-inflammatory IL-17A in myoblasts. A 309 

previous study correspondingly reported that Pam3CSK4 does not induce 310 

IL-10 and IL-17A in chick CD4+ T cells (St Paul et al., 2012). In mammals, 311 

TLR ligands activate T cells together with T cell receptor (TCR) signaling. 312 

Lack of TCR stimulation may be a reason why Pam3CSK4 and FSL-1 did not 313 

induce IL-10 and IL-17 in chick myoblasts. 314 

A TLR4 ligand, LPS, hardly induced inflammatory ILs in chick 315 

myoblasts compared to Pam3CSK4 and FSL-1. However, preceding studies 316 

described LPS-induced IL-1β, IL-6, and IL-10 in chick macrophages (Wu et 317 

al., 2016; Qi et al., 2017). In mammals, LPS is recognized by 318 

TLR4/CD14/MD2 complex which activates the MyD88/Toll-IL-1 receptor 319 

(TIR) domain-containing adaptor protein (TIRAP) pathway and the TIR 320 

domain-containing adaptor inducing interferon (TRIF)/TRIF-related adaptor 321 

molecule (TRAM) pathway (O’Neill and Bowie, 2007). Chickens carry the 322 

MyD88 and TRIF homologs, but not the well-conserved CD14 and TRAM 323 

homologs (Wu et al., 2009; Keestra and van Putten, 2008). It is possible to 324 
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speculate that, in chickens, functional alternatives of CD14 and TRAM 325 

serves in immune cells but not in myoblasts, which may partly be the reason 326 

for LPS not initiating inflammatory responses in chick myoblasts. 327 

Although Pam3CSK4 or LPS may induce TNF-α and NF-κB 328 

transcriptions in murine C2C12 myoblasts (Frost et al., 2002; Frost et al., 329 

2006), neither Pam3CSK4, FSL-1, nor LPS upregulated TNF-α and NF-κB in 330 

chick myoblasts. TNF-α and NF-κB transcriptions were elevated in the bursa 331 

of Fabricius of LPS-challenged chickens (Cheng et al., 2014) while 332 

phosphorylated NF-κB was not elevated in LPS-treated thrombocytes 333 

(Winkler et al., 2017). It is still unclear whether chick TLR1/2 ligands 334 

enhance NF-κB expression in other types of cells. Inflammatory gene 335 

transcriptions such as ILs are regulated in part by nuclear translocation of 336 

transcription factors including NF-κB (Kawai and Akira, 2007). In chick 337 

myoblasts, TLR1/2 ligands might induce inflammatory ILs by mediating the 338 

nuclear translocation of NF-κB. 339 

IL-6, which is induced by Pam3CSK4 and FSL-1 in chick myoblasts, 340 

has been known to function as a myokine (Serrano et al., 2008). IL-6 alters 341 

the expression of myogenic transcription factors by modulating nicotinamide 342 

phosphoribosyltransferase (Nampt) in chick myoblasts (Krzysik-Walker et 343 

al., 2011). In addition, chick TLR1/2 ligands are believed to activate MyD88 344 

which induces ILs (Keestra et al., 2013). MyD88 promotes murine myotube 345 

formation with a modest increase of myogenin (Hindi et al., 2017). These 346 

findings caused us to examine the effects of TLR ligands on the 347 

differentiation of chick myoblasts. However, both Pam3CSK4 and FSL-1 did 348 
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not facilitate myogenic differentiation into MHC+ myocytes and multinuclear 349 

myotubes. In differentiating condition, Pam3CSK4 strongly facilitated IL-1β 350 

expression and mildly suppressed myogenic differentiation. It has been 351 

reported that IL-1β delays progression of myogenesis by upregulating a 352 

Notch ligand Jagged1 in human myogenic cells (Nagata et al., 2017). 353 

Probably also in chick myoblasts, Pam3CSK4-induced IL-1β attenuated 354 

differentiation into MHC+ myocytes. 355 

Recent studies have described acute or chronic inflammatory lesions 356 

with the degeneration and regeneration of myofibers in the breast muscle of 357 

broiler chickens (Kuttappan et al., 2013). However, the causes of such 358 

myopathic damages have not been clarified. In the mouse model of Duchenne 359 

muscular dystrophy or dysferlinopathy, leaky dystrophin- or 360 

dysferlin-deficient myofibers release the endogenous TLR ligands recognized 361 

by TLRs on muscle cells, which promote IL production during disease 362 

progression (Uaesoontrachoon et al., 2013; Henriques-Pons et al., 2014). 363 

These findings support the hypothesis that the TLR signaling pathway in 364 

chick myoblasts or myofibers may contribute to the inflammation observed 365 

in broiler breast muscle. The present study examined the effects of three 366 

ligands of TLR1/2 and TLR4 on chick myoblasts. In order to better 367 

understand chick skeletal muscle pathogenesis more precisely, mechanisms 368 

underlying the functioning of remaining TLRs and their ligands should be 369 

elucidated via further studies. 370 

371 



18 

Acknowledgments 372 

We thank Ms. Chika Miyazaki for her excellent technical assistance and Mr. 373 

Tomoya Kusudo for helping chick embryo culture. This study was supported 374 

in part by Grant-in-Aid from The Ito Foundation to T.T., Grant-in-Aid from 375 

The Fund of Nagano Prefecture to Promote Scientific Activity to Y.N., and 376 

JSPS KAKENHI Grant Numbers 16K07986 to T.O. and JP26450376 to H.K. 377 

The funding agencies were not involved either in the study design or in the 378 

decision to submit the article for publication. 379 

380 



19 

References 381 

 382 

Alkie, T.N., Taha-Abdelaziz, K., Barjesteh, N., Bavananthasivam, J., 383 

Hodgins, D.C., Sharif, S., 2017. Characterization of innate responses 384 

induced by PLGA encapsulated- and soluble TLR ligands in vitro and in 385 

vivo in chickens. PLoS One. 12, e0169154. 386 

Barjesteh, N., Behboudi, S., Brisbin, J.T., Villanueva, A.I., Nagy, E., Sharif, 387 

S., 2014. TLR ligands induce antiviral responses in chicken macrophages. 388 

PLoS One. 9, e105713. 389 

Brownlie, R., Zhu, J., Allan, B., Mutwiri, G.K., Babiuk, L.A., Potter, A., 390 

Griebel, P., 2009. Chicken TLR21 acts as a functional homologue to 391 

mammalian TLR9 in the recognition of CpG oligodeoxynucleotides. Mol. 392 

Immunol. 46, 3163-3170. 393 

Cheng, C.Y., Tu, W.L., Wang, S.H., Tang, P.C., Chen, C.F., Chen, H.H., Lee, 394 

Y.P., Chen, S.E., Huang, S.Y., 2015. Annotation of differential gene 395 

expression in small yellow follicles of a broiler-type strain of Taiwan 396 

country chickens in response to acute heat stress. PLoS One. 10, 397 

e0143418. 398 

Cheng, G., Zhao, Y., Li, H., Wu, Y., Li, X., Han, Q., Dai, C., Li, Y., 2014. 399 

Forsythiaside attenuates lipopolysaccharide-induced inflammatory 400 

responses in the bursa of Fabricius of chickens by downregulating the 401 

NF-κB signaling pathway. Exp. Ther. Med. 7, 179-184. 402 

Connerton, P.L., Richards, P.J., Lafontaine, G.M., O’Kane, P.M., Ghaffar, N., 403 

Cummings, N.J., Smith, D.L., Fish, N.M., Connerton, I.F., 2018. The 404 



20 

effect of the timing of exposure to Campylobacter jejuni on the gut 405 

microbiome and inflammatory responses of broiler chickens. Microbiome. 406 

6, 88. 407 

Dumont, N.A., Bentzinger, C.F., Sincennes, M.C., Rudnicki, M.A., 2015. 408 

Satellite cells and skeletal muscle regeneration. Compr. Physiol. 5, 409 

1027-1059. 410 

Ferdous, F., Scott, T., 2015. Bacterial and viral induction of chicken 411 

thrombocyte inflammatory responses. Dev. Comp. Immunol. 49, 225-230. 412 

Frost, R.A., Nystrom, G.J., Lang, C.H., 2002. Lipopolysaccharide regulates 413 

proinflammatory cytokine expression in mouse myoblasts and skeletal 414 

muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 283, R698-R709. 415 

Frost, R.A., Nystrom, G.J., Lang, C.H., 2006. Multiple Toll-like receptor 416 

ligands induce an IL-6 transcriptional response in skeletal myocytes. Am. 417 

J. Physiol. Regul. Integr. Comp. Physiol. 290, R773-R784. 418 

Fujimura, T., Matsumoto, T., Tanabe, S., Morimatsu, T., 2008. Specific 419 

discrimination of chicken DNA from other poultry DNA in processed 420 

foods using the polymerase chain reaction. Biosci. Biotechnol. Biochem. 421 

72, 909-913. 422 

Henriques-Pons, A., Yu, Q., Rayavarapu, S., Cohen, T.V., Ampong, B., Cha, 423 

H.J., Jahnke, V., van der Meulen, J., Wang, D., Jiang, W., Kandimalla, 424 

E.R., Agrawal, S., Spurney, C.F., Nagaraju, K., 2014. Role of Toll-like 425 

receptors in the pathogenesis of dystrophin-deficient skeletal and heart 426 

muscle. Hum. Mol. Genet. 23, 2604-2617. 427 



21 

Higuchi, M., Matsuo, A., Shingai, M., Shida, K., Ishii, A., Funami, K., Suzuki, 428 

Y., Oshiumi, H., Matsumoto, M., Seya, T., 2008. Combinational 429 

recognition of bacterial lipoproteins and peptidoglycan by chicken 430 

Toll-like receptor 2 subfamily. Dev. Comp. Immunol. 32, 147-155. 431 

Hindi, S.M., Shin, J., Gallot, Y.S., Straughn, A.R., Simionescu-Bankston, A., 432 

Hindi, L., Xiong, G., Friedland, R.P., Kumar, A., 2017. MyD88 promotes 433 

myoblast fusion in a cell-autonomous manner. Nat. Commun. 8, 1624. 434 

Iqbal, M., Philbin, V.J., Smith, A.L., 2005. Expression patterns of chicken 435 

Toll-like receptor mRNA in tissues, immune cell subsets and cell lines. 436 

Vet. Immunol. Immunopathol. 104, 117-127. 437 

Karaffová, V., Marcinková, E., Bobíková, K., Herich, R., Revajová, V., 438 

Stašová, D., Kavuľová, A., Levkutová, M., Levkut, M. Jr., Lauková, A., 439 

Ševčíková, Z., Levkut, M. Sr., 2017. TLR4 and TLR21 expression, MIF, 440 

IFN-beta, MD-2, CD14 activation, and sIgA production in chickens 441 

administered with EFAL41 strain challenged with Campylobacter jejuni. 442 

Folia. Microbiol. (Praha). 62, 89-97. 443 

Kawai, T., Akira, S., 2007. TLR signaling. Semin. Immunol. 19, 24-32. 444 

Keestra, A.M., de Zoete, M.R., van Aubel, R.A., van Putten, J.P., 2007. The 445 

central leucine-rich repeat region of chicken TLR16 dictates unique 446 

ligand specificity and species-specific interaction with TLR2. J. Immunol. 447 

178, 7110-7119. 448 

Keestra, A.M., van Putten, J.P., 2008. Unique properties of the chicken 449 

TLR4/MD-2 complex: selective lipopolysaccharide activation of the 450 

MyD88-dependent pathway. J. Immunol. 181, 4354-4362. 451 



22 

Keestra, A.M., de Zoete, M.R., Bouwman, L.I., Vaezirad, M.M., van Putten, 452 

J.P., 2013. Unique features of chicken Toll-like receptors. Dev. Comp. 453 

Immunol. 41, 316-323. 454 

Kim, T.H., Choi, S.E., Ha, E.S., Jung, J.G., Han, S.J., Kim, H.J., Kim, D.J., 455 

Kang, Y., Lee, K.W., 2013. IL-6 induction of TLR-4 gene expression via 456 

STAT3 has an effect on insulin resistance in human skeletal muscle. Acta. 457 

Diabetol. 50, 189-200. 458 

Kogut, M.H., Swaggerty, C., He, H., Pevzner, I., Kaiser, P., 2006. Toll-like 459 

receptor agonists stimulate differential functional activation and 460 

cytokine and chemokine gene expression in heterophils isolated from 461 

chickens with differential innate responses. Microbes. Infect. 8, 462 

1866-1874. 463 

Krzysik-Walker, S.M., Hadley, J.A., Pesall, J.E., McFarland, D.C., 464 

Vasilatos-Younken, R., Ramachandran, R., 2011. Nampt/visfatin/PBEF 465 

affects expression of myogenic regulatory factors and is regulated by 466 

interleukin-6 in chicken skeletal muscle cells. Comp. Biochem. Physiol. A 467 

Mol. Integr. Physiol. 159, 413-421.  468 

Kuttappan, V.A., Shivaprasad, H.L., Shaw, D.P., Valentine, B.A., Hargis, 469 

B.M., Clark, F.D., McKee, S.R., Owens, C.M., 2013. Pathological changes 470 

associated with white striping in broiler breast muscles. Poult. Sci. 92, 471 

331-338. 472 

Lee, C.C., Avalos, A.M., Ploegh, H.L., 2012. Accessory molecules for Toll-like 473 

receptors and their function. Nat. Rev. Immunol. 12, 168-179. 474 



23 

Li, N., Ansari, A.R., Sun, Z., Huang, H., Cui, L., Hu, Y., Zhao, X., Zhong, J., 475 

Abdel-Kafy, E.M., Liu, H., 2017. Toll like receptor 4 signaling pathway 476 

participated in Salmonella lipopolysaccharide-induced spleen injury in 477 

young chicks. Microb. Pathog. 112, 288-294. 478 

Long, E.M., Millen, B., Kubes, P., Robbins, S.M., 2009. Lipoteichoic acid 479 

induces unique inflammatory responses when compared to other Toll-like 480 

receptor 2 ligands. PLoS One. 4, e5601. 481 

Molina-Lopez, R.A., Ramis, A., Martin-Vazquez, S., Gomez-Couso, H., 482 

Ares-Mazas, E., Caccio, S.M., Leiva, M., Darwich, L., 2010. 483 

Cryptosporidium baileyi infection associated with an outbreak of ocular 484 

and respiratory disease in otus owls (Otus scops) in a rehabilitation 485 

centre. Avian Pathol. 39, 171-176. 486 

Nagata, Y., Kiyono, T., Okamura, K., Goto, Y.I., Matsuo, M., Ikemoto-Uezumi, 487 

M., Hashimoto, N., 2017. Interleukin-1beta (IL-1β)-induced Notch ligand 488 

Jagged1 suppresses mitogen action of IL-1β on human dystrophic 489 

myogenic cells. PLoS One. 12, e0188821. 490 

O’Neill, L.A., Bowie, A.G., 2007. The family of five; TIR-domain-containing 491 

adaptors in Toll-like receptor signaling. Nat. Rev. Immunol. 7, 353-364. 492 

Palsson-McDermott, E.M., O’Neill, L.A., 2004. Signal transduction by the 493 

lipopolysaccharide receptor, Toll-like receptor-4. Immunology. 113, 494 

153-162. 495 

Qi, X., Liu, C., Li, R., Zhang, H., Xu, X., Wang, J., 2017. Modulation of the 496 

innate immune-related genes expression in H9N2 avian influenza 497 



24 

virus-infected chicken macrophage-like cells (HD11) in response to 498 

Escherichia coli LPS stimulation. Res. Vet. Sci. 111, 36-42. 499 

Roach, J.C., Glusman, G., Rowen, L., Kaur, A., Purcell, M.K., Smith, K.D., 500 

Hood, L.E., Aderem, A., 2005. The evolution of vertebrate Toll-like 501 

receptors. Proc. Natl. Acad. Sci. U.S.A. 102, 9577-9582. 502 

Serrano, A.L., Baeza-Raja, B., Perdiguero, E., Jardí, M., Muñoz-Cánoves, P., 503 

2008. Interleukin-6 is an essential regulator of satellite cell-mediated 504 

skeletal muscle hypertrophy. Cell Metab. 7, 33-44. 505 

St Paul, M., Barjesteh, N., Paolucci, S., Pei, Y., Sharif, S., 2012. Toll-like 506 

receptor ligands induce the expression of interferon-gamma and 507 

interleukin-17 in chicken CD4+ T cells. BMC Res. Notes 5, 616. 508 

St Paul, M., Paolucci, S., Sharif, S., 2013. Characterization of responses 509 

initiated by different Toll-like receptor 2 ligands in chicken spleen cells. 510 

Res. Vet. Sci. 95, 919-923.  511 

Taha-Abdelaziz, K., Alkie, T.N., Hodgins, D.C., Shojadoost, B., Sharif, S., 512 

2016. Characterization of host responses induced by Toll-like receptor 513 

ligands in chicken cecal tonsil cells. Vet. Immunol. Immunopathol. 174, 514 

19-25. 515 

Takaya, T., Nihashi, Y., Kojima, S., Ono, T., Kagami, H., 2017. Autonomous 516 

xenogenic cell fusion of murine and chick skeletal muscle myoblasts. 517 

Anim. Sci. J. 88, 1880-1885. 518 

Tapping, R.I., Tobias, P.S., 2003. Mycobacterial lipoarabinomannan mediates 519 

physical interactions between TLR1 and TLR2 to induce signaling. J. 520 

Endotoxin Res. 9, 264-268. 521 



25 

Temperley, N.D., Berlin, S., Paton, I.R., Griffin, D.K., Burt, D.W., 2008. 522 

Evolution of the chicken Toll-like receptor gene family: a story of gene 523 

gain and gene loss. BMC Genomics. 9, 62-73. 524 

Tournadre, A., Lenief, V., Miossec, P., 2010. Expression of Toll-like receptor 3 525 

and Toll-like receptor 7 in muscle is characteristic of inflammatory 526 

myopathy and is differentially regulated by Th1 and Th17 cytokines. 527 

Arthritis. Rheum. 62, 2144-2151. 528 

Uaesoontrachoon, K., Cha, H.J., Ampong, B., Sali, A., Vandermeulen, J., Wei, 529 

B., Creeden, B., Huynh, T., Quinn, J., Tatem, K., Rayavarapu, S., 530 

Hoffman, E.P., Nagaraju, K., 2013. The effects of MyD88 deficiency on 531 

disease phenotype in dysferlin-deficient A/J mice: role of endogenous 532 

TLR ligands. J. Pathol. 231, 199-209. 533 

Wetzler, L.M., 2003. The role of Toll-like receptor 2 in microbial disease and 534 

immunity. Vaccine. 21, S55-60. 535 

Winkler, C., Ferdous, F., Dimmick, M., Scott, T., 2017. Lipopolysaccharide 536 

induced interleukin-6 production is mediated through activation of ERK 537 

1/2, p38 MAPK, MEK, and NFκB in chicken thrombocytes. Dev. Comp. 538 

Immunol. 73, 124-130. 539 

Wu, Z., Rothwell, L., Hu, T., Kaiser, P., 2009. Chicken CD14, unlike 540 

mammalian CD14, is trans-membrane rather than GPI-anchored. Dev. 541 

Comp. Immunol. 33, 97-104. 542 

Wu, Z., Hu, T., Rothwell, L., Vervelde, L., Kaiser, P., Boulton, K., Nolan, M.J., 543 

Tomley, F.M., Blake, D.P., Hume, D.A., 2016. Analysis of the function of 544 



26 

IL-10 in chickens using specific neutralising antibodies and a sensitive 545 

capture ELISA. Dev. Comp. Immunol. 63, 206-212. 546 

Zhao, G.H., Cheng, W.Y., Wang, W., Jia, Y.Q., Fang, Y.Q., Du, S.Z., Yu, S.K., 547 

2014. The expression dynamics of IL-17 and Th17 response relative 548 

cytokines in the trachea and spleen of chickens after infection with 549 

Cryptosporidium baileyi. Parasit. Vectors. 7, 212. 550 

Zheng, Q., Zhang, Y., Chen, Y., Yang, N., Wang, X.J., Zhu, D., 2009. 551 

Systematic identification of genes involved in divergent skeletal muscle 552 

growth rates of broiler and layer chickens. BMC Genomics. 10, 87. 553 

554 



27 

Figure legends 555 

 556 

Fig. 1. (A) RT-PCR (40 cycles) results of TLR gene transcriptions in UKC, 557 

BPR, and WL myoblasts and spleens. (B and C) qPCR results of TLR and 558 

adaptor gene transcriptions in UKC and WL myoblasts at E10 (B) and that 559 

in UKC myoblasts at differentiation day 0 and 2 (C). The data is expressed 560 

as fold-change ± standard error of the mean, of three independent 561 

experiments, each carried out in duplicate. The mean value in WL myoblasts 562 

(B) or UKC myoblasts at day 0 (C) was set at 1.0 for each gene. ND, not 563 

detected. *, p < 0.05; **, p < 0.01 vs WL. 564 

 565 

Fig. 2. qPCR results of IL gene transcriptions in the UKC and WL myoblasts 566 

at E10 stimulated with 10 ng/ml Pam3CSK4 (A) or 100 ng/ml FSL-1 (B) for 4 567 

hours. The data is expressed as fold-change ± standard error of the mean, of 568 

three independent experiments, each carried out in duplicate. The mean 569 

value of the non-stimulated (control) WL myoblasts was set at 1.0 for each 570 

gene. NS, no significant difference compared to WL. 571 

 572 

Fig. 3. qPCR results of IL gene transcriptions in the WL and UKC myoblasts 573 

at E10 stimulated with 1, 10, or 100 ng/ml of Pam3CSK4 (A) or FSL-1 (B) for 574 

4 hours. The data is expressed as fold-change ± standard error of the mean, 575 

of three or four independent experiments, each carried out in duplicate. The 576 

mean value of the non-stimulated (0 ng/ml) WL myoblasts was set at 1.0 for 577 

each gene. NS, no significant difference compared to WL. 578 
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 579 

Fig. 4. qPCR results of IL gene transcriptions in the WL and UKC myoblasts 580 

at E10 stimulated with 100 ng/ml Pam3CSK4, 100 ng/ml FSL-1, or 1 μg/ml 581 

LPS for 1, 2, 4, or 8 hours. The data is expressed as fold-change. The mean 582 

value of the non-stimulated (0 hour) WL myoblasts was set at 1.0 for each 583 

gene. 584 

 585 

Fig. 5. qPCR results of IL gene transcriptions in the UKC myoblasts at E10 586 

stimulated with 100 ng/ml of Pam3CSK4 (A) or FSL-1 (B) in differentiating 587 

condition for 4 or 48 hours. The data is expressed as fold-change ± standard 588 

error of the mean, of three independent experiments, each carried out in 589 

duplicate. The mean value of the non-stimulated (control) myoblasts at 4 590 

hour was set at 1.0 for each gene. NS, no significant difference compared to 591 

control. (C) Representative images of MHC and DAPI staining of the UKC 592 

myoblasts described in (A) and (B) at 2 days after induction of myogenic 593 

differentiation. Scale bar, 200 μm. (D) Quantifications of the relative 594 

numbers of DAPI+ nuclei (left panel), the ratio of MHC+ myocytes (middle 595 

panel), and fusion index as the ratio of MHC+ multinuclear myotubes (right 596 

panel). The data is expressed as mean value ± standard error of the mean, of 597 

five independent experiments. *, p < 0.05 vs. control. 598 

599 



29 

Table 1 Primer sequences for RT-PCR. 600 

 601 

Gene Sequence (5’-3’) Reference 

16S 
ACCTATTTGACTCCCTCAACCA 

AAGTTTACGCCGTAGGAGGATAGGTT 
Fujimura et al., 2008 

CD14 
CCGCATCTTTAACTTGTCCA 

GTTGCGGCTGAGGAAGAG 
This study 

IL1B 
ACTGGGCATCAAGGGCTACA 

GCTGTCCAGGCGGTAGAAGA 
Cheng et al., 2014 

IL6 
AGCAAAACACCTGTTACATTTCT 

AGTCTGGCTGCTGGACATTT 
Cheng et al., 2015 

IL8L1 
AACTCCGATGCCAGTG 

TTGGTGTCTGCCTTGT 
Qi et al., 2017 

IL8L2 
CCAAGCACACCTCTCTTCCA 

GCAAGGTAGGACGCTGGTAA 
St Paul et al., 2013 

IL10 
CGCTGTCACCGCTTCTTCA 

CGTCTCCTTGATCTGCTTGATG 
Qi et al., 2017 

IL17A 
CATGGGATTACAGGATCGATGA 

GCGGCACTGGGCATCA 
Connerton et al., 2018 

IL17F 
TGACCCTGCCTCTAGGATGATC 

GGGTCCTCATCGAGCCTGTA 
Connerton et al., 2018 

LITAF 
GCCCTTCCTGTAACCAGATG 

ACACGACAGCCAAGTCAACG 
Cheng et al., 2014 

LY96 
GTAACAACAAAGGCAGAA 

AGAAAAATCCACTGACTCC 
Karaffova et al., 2017 

MYD88 
GAGGATGGTGGTCGTCATTT 

GTCTTGCACTTGACCGGAAT 
This study 

NFKB1 
TCAACGCAGGACCTAAAGACAT 

GCAGATAGCCAAGTTCAGGATG 
Cheng et al., 2014 

TLR1A 
AGCGTTCCTAAATTCCTGT 

TGCATCCAAAATCAAAGCAA 
This study 

TLR1B 
TCCCAAATGGTTTTTGGAAC 

TTTTAGAAGGCAACGGCACT 
This study 

TLR2A 
GTCAGTGTATTTCCACAATG 

CCAAAAAGCCTGAAGTTGTTC 
This study 
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TLR2B 
CATGCAAACCAGTCACAATCTCTG 

CACCTTGGTATTTTCAACTGTGA 
This study 

TLR3 
TCAGTACATTTGTAACACCCCGCC 

GGCGTCATAATCAAACACTCC 
St Paul et al., 2012 

TLR4 
TGCCATCCCAACCCAACCACAG 

ACACCCACTGAGCAGCACCAA 
St Paul et al., 2012 

TLR5 
TTCTTGCAACCTCACAGGTGTTCC 

CAGGTCCAAGACACGAAGATT 
St Paul et al., 2012 

TLR7 
ATCAGCACAGGGATGGAAAG 

TTGAGTTCTGGAGGCATAGC 
Brownlie et al., 2009 

TLR15 
TTGATGGGCTGTGGTATGTG 

CGTGCTCGCTGTATGAAATG 
Brownlie et al., 2009 

TLR21 
CAACCTGAGCAGCCTGTACG 

GGATGGACCGCAGCATGTTC 
Brownlie et al., 2009 

 602 
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Figure 4 

Pam3CSK4 (100 ng/ml) FSL-1 (100 ng/ml) LPS (1 μg/ml) 
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