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Abstract 

Endoplasmic reticulum stress (ERS) and the unfolded protein response (UPR) are 
involved in various muscle pathological states. The IRE1α arm of UPR can affect immu-
nological properties of myofiber through restraining p38 mitogen-activated protein 
kinases (MAPK) activation under inflammatory milieu. However, the relevant pathway 
molecules regulating the initiation of the IRE1α arm in myofiber remain unclear. In 
this work, expression of transforming growth factor-beta (TGF-β) and TGF-β receptor II 
(TGF-βr2), and UPR pathway activation were examined in cardiotoxin (CTX)-damaged 
mouse muscle, which revealed the activation of TGF-β signaling and UPR in CTX-
damaged muscle and in regenerating myofibers. Using control or transgenic mice with 
TGF-βr2 deleted in skeletal muscle (SM TGF-βr2−/−) and the derived primary differenti-
ating myogenic precursor cells (MPCs) treated with/without ERS activator or inhibitor, 
IRE1α pathway inhibitor, or TGF-β signaling activator, this study further revealed an 
essential role of intrinsic TGF-β signaling in regulating muscle cell to express inflam-
mation-related molecules including H-2Kb, H2-Eα, TLR3, and special myokines. TGF-β 
signaling prompted UPR IRE1α arm and restrained p38 MAPK activation in myofiber 
under inflammatory milieu. This study uncovers a previously unrecognized function of 
TGF-β signaling acting as an upstream factor controlling myofiber immune capacities 
in the inflamed state through the UPR–IRE1α–p38 MAPK pathway.

Keywords: Myofiber, Inflammation, TGF-β, UPR, IRE1α, p38 MAPK

Background
In various mammalian cell types, endoplasmic reticulum (ER) function could be dis-
rupted by diverse environmental and genetic factors, causing misfolded and unfold pro-
teins to accumulate in ER lumen, eventually leading to ER stress (ERS). To respond to 
this stress and restore cell homeostasis, the unfolded protein response (UPR), a signal 
transduction network, could be activated by generated ERS [1–3]. Interestingly, the net-
work of ER, called sarcoplasmic reticulum in skeletal muscle, is extremely extensive and 
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plays a pivotal role in adjusting calcium homeostasis and proteostasis of skeletal muscle. 
Meanwhile, there is evidence that the UPR response broadly maintains the homeostasis 
of muscle stem cells, regulates myogenic differentiation, and repairs the damaged muscle 
[4–7]. In addition, in diverse physiological and pathological processes of skeletal muscle, 
ERS and UPR markers can be readily detected. For instance, the UPR response is acti-
vated after consumption of a high-fat diet, resulting in increased expression of inositol-
requiring enzyme-1α (IRE1α) and immunoglobulin heavy chain-binding protein (BiP) in 
tibialis anterior and soleus muscles [8]. Activation of ERS was also found in skeletal mus-
cle following acute stress induced by long distance running, accompanied by enhanced 
expression of spliced X box-binding protein-1s (XBP-1s) and Bip [9]. In addition, the 
protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) arm of UPR has been 
reported to prevent loss of muscle mass and strength caused by cancer cachexia [10, 11]. 
Thus, the UPR is one of the responses that helps skeletal muscle maintain homeostasis in 
a changing environment.

The ERS plays a pivotal role in skeletal muscle diseases involving polymyositis (PM), 
dermatomyositis (DM), and sporadic inclusion-body myositis (s-IBM). Meanwhile, 
reports have shown that the ERS was involved in regulating muscle inflammation. In 
response to inflammatory stimuli, myocytes could express immunological molecules to 
obtain immunological properties, which help them participate in the muscle immune 
response or inflammation [12–14]. Previously, a related study explored the effects of 
ERS on the intrinsic immunological capacities of myofibers in inflammatory milieu, and 
showed that the UPR arm of IRE1α plays an important role in adjusting the expression 
of immunobiological molecules in myofibers through inhibiting p38 MAPK activity [15]. 
However, further research is needed to explore the regulatory mechanism of UPR path-
way activation in myofibers under a proinflammatory environment.

During muscle inflammation and the repair/remodeling process, transforming growth 
factor-beta (TGF-β) promotes the proliferation, differentiation, and fusion of muscle 
satellite cells into multinucleated muscle fibers. In addition, it is an important initiat-
ing factor of extracellular matrix (ECM) progressive deposition and tissue fibrosis [16–
22]. TGF-β secreted by macrophages reflects the transformation of macrophages from 
an inflammatory phenotype to an antiinflammatory phenotype at injury muscle after 
phagocytosis of necrotic or apoptotic cells, which appears to be part of the mechanism 
for addressing muscle inflammation [20, 21, 23]. It has been reported that TGF-β signal-
ing can control muscle immune function by directly regulating inflammatory molecules, 
such as intercellular cell adhesion molecule-1 (ICAM-1) [23], human leukocyte antigen 
class I (HLA I) [24], and interleukin-6 (IL-6) secretion in myofibers [25]. We recently 
found TGF signaling elevated in regenerated myofibers and affected the muscle inflam-
mation response [26]. A question may arise as to whether myofiber-specific TGF-β sign-
aling plays a role in the development of local inflammation after myoinjury, through 
regulating myofiber ERS and UPR response.

The present study addressed this question and observed that TGF-β signaling and 
UPR were activated in CTX-damaged muscles and in regenerating myofibers in mice. 
Furthermore, using a myoinjury model in mice with muscle-specific TGF-β recep-
tor 2-deficiency (SM TGF-βr2−/−), this study has revealed an essential role of intrinsic 
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TGF-β signaling in muscle cell immunological capacities through prompting the activity 
of the IRE1α arm of UPR under inflammatory stimulus.

Methods
Mice

C57BL/6 (B6) mice were provided by the Animal Experimentation Centre of the South-
ern Medical University. Mice with TGF-βr2 knockout in skeletal muscle (designated as 
SM TGF-βr2−/− mice, KO mice) were obtained by crossing TGF-βr2flox/flox mice with 
MCK-Cre mice, which were purchased from the Jackson Laboratory. A polymerase 
chain reaction (PCR) of mouse tail DNA was used to determine the genotypes of gener-
ated mice [26]. TGF-βr2flox/flox mice were used as the control for KO mice.

Animal experiments

The total of 50 μl cardiotoxin (CTX) solution (50 μg/ml, Sigma, USA) was used to pre-
pare mice acute injury to unilateral tibialis anterior (TA) muscle [27, 28]. For examining 
the changes of the related genes and proteins, the damaged TA muscle samples were 
collected after 0, 4, 7, 10, 15, or 30  days of injection. For histological analysis, muscle 
samples were frozen in cooled isopentane.

Cell cultures

The limb muscles of neonatal TGF-βr2flox/flox or SM TGF-βr2−/− mice were used to col-
lect murine myogenic precursor cells (MPCs) in a sterile condition. The dissociated 
muscles were washed twice with phosphate-buffered saline (PBS) and cut with scissors 
to obtain smaller chunks, then digested by Collagenase II (Sigma, USA). After digestion, 
the muscle homogeneous slurry was filtered and centrifuged for preparing the single-
cell suspension. Mice Satellite Cell Isolation Kit (Miltenyi Biotec, Germany) was used to 
isolate MPCs. In brief, the isolated cells were resuspended, treated with Enzyme A, incu-
bated, and then Satellite Cell Isolation solution was added. Cell suspension was applied 
onto the LS column, placed in the magnetic field of a suitable MACS Separator (Milte-
nyi Biotec, Germany), and flow-through containing unlabeled cells, representing the 
enriched satellite cells, was collected. The collected cells were then cultured in growth 
medium (adding 10% fetal bovine serum). When the cultured MPCs covered 70–80% of 
the cell culture dish area, the growth medium was substituted by a differential medium 
(adding 2% horse serum) for 72 h to differentiate the cells into myotubes (MPC-myo-
tubes). For proinflammatory stimuli, lipopolysaccharide (LPS, 100 ng/ml, R&D Systems, 
USA) and IFN-γ (3  ng/ml, R&D Systems, USA) were added to the fresh medium. To 
inhibit UPR, MPC-myotubes were treated with 4-phenyl butyric acid (4-PBA) (10 mM, 
UPR inhibitor, Selleck, Shanghai, China), 4μ8c (50 mM, IRE1α pathway inhibitor, Sell-
eck), or GSK2606414 (1 mM, PERK pathway inhibitor, which can directly bind to PERK 
and inhibits its activity, Selleck) for about 4 h [15, 29]. For activating UPR, MPC-myo-
tubes were treated with tunicamycin (TM, 1  mg/ml, Santa Cruz California, USA) or 
thapsigargin (Tg, 0.2 mmol/l, Santa Cruz) for about 4 h [15, 30, 31]. For blocking p38 
activity, MPC-myotubes were cultured with SB202190 (20 mM, Sigma) for 4 h [15, 32]. 
For re-activating the TGF-β/Smad signaling pathway, MPC-myotubes were cultured 
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with SRI-011381 hydrochloride (SRI, 8  μg/ml, MedChemExpress, USA) for about 4  h 
[33].

Transcriptome microarray

TRIzol (Life Technologies, USA) was used to extract total RNA from TA muscle. 
RNA was used to analyze the global transcriptional expression using a commercial kit 
(G4140-90040, Aglilent Technologies). In brief, the extracted RNA was amplified and 
labeled with CY-3 using a kit (G4140-90040, Aglilent Technologies). After labeling, the 
RNA was hybridized according to the GE Hybridization Kit protocol. Then, the Agilent 
Technologies Scanner and Feature Extraction was used to scan arrays and extract spot 
intensities and other quality control features. Agilent control features and a spike-in con-
trol were used to assess the array quality and then the signals were processed. All arrays 
were automatically normalized by Agilent’s Feature Extraction Software; the background 
and outlier spots that included saturation or nonuniformity were subtracted and flagged. 
More details about the software can be found at http:// www. chem. agile nt. com. Finally, 
the Feature Extraction Software (Aglilent Technologied) was used to analyze the results, 
with all values being averaged from four independent experiments.

RNA extraction and real‑time quantitative PCR assay

Total RNA was extracted from muscle samples or primary MPCs by TRIzol, and then 
converted into cDNA using a commercial kit (k1622, Thermo Fisher Scientific, USA). 
Real-time quantitative PCR assays were used to detect the mRNA levels of TGF-β2, 
TGF-βr2, IL-1β, IL-6, MCP-1, C/EBP-homologous protein (CHOP), XBP-1s, activat-
ing transcription factor 6 (ATF6), ATF4, and eukaryotic initiation factor 2α (eIF2α). 
All genes were analyzed and computed against GAPDH. Primer sequences for PCR are 
described in Table1. The  2−ΔΔCt method was used for determining fold change and cal-
culating the relative expression of the genes. The Ct of target genes were normalized to 
the Ct of GAPDH.

Histological and immunofluorescence detection

Cultured MPC-myotubes or muscle cryosections (8  μm thickness) were collected for 
hematoxylin and eosin (H&E) or immunostaining. To perform immunofluorescence 
assays, cold acetone was first used to fix the samples, followed by incubation with pri-
mary antibodies overnight at 4  °C. Antibodies used included rat anti-mouse F4/80 
(1:250, eBioscience, 56-4801-80), rabbit anti-mouse IRE1α (p Ser724) (1:250, NOVUS, 
NB100-2323), mouse anti-mouse eIF2α (p S51) (1:250, Abcam, ab32157), mouse anti-
mouse ATF6 (1:250, NOVUS, NBP1-40256), rat anti-mouse CD11b (1:250, eBioscience, 
50-0112-82), rabbit anti-mouse dystrophin (1:500, Bioss, bs-14477R), rat anti-mouse 
laminin (1:200, Abcam, ab11576), rabbit polyclonal anti-fast myosin muscle heavy chain 
(MyHC, 1:500, abcam, ab91506), rabbit anti-mouse myogenin (1:500, Invitrogen, PA5-
116750), rabbit anti-mouse desmin (1:500, abcam, ab32362), rabbit polyclonal anti-
myosin-3 (1:500, bs-10905R, bioss), and mouse anti-mouse p38 (1:500, Santa Cruz, 
sc-166182). The next day, the samples were incubated with goat anti-rat IgG H&L (FITC) 
(1:500, Abcam, ab6840), Cy3 conjugated goat anti-rat IgG, Cy3 conjugated goat anti-rab-
bit IgG, Alexa Fluor 488 conjugates goat anti-mouse IgG, or Alexa Fluor 488 conjugates 

http://www.chem.agilent.com
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goat anti-rabbit IgG (1:500, Beyotime, A0507, A0516, A0428, A0423). Finally, DAPI was 
used for counterstaining cell nuclei. An Olympus BX51 fluorescence microscope (Olym-
pus, Japan) was used to analyze the muscle sections or cultured MPCs. For measur-
ing the area ratio of the target protein, more than six images were randomly selected, 
then the total area of positive protein in the full field of each image and the total area 
of each image were measured using Image-Pro Plus software (IPP, Media Cybernetics, 
USA). The area ratio of positive protein [(the total positive area/the total area of each 
image) × 100%] was calculated. For measuring the intensity of fluorescent staining, the 
full-image integrated optical density (IOD) and the area of interest (AOI) of all the posi-
tive stains were measured in more than six randomly selected images using IPP software. 
The mean fluorescence staining intensity [(IOD/AOI) × 100%] was then calculated. For 
measurement of the myofiber cross-sectional area (CSA), 11 randomly selected images 
were used. First, the total 25–50 fibers area per image (total area,  pixels2) were manually 
evaluated and calculated by image J software (NIH, USA), then the mean myofiber CSA 
was calculated as the total area/fiber number.

Western blot analysis

Muscle tissue and cell proteins were extracted using a protein extraction kit (Key-
GEN, Jiangsu, China). The levels of protein expression were examined for TGF-β2, 
TGF-βr2, phosphorylated IRE1α (P-IRE1α), total IRE1α (T-IRE1α), P- eIF2α, T-eIF2α, 
ATF6, P-p38, T-p38, phosphorylated extracellular regulated protein kinases 1/2 
(P-Erk1/2), T-Erk1/2, phosphorylated c-June N-terminal kinase (P-JNK), T-JNK, 
P-smad2/3, smad2/3, major histocompatibility complex class I molecule(H-2Kb), major 

Table 1 Primer sequences used for PCR

Genes Sequences (5′–3′)

TGF-β2 Forward: GGC GGT GCT CGC TTT GAT 
Reverse: TCC CGA ATG TCT GAC GTA TTGA 

TGF-βr2 Forward: GTG AGA CTG TCC ACT TGC GA
Reverse: TGT CGT TCT TCC TCC ACA CG

CHOP Forward: GCA TGA AGG AGA AGG AGC AG
Reverse: CTT CCG GAG AGA CAG ACA GG

Xbp-1s Forward: GAG TCC GCA GCA GGTG 
Reverse: GTG TCA GAG TCC ATG GGA 

ATF6 Forward: TGA TGG CTG TCC AGT ACA CA
Reverse: GCA GAT GAT CCC TTC GAA AT

ATF4 Forward: CCT TGT AAG ACA CCG GAA AT
Reverse: TAG AGA TCG TCC TAA AGG C

eIF2α Forward: AAT CAA TGT CGC TAA CAA GG
Reverse: TAA AGT TGT AGG TTA GGC GT

IL-1β Forward: CAG CGA CAG AGC CAG AAT 
Reverse: AGG GAC GGA AAG TGG AAC 

IL-6 Forward: GAG TCC GCA GCA GGTG 
Reverse: GTG TCA GAG TCC ATG GGA 

MIP-1α Forward: CCA TGG GTC CCG TGT AGA GC
Reverse: TGA AGA GTC CCT CGA TGT GGC 

MCP-1 Forward: TGA TGG CTG TCC AGT ACA CA
Reverse: GCA GAT GAT CCC TTC GAA AT

GAPDH Forward: CAA TGT GTC CGT CGT GGA TCT 
Reverse: GTC CTC AGT GTA GCC CAA GATG 
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histocompatibility complex class II molecule (H2-Ea), toll-like receptors-3 (TLR3), 
P-p65, and T-p65. The following primary antibodies were used: rabbit anti-mouse TGF-
β2 (1: 500, Bioss, bs-20412R), rabbit anti-mouse TGF-βr2 (1: 500, Bioss, bs-0117R), 
mouse anti-mouse TLR3 (1:1000, NOVUS, NBP2-24875), rabbit anti-mouse H-2Kb 
(1:500, Abcam, ab93364), mouse anti-mouse H2-Eα (1:1000, NOVUS, NBP1-43312), 
rabbit anti-mouse IRE1α (1:1000, NOVUS, NB100-2324), rabbit anti-mouse IRE1α 
(p Ser724) (1:1500, NOVUS, NB100-2323), mouse anti-mouse eIF2α (1:1000, Abcam, 
ab5369), rabbit anti-mouse eIF2α (p S51) (1:1000, Abcam, ab32157), mouse anti-mouse 
ATF6 (1:5000, NOVUS, NBP1-40256), rabbit anti-mouse p65 (1:1000, CST, 8242), rab-
bit anti-mouse P-p65 (1:1000, CST, 3033), rabbit anti-mouse Erk1/2 (1:1000, CST, 4695), 
rabbit anti-mouse P-Erk1/2 (1:1000, CST, 4370), mouse anti-mouse p38 (1:1000, Santa 
Cruz, sc-7972), mouse anti-mouse p38 (1:1000, Santa Cruz, sc-166182), rabbit anti-
mouse JNK (1:1000, CST, 9252), rabbit anti-mouse P-JNK (1:1000, CST, 9255), rab-
bit anti-mouse Smad2/3 (1:500, Abcam, ab217553), and mouse anti-mouse GAPDH 
(1:5000, Fudebio, FD0063-100). After incubating overnight at 4 °C, the secondary anti-
bodies were added, including goat anti-rabbit IgG-HPR (1:5000, Fudebio, FD0128) or 
goat anti-mouse IgG-HPR (1:5000, Fudebio, FD0142). The quantification of protein 
bands was performed using ImageJ v1.42 software (National Institutes of Health, USA). 
The ratio, protein of interest/GAPDH or phosphorylation/total, was used to express the 
relative protein level values. Since the p-eIF2α colocalized with DAPI due to the acti-
vated PERK phosphorylated eIF2α [34], p-eIF2α protein expression was used to verify 
PERK arm activation in muscle.

Luminex assay

After 72 h differentiation, MPC-myotubes were treated with LPS (100 ng/ml) and IFN-γ 
(3 ng/ml) for approximately 24 h and 48 h. Cultured media were collected and centri-
fuged to obtain supernatants. The levels of myokines were measured by Luminex xMap 
technology with Bio-Rad Bio-Lpex 200 apparatus (Bio-Rad Laboratories, Inc., China), 
which includes Eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-10, IL-12p40, IL-
12p70, IL-13, IL-17A, IL-3, IL-6, MCP-1, MIP-1α, RANTES, and TNF-α.

Cell sorting and flow cytometry analysis

Damaged TA muscles were collected and minced, and then gently digested twice with 
0.2% II type collagenase (Sigma) at 37 °C for 45 min. Total cells were isolated from mus-
cle homogenate and blocked. The cells were labeled with anti-CD45-Pacific Blue, anti-
CD11b-PE, anti-F4/80-PE, anti-Ly6C-FITC, and anti-CD206-eFluor 700. A FACSAria II 
cell sorter with FlowJo software (BD Biosciences, Franklin Lakes, New Jersey, USA) was 
used to analyze the labeled cells. All antibodies were validated for specificity, following 
the instructions.

Statistical analyses

Quantitative values were shown as mean ± standard deviation. SPSS v. 20.0 (IBM, 
Armonk, New York, USA) software was used to perform a one-way ANOVA or two-
sample t-test for multiple or independent comparisons. P < 0.05 was set as statistically 
significant. Additional statistical information is presented in Additional file 1.
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Results
Upregulation of TGF‑β signaling in CTX‑injured muscle affects muscle inflammation 

and muscle cells, producing immune‑relevant molecules

As shown in Fig. 1, transcriptome microarray and PCR analyses revealed that wild-type 
(WT) mice gene expression of TGF-β2 (not of TGF-β1 or TGF-β3) and TGF-βr2 were 
comparatively lower in normal and 2-d injured TA muscles, but elevated in 4, 7, and 
10-d damaged muscles (Fig. 1A). Western blot analyses consistently revealed that from 
day 4 to day 10 after myoinjury, muscles had a rapid increase in protein expression of 
TGF-β2 and TGF-βr2 (Fig. 1B), implying the importance of TGF-β signaling in muscle 
inflammation and regeneration.

Our recent work proved that deficiency of TGF-β signaling in muscle cells caused 
more serious infiltration of macrophages and CD4 T cells at the degeneration stage (D4) 
and the early stage of regeneration (D7) after myoinjury  [+26]. To further clarify this, 
the inflammatory response was evaluated using muscle TGF-βr2 deficient mice (SM 
TGF-βr2−/− mice), which were hybridized from TGF-βr2-floxed mice and MCK-Cre 
mice (Additional file 2: Fig. S1) [26]. As shown in Fig. 2A, the inflamed muscle from SM 
TGF-βr2−/− mice showed a significant increase in inflammatory infiltration than TGF-
βr2flox/flox mice on days 4, 7, and 10 post-injury. In agreement, immunostaining and flu-
orescence-activated cell sorting (FACS) analysis showed that the loss of TGF-β signaling 
specifically in myofibers resulted in a significant increase in the infiltration of CD11b and 
F4/80 cells in inflamed muscle (Fig. ++2B, C). Further, FACS analysis and PCR demon-
strated that in myofibers, TGF-β signaling loss impaired the muscle macrophages transi-
tion from M1 (F4/80+Ly6C+) to M2 phenotype (F4/80+CD206+) (Additional file ++++2: 
Fig. S2A), and elevated gene levels of pro-inflammatory IL-1β, IL-6, MCP-1, and MIP-1α 
in inflamed muscle (Additional file 2: Fig. S2B). Our results thus uncovered that targeted 
blocking of myofiber TGF-β signaling aggravated the muscle inflammation response. To 

Fig. 1 The expression of TGF-β2 and TGF-βr2 in CTX-injured TA muscle. A RNA levels of TGF-βr2 and TGF-β2 
in WT mice injured TA muscle, analyzed by microarray experiment and qPCR. B The protein expression of 
TGF-βr2 and TGF-β2 in WT mice injured TA muscle, analyzed by Western blot. The relative protein levels are 
expressed as a ratio (protein of interest/GAPDH). All data are presented as means ± SD (n = 3). A one-way 
ANOVA was used for multiple comparisons (*P < 0.05; **P < 0.01)
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determine whether the lack of TGF-β signaling effects the muscle regenerative poten-
tial, we performed immune staining for embryonic myosin heavy chain (eMHC), myo-
genin, and fast muscle myosin heavy chain (MyHC) in inflamed muscle on days 4, 7, 
10, and 15 post-myoinjury. No significant expression differences for these myogenic pro-
teins in centronucleated fibers were observed between SM TGF-βr2−/− and control mice 
(Fig. 2D, E, and Additional file 2: Fig. S3A). Consistently, we did not find marked differ-
ence for myofiber cross-sectional area (CSA) between SM TGF-βr2−/− and control mice 
(Additional file  2: Fig. S3B). It is suggested that myofiber-specific inhibition of TGF-β 
protects skeletal muscle from acute injury [33]. However, our data suggested myofiber-
specific inhibition of TGF-β signaling had no obvious impact on myocyte regeneration.

To further elucidate the mechanisms of how intrinsic TGF-β signaling affects muscle 
inflammation, SM TGF-βr2−/− or control mice-derived MPCs underwent 72 h HS-dif-
ferentiation into myotubes (MPC-myotubes). After 24 h pro-inflammatory stimuli, we 
performed TGF-βr2, myogenin, desmin, and eMHC staining for MPC-myotubes. We 

Fig. 2 The effect of intrinsic TGF-β signaling on muscle inflammation and regeneration. A Histological 
features of the CTX-damaged TA muscle in control or SM TGF-βr2−/− mice. B Representative 
immunofluorescence staining results of CD11b, F4/80, and dystrophin in damaged TA muscle. C FACS 
analysis of the proportion of  CD45+CD11b+ and  CD45+F4/80+  cells sorted from TA muscle on days 4 and 7 
post-injury. D, E Embryonic myosin heavy chain (eMHC) staining and the quantitative results in damaged TA 
muscle. All data are presented as means ± SD (n = 3). One-way ANOVA was used for multiple comparisons 
(*P < 0.05). Bar = 50 μm
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observed a decrease in the TGF-βr2 level in KO mice-derived MPC-myotubes compared 
with control (Fig. 3A). However, deficiency of TGF-β signaling had no effects on mus-
cle cell differentiation (myogenin, eMHC, and desmin) under pro-inflammatory milieu 
(Fig.  3A). Protein blot analysis further showed a decrease of p-Smad2/3, a key TGF-β 
pathway molecule in TGF-βr2−/− MPC-myotubes, compared with control MPC-myo-
tubes with pro-inflammatory stimulation (Fig.  3B). When treated with Smad agonist 

Fig. 3 Intrinsic TGF-β signal controls immunological molecules and myokine expression in cultured primary 
myotubes. A Representative immunofluorescence staining for desmin, myogenin, eMHC, and TGF-βr2 in SM 
TGF-βr2−/− mice-derived MPC-myotubes (MPCs) that received pro-inflammatory stimuli or not. B, C Western 
blot analysis of the protein expression of p-Smad2/3, H-2Kb, H2-Eα, and TLR3 in MPC-myotubes that received 
pro-inflammatory stimuli or not. D Luminex assay of protein level changes for pro-inflammatory myokines 
in control or SM TGF-βr2−/− mice-derived MPC-myotubes exposed to inflammatory milieu or not. Before 
creating the heat map, log transformation was used to process the data and plot in R language. The relative 
protein levels are expressed as a ratio (protein of interest/GAPDH). All data are presented as means ± SD 
(n = 3 replicates). One-way ANOVA was used for multiple comparisons (**P < 0.01; ***P < 0.001). Bar = 50 μm
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SRI-011381 hydrochloride (SRI), the low expression of p-Smad2/3 in TGF-βr2−/− MPC-
myotubes were strongly corrected (Fig.  3B). Since H-2Kb and H2-Eα are important 
molecules for myofiber presenting antigens to T cells [12, 13] and TLR3 has a vital 
role in skeletal muscle innate immunity [12, 20]. We subsequently conducted Western 
blot analyses, which showed that pro-inflammatory stimuli induced elevation of TLR3, 
H2-Eα, and H-2Kb proteins in cultured control MPC-myotubes (Fig. 3C). Noteworthy, 
with stimulation of LPS and IFN-, the expression levels of TLR3, H2-Eα, and H-2Kb 
proteins in TGF-βr2−/− MPC-myotubes were distinctly higher than those in control 
MPC-myotubes (Fig. 3C), suggesting a role of intrinsic TGF-β signal in the control of 
expression of myofiber immunological molecules.

Furthermore, the protein levels of muscle-derived cytokines (myokines) in TGF-βr2-
present or TGF-βr2-deficient MPC-myotubes were examined by Luminex assays. As 
expected, pro-inflammatory treatment resulted in an obvious protein level elevation of 
some myokines in control MPC-myotubes, including eotaxin, G-CSF, GM-CSF, IFN-γ, 
IL-1α, IL-1β, IL-10, IL-12p40, IL-12p70, IL-13, IL-17A, IL-6, MCP-1, MIP-1α, RANTES, 
and TNF-α. Of note, in response to IFN-γ/LPS pro-inflammatory stimuli, the lack of 
TGF-β signal in MPC-myotubes resulted in a further increase of the levels of pro-inflam-
matory Eotaxin, IFN-γ, IL-6, MCP-1, and RANTES when compared with control MPC-
myotubes (Fig. 3D). This was consistent with our finding that the infiltration increase of 
CD11b and F4/80 cells in inflamed muscle of SM TGF-βr2++−/− mice (Fig. 2B, C), since 
MCP-1 and RANTES (CCL5) are powerful attractors for monocytes and macrophages 
in peripheral tissue [35]. Together, our work suggests the importance of the muscle-spe-
cific TGF-β signaling in local inflammatory cell recruitment.

Intrinsic TGF‑β signaling affects muscle cell immunological characteristics 

through prompting UPR activity under an inflammatory stimulus

In CTX-induced myoinjury, transcriptome microarray and PCR analyses showed that 
the gene levels of CHOP, eIF2α, ATF6, ATF4, and XBP-1s in damaged muscle of WT 
mice were significantly elevated on day 4, after which the levels decreased on days 7 
and 10 (Fig.  4A). Meanwhile, Western blot analyses showed that the ATF6, P-eIF2α, 
and P-IRE1α proteins were dramatically upregulated in damaged muscle until day 7, 
after which their expression decreased on day 10 (Fig. 4B). In line with the expression 
of P-eIF2α and P-IRE1α in vivo, P-eIF2α and P-IRE1α proteins were also more highly 
expressed in pro-inflammatory-stimulated control MPC-myotubes in  vitro (Fig.  4C); 
however, ATF6 levels showed no changes in pro-inflammatory-stimulated MPC-myo-
tubes when compared with controls (Fig. 4C). Consistently, we observed ATF6 staining 
in inflamed muscle, mainly located at the perimysium and fascicle areas (Fig. 4D), sug-
gesting eIF2a and IRE1α arms of UPR, but not ATF6 arm, may directly modulate the 
protein synthesis of new myofibers in the local inflammatory microenvironment.

To determine whether the higher activity of UPR affects muscle cell capabilities for 
producing immune-relevant molecules, Western blot analyses were used to analyze 
the protein expression levels of molecules related to the immune response in differ-
entiated MPC-myotubes. The results showed that protein levels of H-2Kb, H2-Eα, and 
TLR3 decreased in groups with enhanced UPR activities after tunicamycin (TM) and 
thapsigargin (Tg) treatment. However, Tg-induced inhibition in expression of these 
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immunological molecules was completely rescued by further adding the UPR inhibi-
tor 4-PBA, resulting in a significant increase in protein expression levels of H-2Kb, 
H2-Eα, and TLR3 in MPC-myotubes (Fig. 5). We monitored that 4-PBA treatment did 

Fig. 4 Intrinsic TGF-β signal modulates myofiber UPR activity under the inflammatory stimulus. A Gene levels 
of UPR pathway molecules in WT mice injured TA muscle were analyzed by microarray and q-PCR. B, C The 
protein expression of UPR pathway molecules in WT mice injured TA muscle, or MPC-myotubes receiving 
pro-inflammatory stimuli or not, analyzed by Western blot. The relative protein level values are expressed 
as a ratio [protein of interest/GAPDH or phosphorylated (P) protein/total protein]. D Immunofluorescence 
staining results of ATF6 (white arrow) in damaged TA muscle. All data are presented as means ± SD (n = 3). A 
one-way ANOVA was used for multiple comparisons (*P < 0.05; **P < 0.01). Bar = 50 μm
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not rescue TM-induced MHC molecule inhibition in MPC-myotubes. We speculate 
the distinct results of Tg and TM is due to the different induction mechanisms [36].

Next, the SM TGF-βr2−/− mice were used to clarify the relationship between TGF-β 
signaling and the UPR on muscle cell immunological behaviors. The results showed 

Fig. 5 Intrinsic UPR activity affects muscle cell immune behaviors. The protein expression of the molecules 
related to immune response in differentiated WT mice MPC-myotubes was analyzed by Western blot. The 
relative protein levels are expressed as a ratio [protein of interest/GAPDH or phosphorylated (P) protein/total 
protein]. All data are presented as means ± SD (n = 3). A one-way ANOVA was used for multiple comparisons 
(*P < 0.05; **P < 0.01)
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that on days 4 and 7 post-myoinjury, the P-IRE1α and P-eIF2α expression levels in 
inflamed muscle of SM TGF-βr2−/− mice were distinctly lower than in control mice 
(Fig. 6A). It has been reported that in skeletal muscle, IRE1α-positive staining local-
ized at the perinuclear ER and the junctional SR [37]. Our immunostaining also 
showed the decreased phosphorylated IRE1α and eIF2α in cytoplasm and/or nucleus 
of regeneration myofibers in inflamed muscle of SM TGF-βr2−/− mice, when com-
pared with control mice (Fig.  6B). In line with this result, MPC-myotubes isolated 

Fig. 6 Intrinsic TGF-β signaling effects on the activities of IRE1α and eIF2α arms of UPR in muscle cell. A 
The protein levels of IRE1α and eIF2α in damaged TA muscle from control or SM TGF-βr2−/− mice were 
analyzed by Western blot. The relative protein expression values are expressed as a ratio [phosphorylated (P) 
protein/total (T) protein]. B Immunofluorescence staining and the quantitative results of IRE1α and eIF2α in 
damaged TA muscle. All data are presented as means ± SD (n = 3). A one-way ANOVA was used for multiple 
comparisons (*P < 0.05; **P < 0.01). Bar = 50 μm
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from SM TGF-βr2−/− mice also displayed markedly downregulated protein expres-
sion of P-IRE1α and P-eIF2α in the presence of IFN-γ and LPS when compared with 
control myotubes (Fig. 7A).

To further identify whether the intrinsic TGF-β signal deficiency effect on muscle cell 
immune characteristics is due to the attenuation of UPR activity, Tg or TM was added 
into SM TGF-βr2−/− MPC-myotube culturing system to re-initiate UPR activation in 

Fig. 7 Intrinsic TGF-β signaling affects muscle cell immune behaviors by prompting UPR activity under 
pro-inflammatory conditions. The protein levels of IRE1α and eIF2α (A), H-2Kb, H2-Eα, and TLR3 (B) in 
control or SM TGF-βr2−/− mice-derived MPC-myotubes, with or without stimulation of IFN-γ/LPS, Tg, or 
TM, were analyzed by Western blot. The relative protein expression values are expressed as a ratio [protein 
of interest/GAPDH or phosphorylated (P) protein/total (T) protein]. C mRNA levels of IL-1β, IL-6, and MCP-1 
in MPC-myotubes with or without 48 h stimulation of IFN-γ/LPS, Tg, or TM, analyzed by qPCR. All data are 
presented as means ± SD (n = 3). A one-way ANOVA was used for multiple comparisons (*P < 0.05; **P < 0.01)
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myofibers. In line with the results of LPS/IFN-γ-treated control MPC-myotubes, the 
administration of TM or Tg markedly decreased expression of immunobiological mol-
ecules in SM TGF-βr2−/− MPC-myotubes, including TLR3, H2-Eα, and H-2  Kb pro-
teins (Fig. 7B), and the pro-inflammatory myokines (MCP-1, IL-6, and IL-1β) gene levels 
(Fig.  7C). Further, when TGF-β signaling was recompensated in TGF-βr2−/− MPC-
myotubes through adding TGF-β/Smad agonist SRI, the results showed the highly 
upregulated protein expression levels of P-IRE1α and P-eIF2α (Fig. 8A). Moreover, SRI 
treatment effectively reversed the expression increase of immunological molecules in 

Fig. 8 TGF-β signaling inhibits immunological characteristics of myofibers through activating the IRE1α 
pathway. Western blot analyses of the expression changes of Smad pathway proteins, IRE1α and PERK 
pathway proteins, and immunological molecules in MPC-myotubes isolated from SM TGF-βr2−/− mice, with 
or without 48 h stimulation of IFN-γ/LPS and/or SRI (A); 24 or 48 h stimulation of IFN-γ/LPS, SRI, 4-PBA, 4μ8C 
(IRE1α pathway inhibitor) or GSK (PERK pathway inhibitor) (B, D). The relative protein expression values are 
expressed as a ratio [protein of interest/GAPDH or phosphorylated (P) protein/total (T) protein]. C mRNA 
levels of IL-1β, IL-6, and MCP-1 in MPC-myotubes isolated from SM TGF-βr2−/− mice, with or without 48 h 
stimulation of IFN-γ/LPS, SRI and/or 4-PBA,analyzed by qPCR. All data are presented as means ± SD (n = 3). A 
one-way ANOVA was used for multiple comparisons (*P < 0.05; **P < 0.01)
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IFN-γ/LPS-treated TGF-βr2−/− MPC-myotubes (Fig.  8A). However, the suppressed 
expression of immunological molecules was upregulated again by adding UPR inhibi-
tor 4-PBA (Fig. 8B), and similarly, the gene levels of pro-inflammatory myokines were 
also increased in TGF-βr2−/− MPC-myotubes co-treated with SRI and 4-PBA (Fig. 8C). 
therefore, it appears that intrinsic TGF-β signaling mediates pro-inflammatory-activated 
muscle cell immune capacities through prompting UPR activities.

Intrinsic TGF‑β signaling activates the IRE1α arm of UPR to downregulate the expression 

of muscle cell immunological molecules under an inflammatory stimulus

To further evaluate whether TGF-β signaling activates the IRE1α and eIF2α arms of UPR 
and simultaneously interferes with expression of immunological molecules in myofib-
ers, IRE1α inhibitor 4μ8C (block the endonuclease activity of IRE1α) or PERK inhibitor 
GSK2606414 (inhibit eIF2α phosphorylation) was added to SRI-treated SM TGF-βr2−/− 
MPC-myotubes, respectively. The results verified that, under the inflammation condi-
tion, SRI pretreated SM TGF-βr2−/− myofibers presented a distinct decline in expression 
of H-2Kb, H2-Eα, and TLR3, which was reversed by further treating with 4μ8C, but not 
with GSK2606414 (Fig.  8D). These data support that activation of IRE1α arm of UPR 
results in TGF-β signaling-dependent inhibition of myofiber immunological capacities.

p38 MAPK activation is important for TGF‑β‑UPR‑IRE1α signaling‑dependent‑regulation 

of muscle cell immunobiological capacities

To evaluate whether the MAPK or nuclear factor kappa-B (NF-κB) signal is involved in 
TGF-β-UPR signal in regulating muscle cell immunological capacities, the MAPK or 
NF-κB signal proteins were detected by Western blot. Compared with control MPC-
myotubes, the P-p38 expression level, but not that of P-JNK, P-Erk1/2 or P-p65, was 
distinctly increased in LPS/IFN-γ-treated TGF-βr2−/− MPC-myotubes (Fig. 9A). How-
ever, the P-p38 increase in TGF-βr2−/− MPC-myotubes was reversed by adding SRI 
(Fig. 9A). Interestingly, when 4-PBA or 4μ8c was further added into this cell system, the 
P-p38 level increased again (Fig. 9A). By immunostaining, we also observed the upregu-
lation of p38 MAPK activity in regenerating myofibers lacking TGF-βr2 (Fig. 9B). Thus, 
this data suggest that the function of the TGF-β-IRE1α pathway in regulating myofiber 
immunological capacities is possibility relevant to p-38 MAPK activity. To further ver-
ify this, TGF-βr2−/− or control MPC-myotubes were treated with p38 MAPK inhibitor 
SB202190 (inhibiting p38 MAPK to phosphorylate) under the pro-inflammatory con-
dition. Western blot analysis revealed that the protein level elevation of TLR3, H2-Eα, 
and H-2Kb was completely reversed by adding of SB202190 in TGF-βr2−/− myofibers 
(Fig.  10A). Finally, adding 4μ8c corrected the decrease in expression of the immuno-
logical molecules in TGF-βr2−/− MPC-myotubes treated with SRI. However, unlike the 
4μ8c-treated condition, in the 4μ8c and SB202190 co-treatment condition, the decrease 
in levels of immunological molecules in SRI-treated SM TGF-βr2−/− myofibers was not 
affected (Fig. 10B). Collectively, our data suggest that, under pro-inflammation stimuli, 
the IRE1α arm of UPR was activated in myofibers by TGF-β signaling, which then fur-
ther attenuated MAPK pathways, mainly p38 signal, to suppress muscle cell immuno-
logical efficacy.
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Discussion
In various muscle immunological diseases, TGF-β signaling, ERS, and the UPR are 
involved in the disease pathological state [4–7, 38–40]. However, in muscle immune 
response, whether there is cross-talk among TGF-β signal, ERS, and UPR in regulating 
muscle cell immunity is unknown. This study analyzed the gene and protein expression 
of TGF-β2 and TGF-βr2, and the UPR pathway in CTX-damaged muscle. Moreover, 
to explore whether intrinsic TGF-β-UPR-IRE1α signaling affects myofiber immuno-
biological function through modulating the p38 MAPK pathway, analyses of the UPR 
and MAPK pathways, proteins of TLR3, H2-Eα, and H-2Kb, and myokines of MCP-1, 

Fig. 9 p-38 MAPk activity relates to TGF-β-IRE1α signaling in inflamed muscle cells. A The protein levels of 
Erk, Jnk, p38, and p65 in control or SM TGF-βr2−/− mice-derived MPC-myotubes, with or without stimulation 
of IFN-γ/LPS, SRI, 4-PBA, and/or 4μ8C, analyzed by Western blot. The relative protein expression values are 
expressed as a ratio [phosphorylated (P) protein/total (T) protein]. B Immunofluorescence staining and the 
quantitative results of P-p38 MAPK in damaged TA muscle. All data are presented as means ± SD (n = 3). A 
one-way ANOVA was used for multiple comparisons (*P < 0.05; **P < 0.01). Bar = 50 μm
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IL-6, and IL-1β were conducted in MPC-myotubes isolated from control or skeletal 
muscle-specific TGF-βr2 knockout mice. Our results suggest that continuously activated 
intrinsic TGF-β signal interferes with ERS response of myofibers under inflammatory 
stimulation and inhibits expression of immunological and inflammatory molecules in 
myofiber through the UPR-IRE1α-p38 MAPK pathway in the inflamed muscle.

Physiologically, TGF-β is produced at low levels by human and mouse immature 
myofibers. However, the levels of TGF-β protein are markedly elevated in inflamed 
myofibers, as well as in infiltrating leukocytes and endothelial cells under various 
myopathologies [40, 41]. The intramuscular immune response is finely regulated, and 
myofibers are protected from excessive inflammatory injuries by TGF-β expression 
[23–26, 33]. In addition, TGF-β signal controls muscle immune function through the 
direct modulation of adhesion molecules (e.g., ICAM-1) [23], HLA class I [24], and IL-6 
secretion in myofibers [25, 26]. TGF-βr2 activation is the beginning of TGF-β signal-
ing priming [41]. In this study, TGF-β2 and its receptor TGF-βr2 were upregulated in 
damaged muscle, and in MPC-myotubes, deficiency of TGF-βr2 attenuated expression 
of H-2Kb, H2-Eα, TLR3, and pro-inflammatory myokines including IL-6, MCP-1, IFN-γ, 
RANTES, and Eotaxin. In addition, the loss of TGF-β signaling specifically in myofib-
ers resulted in a significant increase of CD11b and F4/80 cells in CTX-damaged muscle, 

Fig. 10 TGF-β-IRE1α signaling inhibits immunological characteristics of muscle cells by attenuating p38 
MAPK pathway. Western blot analyses of the expression changes of H-2Kb, H2-Eα, or TLR3 in MPC-myotubes 
derived from Con and SM TGF-βr2−/− mice (A), or in TGF-βr2−/− MPC-myotubes (B) with or without 
stimulation of IFN-γ/LPS, SRI, 4μ8C, and/or SB (p38 pathway inhibitor). The relative protein expression values 
are expressed as a ratio (protein of interest/GAPDH). All data are presented as means ± SD (n = 3). A one-way 
ANOVA was used for multiple comparisons (*P < 0.05; **P < 0.01)
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and impaired the transition of macrophages from M1 to M2 phenotype, suggesting the 
myofiber TGF-β signaling-controlled myokine production interferes with intramuscular 
monocyte/macrophage recruitment. Intramuscular inflammatory cells are the key regu-
lators of muscle regeneration. Although myorepair of SM TGF-βr2++−/− mice on day 
30 was comparable to that in control mice, the significantly aggravated muscle inflam-
mation in SM TGF-βr2 mice suggests that TGF-β signaling in myofibers is important 
for myorepair, especially for the early myorepair process, by controlling inflammatory 
infiltration and guiding immune cell withdrawal after muscle damage.

Thus, our study has confirmed that the initiation of the TGF-β signaling pathway in 
muscle fibers participates in muscle inflammation inhibition, through controlling pro-
duction of myofiber immunobiological molecules and pro-inflammatory myokines 
under an inflammatory stimulus.

In the immune system, the IRE1α arm of UPR plays a vital role in regulating immune 
cell development, differentiation, and precise function. For instance, in the condition of 
an acute infection, the IRE1α signal pathway was activated, which would promote T cells 
to differentiate into effector T cells [42, 43]. In macrophages, IRE1α activation, which 
may be adjusted by TLR response such as TLR2 and TLR4, may affect their function 
by promoting them to produce pro-inflammatory cytokines including IFN-γ, TNF, and 
IL-6 [44, 45]. Moreover, in dendritic cells (DCs), the IRE1α pathway also plays an impor-
tant role in DC development and survival, because in XBP-1-deficient mice the detect-
able conventional and plasmacytoid DC numbers were decreased [45]. Accumulated 
MHC-I molecules in myofibers could influence the intensity of UPR, which means that 
the immune molecules could regulate ERS in myofibers, through which the myofiber 
immunological behaviors could be affected by regulating ER homeostasis in myopathic 
muscle [46]. Previous studies have shown that TGF-β signaling can induce IRE1α activa-
tion in different types of cells, such as hepatic stellate cells [47], cardiomyocytes [48], and 
endothelial cells [49]: the current study has addressed whether TGF-β could also achieve 
this in myofibers.

Upon pro-inflammatory milieu in vitro, our results showed that muscle fiber-specific 
TGF-β signaling deficiency resulted in the attenuation of UPR activity in differentiating 
MPCs. Of note, UPR attenuation can be corrected by adding TGF-β downstream Smad 
molecule SRI in TGF-βr2−/− myofibers. Importantly, the data from the 4-PBA block-
ing of SRI-initiated UPR activation in TGF-βr2−/− myofibers demonstrated that intrin-
sic TGF-β signaling mediates IFN-γ/LPS-activated muscle cell immunological capacities 
through prompting UPR activities. Further, by comparing the results from treating SRI 
pretreated TGF-βr2−/− myofibers specifically with IRE1α inhibitor 4μ8C or PERK inhib-
itor GSK2606414, our study has revealed a new possible mechanism by which intrinsic 
TGF-β limits immune responses in myofibers, through promoting activation of the IREα 
pathway. Thus, in line with a previous report, our results suggest that, under a persistent 
pro-inflammation state, the expression levels of immunobiological molecules on regen-
eration myofibers are reduced by activating the IRE1α pathway, which in turn influences 
immune function of regenerated myofibers and the immune response of damaged mus-
cle, and eventually affects muscle repair process.

ERS has a cross-talk with classical inflammation pathways, including NF-κB 
and MAPKs (p-38, JNK and Erk). For instance, JNK could be directly activated by 
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phosphorylated IRE1α through recruiting TRAF2 and ASK1. Meanwhile, with IRE1α 
being continuously activated in tissues, the JNK would be activated and promote inflam-
mation and production of pro-inflammatory chemokines [50]. The p38 MAPK could 
be activated at post stages of myogenesis, leading to promotion of muscle gene expres-
sion [2]. Our previous work has also noticed that p38 MAPK was notably activated by 
inhibiting IRE1α in myofibers with the stimulation of IFN-γ [15]. This study has further 
demonstrated that the upregulation of immunological molecules in myofibers, induced 
by 4μ8C, was reversed by inhibiting p38 MAPK, which means that p38 MAPK would 
have a pivotal role in regulating immunological molecules of myofibers by the IRE1α 
pathway. Although TGF-β-deficient myofibers can enhance IFN-γ/LPS-mediated immu-
nobiological capacities by attenuating the activity of the IRE1α arm, whether the p38 
MAPK pathway is involved in this process has previously been unclear. Here, our results 
show that the expression ratio of P-p65/T-p-65 and P-JNK/T-JNK in IFN-γ/LPS-treated 
TGF-βr2−/− and control MPC-myotubes were increased compared with cells without 
pro-inflammatory stimuli. However, additional treatment with SRI, 4-PBA, or 4μ8C did 
not make any difference. On the other hand, in the absence of TGF-β signal, the expres-
sion ratio of P-p38/T-p38 considerably increased in IFN-γ/LPS-treated MPC-myotubes, 
and that P-p38/T-p38 increase in TGF-βr2−/− MPC-myotubes was reversed by the sub-
sequent treatment with SRI. In addition, treatment with p38 MAPK inhibitor SB202190 
completely reversed the TGF-β deficiency-induced elevated expression of immunobio-
logical molecules in myofibers exposed to IFN-γ/LPS. Together, our results have demon-
strated the participation of p38 MAPK in TGF-β-IRE1α pathway in regulating myofiber 
immune capacities.

Conclusions
Combining the data from this study, we present a model depicting the mechanism by 
which TGF-β signaling acts as an upstream factor controlling myofiber immunologi-
cal capacities in the inflamed state by impacting the UPR-IRE1α-p38 MAPK pathway 
(Fig. 11). In damaged muscle, the increased TGF-β2 secretes to extracellular space and 
binds to myofiber transmembrane TGF-βr2,  activating TGF-β signaling. Subsequently, 
the activated TGF-β signaling promotes IRE1α phosphorylation, and the phosphoryl-
ated IRE1α then inhibits p38 MAPK activation, which eventually reduces the production 
of immunological molecules such as H-2Kb, H2-Eα, and TLR3, and myokines such as 
eotaxin, IFN-γ, RANTES, IL-1β, IL-6, and MCP-1 in myofibers. As a result, in damaged 
muscle, the inflammation is attenuated, leading to regeneration and repair.

TGF-β signaling is persistently activated in myofibers under the pro-inflammatory 
condition, which negatively impacts upon immunological properties of muscle cells 
through elevating the activity of the IRE1α arm of UPR and attenuating p38 MAPK acti-
vation. This study has revealed a role and action mechanism of myofiber TGF-β signal-
ing in regulating inflammation and repair of injured muscle. This information may assist 
in finding novel means for treating chronic immune myositis diseases. It is noteworthy 
that the degree of myocyte differentiation in vitro may affect experimental results; future 
work should further evaluate the role of the endogenous TGF-β-IRE1-p38 MAPK path-
way on myofiber capabilities for producing immune-relevant molecules by in vivo tests.
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Abbreviations
ERS  Endoplasmic reticulum stress
UPR  Unfolded protein response
MAPK  Mitogen-activated protein kinases
TGF-β  Transforming growth factor-beta
TGF-βr2  TGF-β receptor II
IRE1α  Inositol-requiring enzyme-1α
BiP  Immunoglobulin heavy chain-binding protein
XBP1s  Spliced X box-binding protein-1
PERK  Protein kinase R (PKR)-like endoplasmic reticulum kinase
HLA I  Human leukocyte antigen class I
ICAM-1  Intercellular cell adhesion molecule-1
IFN-γ  Interferon-γ
4-PBA  4-Phenyl butyric acid
TM  Tunicamycin
TG  Thapsigargin
IL-6  Interleukin-6
T-IRE1α  Total IRE1α
H-2Kb  Major histocompatibility complex class I molecule
H2-Ea  Major histocompatibility complex class II molecule
MyHC  Fast muscle myosin heavy chain
CTX  Cardiotoxin
MPCs  Myogenic precursor cells
PM  Polymyositis
DM  Dermatomyositis
s-IBM  Sporadic inclusion-body myositis
ECM  Extracellular matrix
SM TGF-βr2−/−  Muscle-specific TGF-β receptor 2 deficiency
eMHC  Embryonic myosin heavy chain
P-Jnk  Phosphorylated c-June N-terminal kinase
SRI  SRI-011381 hydrochloride
CHOP  C/EB P-homologous protein
ATF6  Activating transcription factor 6
ATF4  Activating transcription factor 4
eIF2  Eukaryotic initiation factor 2α
H&E  Hematoxylin and eosin

Fig. 11 Proposed model depicting the mechanism by which TGF-β signaling acts as an upstream factor 
controlling myofiber immune capacities in the inflamed state by the UPR-IRE1α-p38 MAPK pathway
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P-IRE1α  Phosphorylated IRE1α
TA  Tibialis anterior
TLR3  Toll-like receptors-3
DCs  Dendritic cells
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