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Pharmacological inhibition of myostatin/TGF-β 
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regenerative responses in mouse model of type 1 
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Aim: To study the influence of acute experimental diabetes on the regenerative potential of muscle stem (satellite) cells in mice.
Methods: Male C57BL/6 young mice were injected with a single dose of streptozotocin (STZ, 180 mg/kg, ip) to induce diabetes.  The 
diabetic mice were treated with insulin (0.75 U/kg, ip), follistatin (12 μg/kg, im) or Alk5 inhibitor (5 μmol/L per kg, sc) once a day.  On 
the first day when high glucose levels were found, cardiotoxin (CTX) was focally injected into tibialis anterior and gastronemius muscles 
of the mice.  The muscles were harvested 3 d and 5 d after CTX injection, and myofibers and satellite cells were isolated.  Quantitative 
ex-vivo and in-vivo assays of myogenic potential were used to evaluate the muscle regenerative responses.
Results: The satellite cells from the diabetic mice 3 d after CTX injection fail to activate, and the repair of muscle deteriorates,  
resembling that observed in old control mice.  Furthermore, the satellite cells have excessive levels of myostatin, TGF-β receptor 1, 
pSmad3 and the cell cycle inhibitor p15, while the level of TGF-β1 remain unchanged.  Treatment of the diabetic mice with insulin  
rescued muscle regenerative responses, and restored the expression levels of myostatin, TGF-β receptor 1, pSmad3, and p15 to those 
similar of healthy controls.  Treatment of the diabetic mice with the myostatin antagonist follistatin, or with the Alk5 inhibitor of TGF-β 
receptor 1 (which did not diminish the blood glucose levels) rescued muscle regenerative responses and attenuated the myostatin/
TGFβ receptor/pSmad3 signaling.
Conclusion: The muscle regenerative responses are incapacitated and repair of the tissue fails within hours after the initiation of 
hyperglycemia in a mouse model of type 1 diabetes, but stem cell function is rescued by insulin, as well as follistatin or an Alk5  
inhibitor that blocks TGF-β receptor signaling.
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Introduction
The function of pancreatic β-cells is indispensable for the 
production of insulin and thus for the regulation of glucose 
homeostasis.  Autoimmune, type 1 diabetes mellitus (diabetes) 
depletes pancreatic β-cells.  The non-autoimmune dysfunc-
tion of these cells or peripheral insulin resistance is manifested 
as type 2 diabetes; both types result in a number of mild and 
severe metabolic disorders along with of course increased 
blood glucose levels[1, 2].  Diabetic patients also may suffer 
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a lack of cell and organ function, poor wound healing and 
reduced longevity due to dysfunctions in many organ sys-
tems[1, 3].  The deregulation of glucose metabolism in diabetes 
causes a plethora of negative changes in the endocrine sys-
tem, cardio-vascular system, adipose tissue, liver, etc, which 
may indirectly affect the general success of organ repair, both 
individually and cumulatively.  As tissue maintenance, repair 
and healing are mediated by adult stem and progenitor cells, 
we asked what effects diabetes might have on the function of 
these crucial cells and how long would it take for the regen-
erative responses to decline following the onset of hyperglyce-
mia.

The specific focus of this work was on muscle stem cells (sat-
ellite cells), which reside beneath the basal lamina of muscle 
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fibers and are responsible for the maintenance and repair of 
skeletal muscle throughout adult life[4–6].  Our results dem-
onstrate that when insulin deficiency is induced through the 
depletion of pancreatic β-cells by streptozotocin (STZ)[7], the 
regenerative responses of muscle stem cells (as measured as 
the ability to give rise to proliferating fusion-competent myo-
blasts), quickly deteriorate in vivo, and muscle fails to repair 
after injury.  While STZ has been previously described to 
have an inhibitory effect on the fusion of cultured myoblasts, 
which was not rescued by exogenous insulin[8], in our hands, 
the myogenicity of satellite cells and tissue regeneration was 

restored to diabetic animals by systemic administration of 
insulin, demonstrating that in vivo the effects of one STZ 
administration is transient to myoblasts and specific to the 
ablation of insulin-producing β-islet cells.  Notably, we found 
that STZ inhibits satellite cell responses by inducing Myosta-
tin/pSmad3 signaling, and that follistatin or an Alk5 inhibitor 
(a small molecule inhibitor of TGF-β receptor 1), rescues satel-
lite cell responses and improves muscle repair while in the dia-
betic condition, suggesting promising avenues for improving 
tissue regeneration in diabetic patients.  Myostatin mRNA was 
previously found to increase in mice treated with STZ[9] and 
myostatin is a known inhibitor of satellite cell proliferation[10], 
however, the in vivo effects of experimental diabetes on muscle 
stem cells by increased TGF-β receptor signaling (including 
elevated pSmad3 and p15), and the rescue of muscle repair in 
vivo by pharmacological inhibitors of this pathway are, to our 
knowledge, entirely novel findings of this work.

While STZ-induced diabetes was previously demonstrated 
to result in smaller and weaker skeletal muscle[11, 12], the mus-
cle cell biology, especially the effects of this molecule on satel-
lite cells in vivo, was not described.  When primary muscle cell 
lines are established from mice that model diabetes or from 
humans with type 2 diabetes, their ability to fuse into myo-
tubes in culture does not decline as compared to the control 
cell lines[8].  However, these primary cells are certainly differ-
ent from the stem cells in vivo, not only because the expres-
sion of numerous genes rapidly changes in culture, but also 
because culture conditions (media and adhesion substrates), 
do not faithfully mimic the local and systemic in vivo envi-
ronment, and particularly that present in cases of diabetes.  
Hence, in this work we addressed the effects of diabetes on 
muscle regenerative potential in pharmacological and genetic 
mouse models, and uncovered that acute experimental diabe-
tes induces myostatin, which in turn inhibits the activation of 
muscle stem cells, causing poor muscle repair.  

Materials and methods
Mice 
Young (2–4 month) and C57BL/6J-Ins2Akita male mice were 
obtained from Jackson Laboratories (Bar Harbor, ME, USA), 
and old (20–24 month) C57BL/6 male mice were obtained 
from the NIA (Bethesda, MD, USA).  Animals were housed 
and cared for under the UC Berkeley Office of Laboratory Ani-
mal Care, with protocols approved by the UC Berkeley Ani-
mal Care and Use Committee.

STZ, insulin, follistatin (FSTN) and TGFβ receptor 1 (Alk5) 
inhibitor administration 
Young mice were given a single intraperitoneal injection (ip) 
of STZ (Sigma-Aldrich, MO, USA) at a dose of 180 mg/kg 
body weight, or control buffer injection.  After one week of 
STZ treatment, blood glucose levels were measured using 
OneTouch UltraMini (LifeScan, CA, USA).  Animals showing 
blood glucose level >300 mg/dL were considered hypergly-
cemic.  Hyperglycemic experimental mice were given intrap-
eritoneal injections of insulin (0.75 U/kg, Sigma-Aldrich, MO, 
USA), and/or intramuscular injection of FSTN (12 µg/kg, 
R&D systems, MN, USA), and/or subcutaneous injection of 
Alk5 inhibitor (5 µmol/L per kg, Calbiochem, NJ, USA) once a 
day after the induction of hyperglycemia.

C57BL/6J-Ins2Akita mice
This strain of mice (Jackson Laboratories) was used for the 
studies of myogenic potential in the same assays as the wild 
type young mice.  Blood glucose levels were measured using 
OneTouch UltraMini (LifeScan, CA, USA).  These animals 
showed high blood glucose levels (520–583 mg/dL), indicat-
ing they were hyperglycemic.  Some of these animals received 
intraperitoneal injections of insulin (0.75 U/kg, Sigma-Aldrich, 
MO, USA), resulting in normal blood glucose levels (184–193 
mg/dL) by 1-h post injection.

Muscle injury
Isoflurane was used to anesthetize the animals during the 
muscle injury procedure.  For bulk myofiber and satellite cell 
activation, tibialis anterior and gastrocnemius muscles were 
injected with cardiotoxin I (CTX, Sigma-Aldrich, MO, USA) 
dissolved at 100 μg/mL in PBS, at 2-5 sites of 10 μL for each 
muscle.  Muscles were then harvested 3 d later.  For focal 
injury, to assay regeneration in vivo, 2–3 μL of 1 μg/mL CTX 
was injected at one site to the middle of the tibialis anterior or 
two sites to the gastrocnemius, and muscle harvested 5 days 
post injury (DPI).

Isolation of myofibers and satellite cells
Myofibers and satellite cells were purified as described[13].  
Briefly, dissected muscle was digested for 1 h and 30 min at 
37 °C in DMEM with 1% penicillin-streptomycin, 250 units/mL 
Collagenase Type IIA (Sigma-Aldrich, MO, USA) and dissoci-
ated into myofibers with attached satellite cells by trituration, 
sedimentation and washing.  Satellite cells were liberated from 
the fibers by digestion for 1 h in DMEM with 40 U/mL Col-
lagenase type II and 2 U/mL Dispase, followed by sedimenta-
tion, filtration and washing.  Leukocytes were depleted using 
anti-CD45-coated magnetic beads (Miltenyi Biotech).  This 
procedure yields ~95% pure satellite cells, based on their func-
tional activity[13, 14].

Satellite cell myogenic potential 
Assays of myogenic potential were performed, as previously 
described[13].  Briefly, activated in vivo myofiber-associated sat-
ellite cells were cultured in growth medium on ECM:DMEM-



1054

www.nature.com/aps
Jeong J et al

Acta Pharmacologica Sinica

npg

coated plates (1:500; BD Biosciences, CA, USA) for 48 h.  
Growth medium (GM) was composed of Ham’s F10 (Mediat-
ech, VA, USA), 20% bovine growth serum (HyClone, IL, USA), 
5 ng/mL bFGF (Invitrogen, CA, USA), and 1% penicillin/
streptomycin (Invitrogen, CA, USA).  GM was replaced daily.  
After addition of BrdU (10 μmol/L, Sigma-Aldrich, MO, USA) 
to the GM for 2 h to label proliferating cells, the cultures were 
switched into differentiation medium (DM, DMEM with 2% 
horse serum) for 48 h, in order to assay generation of de-novo 
myotubes, which are typically produced by fusion-competent 
myoblasts in DM.
 
Muscle repair assays by immunofluorescence and histological 
analysis
All muscle tissue was dissected, flash frozen in OCT com-
pound (Tissue Tek, Japan), cryo-sectioned at 10 μm, as previ-
ously described[13].  Muscle sections were stained with aqueous 
hematoxylin and eosin (H&E; Sigma-Aldrich, MO, USA) and 
immunostaining was performed as described[13].  Briefly, after 
permeabilization in PBS+1% FBS+0.25% Triton-X-100, tissues 
and cells were incubated with 1 μg of primary antibodies per 
milliliter of staining buffer (PBS+1% FBS) for 1 h at room tem-
perature, followed by washes with staining buffer and then 
by 1 h incubation with a 1 μg/mL dilution of secondary, fluo-
rochrome labeled antibodies (ALEXA, Invitrogen, CA, USA) 
in staining buffer.  BrdU-specific immunostaining required an 
extra step of 2 mol/L HCl treatment (for denaturation/nicking 
of DNA) before the permeabilization step.

Western blot analysis 
Western blot analysis was conducted as described[15].  Briefly, 
myofiber and satellite cell lysate were prepared in RIPA lysis 
buffer (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 1% 
Triton X-100, 1% sodium-deoxycolate, 1 mmol/L EDTA and 
0.1% SDS) as described.  Fifty micrograms proteins were run 
on SDS PAGE gels (Bio-Rad, CA, USA).  Anti-TGFβ1 (1:100, 
Santa Cruz Biotech, CA, USA), myostatin (1:500, Santa Cruz 
Biotech, CA, USA), p15 (1:100, Santa Cruz Biotech, CA, USA), 
pSMAD 2, 3 (1:100, Santa Cruz Biotech, CA, USA), SMAD 3 
(1:100, Abcam, MA, USA), total actin (A5060, Sigma, MO, 
USA) antibodies were diluted in 5% skim milk in 1×PBST and 
incubated for overnight at 4 °C.  HRP conjugated secondary 
antibodies (1:5000, Santa Cruz Biotech, CA, USA) were incu-
bated for 1 h at room temperature and developed using ECL 
plus Western blotting detection system (GE Healthcare), and 
imaged on a Bio-Rad Chemidoc XRS.  

Statistical analysis 
Quantified data are expressed as mean±standard devia-
tion.  Statistical significance was determined, using one-way 
ANOVA of variance to compare data from different experi-
mental groups.  A minimum of three independent experiments 
(eg, 3 control vs 3 STZ administered animals) were performed 
for each described condition.  bP<0.05 and cP<0.01 were con-
sidered statistically significant.

Results
Altered glucose metabolism negatively influences muscle stem 
cell performance 
Experimental diabetes was induced through depletion of pan-
creatic β-cells by STZ in young C57BL/6 male mice.  Blood 
glucose levels were measured daily and on the first day of 
high glucose levels (375–497 mg/dL)[16] hind leg muscle (Tibi-
alis Anterior, TA and Gastronemius, Gastroc) of the mice was 
injured by injection of cardiotoxin (CTX).  Seventy-two hours 
after injury, the activated satellite cells were assessed for their 
regenerative capacity by their ability to form myogenic cul-
tures ex-vivo overnight, and at 5 days post injury (DPI) muscle 
was assayed for the success in early regeneration by the regen-
eration of injured tissue with newly formed myofibers, using 
our conventional and previously published methods[4, 13, 14, 17, 18].  
As shown in Figure 1A, satellite cells from muscle of untreated 
control mice (with blood glucose levels of 175–190 mg/dL)[16] 

rapidly and robustly produced eMyHC+ de-novo myofibers.  In 
dramatic contrast, just 72 h after the loss of insulin and eleva-
tion of blood glucose levels, the regenerative responses of 
young satellite cells deteriorated and became similar to those 
derived from old mice (Figure 1A, quantified in 1B). 

These results demonstrate that the regenerative responses 
of muscle stem cells rapidly decline in vivo upon insulin loss 
and induced hyperglycemia, such that these cells fail to gener-
ate proliferating fusion-competent myoblasts ex-vivo, in tissue 
explants (myofibers with their associated satellite cells).  While 
normal insulin and glucose levels are present in vitro, it is the 
in vivo myogenic activation of satellite cells that is measured 
by this assay, eg the overnight formation of myogenic colonies 
by the satellite cells, which were activated by muscle injury (or 
not), in vivo for 3 d[19].

In agreement with these data, a profound decline in muscle 
repair was manifested in STZ-treated young mice, as com-
pared with control animals.  eMyHC+ myofibers with central-
ly-located nuclei did not efficiently form in STZ-treated ani-
mals, and instead areas of scarring and inflammation replaced 
the damaged tissue, which are also phenotypes that are typi-
cally observed during the poor repair seen in old mice[4, 13, 17] 
(Figure 1C, quantified in 1D).

Exogenous insulin restores the satellite cell myogenicity and 
muscle regeneration in hyperglycemic mice  
To rule out non-specific effects of STZ and to confirm experi-
mental diabetes as the cause of decline in myogenic responses, 
we rescued both the in vitro and in vivo myogenicity by the 
administration of insulin to STZ-treated mice (Figure 2A–2D).  
The blood glucose levels were normalized from 375–497 
mg/dL to 173–190 mg/dL by daily single injections of insulin 
that continued during the entire period of muscle regenera-
tion.  However, by 24 h after each injection hyperglycemia 
returned, which explains the robust yet incomplete (~80%) 
rescue of myogenicity by insulin, and emphasizes that even 
transient experimental diabetes significantly inhibits muscle 
regeneration.
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To analyze in more detail the inflammatory response in the 
injured muscle, we immunostained muscle sections derived 
from control and STZ treated mice with CD11b (a macrophage 
marker) and eMyHC (Supplementary Figure 1).  These results 
confirmed that the presence of macrophages in the injured 
muscle of STZ mice was much more pronounced as compared 
to the untreated control mice and that insulin rescue treatment 
reduced the tissue inflammation (Supplementary Figure 1).

Experimental diabetes causes an up-regulation of myostatin and 
of TGFβ receptor 1 in satellite cells
To address the molecular mechanism by which experimen-
tal diabetes causes the decline in muscle regeneration, we 
focused on TGF-β/pSmad signaling, since it has been previ-
ously found that excessive signaling through this pathway 
is capable of preventing the activation and proliferation of 
satellite cells[10, 15, 20].  To investigate if acute experimental dia-

Figure 1.  Satellite cell myogenic potential and muscle regeneration in vivo declines in STZ treated young mice due to hyperglycemia. (A) Satellite cells 
were prepared from tibialis anterior (TA) and gastrocnemius (Gastroc) muscle of young, STZ treated young, and old control mice at 3 days post-injury (DPI), 
cultured in growth medium for 48 h and then switched to differentiation medium for 48 h. Formation of de-novo eMyHC+ myotubes (green) and BrdU+ 
nuclei (red) was assayed by immunofluorescence. Hoechst (blue) labels all nuclei. Scale bar, 100 μm. (B) The percent of nuclei in eMyHC+ myotubes 
to total nuclei (black bars), and the percent of eMyHC+ myotubes with more than two nuclei to total nuclei (white bars) were quantified. n=3 with >3 
independent experiments; bP<0.05, and cP<0.01 Young as compared to STZ treated young. Data are mean±SD. (C) Assessment of success in muscle 
regeneration in vivo was performed by hematoxylin and eosin (H&E) histological analysis and by immunodetection of de-novo eMyHC+ myofibers (green) 
in 10 μm cryosections of TA and Gastroc muscle that were isolated at 5 DPI. Scale bar, 100 μm. (D) Numbers of de-novo myofibers per mm2 of injured 
muscle (covering the entire injury site) were quantified. n=3 with >3 independent experiments; cP<0.01 Young as compared to STZ-treated young 
muscle. Data are mean±SD.



1056

www.nature.com/aps
Jeong J et al

Acta Pharmacologica Sinica

npg

betes causes the rapid deterioration of satellite cell responses 
through an increase in TGFβ signaling, we analyzed the 
expression of the ligands myostatin and TGFβ1, and of the 
TGFβ receptor 1 in satellite cells that were lysed for Western 
blotting immediately after isolation from regenerating hind 
leg muscle.  As shown in Figure 3A (quantified in 3B) and Fig-
ure 4E (quantified in 4F), the protein levels of TGFβ receptor 
1 and the ligand myostatin, phosphorylated Smad3 (pSmad3, 
a downstream effector of TGFβ receptor signaling[21]), and 

the cell cycle inhibitor p15 (a known transcriptional target of 
TGFβ/pSmad signaling[22]), are all increased in STZ treated, 
as compared to control mice, while the levels of the TGF-β1 
remain unchanged.  In agreement with the enhancement of 
myogenesis, the expression of TGFβ receptor 1, myostatin, 
pSmad3 and p15 were down-modulated back to normal in sat-
ellite cells derived from STZ treated mice rescued with insu-
lin (Figure 3A and 4E).  These data demonstrate that insulin 
reversed the molecular effects of STZ and normalized TGF-β 

Figure 2.  Insulin rescues myogenic responses in hyperglycemic by restoring glucose metabolism.  (A) Satellite were prepared from control young 
mice that were treated with STZ or STZ and rescued by insulin (STZ/INS), and their myogenic potential was determined ex-vivo, as in A, quantified 
in B.  n=3 with >3 independent experiments.  cP<0.01 Control as compared to STZ, and STZ as compared to STZ/INS.  Data are mean±SD.  (B) The 
percent of nuclei in eMyHC+ myotubes relative to total nuclei (black bars), and the percent of eMyHC+ myotubes with more than two nuclei relative to 
tatal cel number (white bars) were quantified.  n=3 with >3 independent experiments.  (C) A comparison of success in muscle regeneration in vivo was 
performed between the Control, STZ, and STZ/INS mice, as in C, quantified in D.  n=3 with >3 independent experiments.  cP<0.01 Control as compared 
to STZ and bP<0.05 STZ as compared to STZ/INS.  Satellite cells from STZ-treated mice displayed diminished myogenic capacity in vitro and in vivo, and 
insulin administration rescued the regenerative responses of these muscle stem cells, demonstrating that the decline in myogenicity was caused by 
hyperglycemia.
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receptor/myostatin signaling and the levels of p15 in satellite 
cells of STZ-treated animals, which confirms that the deregu-
lation of TGF-β signaling was indeed caused by experimental 
diabetes and not by any other effect of STZ administration.

To look more closely at the mechanism by which experi-
mental diabetes induces myostatin protein levels, we analyzed 
the expression of myostatin mRNA in the satellite cells, using 
qRT-PCR (Figure 3C).  These data clearly showed that mRNA 
levels of myostatin were significantly up-regulated in STZ 
treated mice and were attenuated in STZ-treated mice rescued 
with insulin, in strong correlation with the protein expression 
(Figure 3C).  These results suggest that in hyperglycemic STZ-
treated mice, the canonical TGFβ receptor signaling pathway 
becomes over-activated, which causes hyper-phosphorylation 
of Smad3 and induction of the p15 cell cycle inhibitor in mus-
cle stem cells.

Inhibition of TGFβ receptor signaling by follistatin rescues the 
regenerative responses of muscle stem cells in hyperglycemic 
mice    
To confirm and extrapolate these data, we attempted to res-
cue muscle regeneration in vivo, and the muscle stem cell 
responses in vitro, by systemic administration of follistatin, 
a natural antagonist of myostatin, and by administration of 
the Alk5 inhibitor of TGFβ receptor 1.  As shown in Figure 
4A, 4C (quantified in 4B, 4D), the formation of new eMyHC+ 
myofibers in vivo and of eMyHC+ primary myotubes in vitro 
were restored in STZ-treated mice by the in vivo administra-

tion of these TGFβ pathway inhibitors.  Notably, the levels 
of blood glucose remained high in Alk5 inhibitor treated ani-
mals (349–473 mg/dL) and similarly, single intramuscular 
injection of follistatin is not expected to change blood glucose 
levels; however, the muscle regenerative capacity was much 
improved, suggesting that up-regulation of the TGFβ/pSmad 
pathway was the main inhibitory culprit for the lack of satel-
lite cells responses in this STZ model of type 1 diabetes.

Muscle regeneration fails in hyperglycemic mice due to pSmad 
3-affected up-regulation of p15
To confirm that the rescue of myogenic responses in STZ-mice 
was indeed caused by an attenuation of TGFβ/pSmad signal-
ing, we performed Western blotting on satellite cells which 
were lysed immediately after their isolation from regenerating 
hind leg muscle of control, STZ-treated, STZ-treated with insu-
lin rescue, and STZ/Alk5 inhibitor-treated mice.  Immuno-
blotting was performed with antibodies that are specific for 
phosphorylated Smad3 (pSmad3), and p15.  Actin was used 
as a loading control.  As shown in Figure 4E (quantified in 
4F), both Alk5 inhibitor and insulin significantly diminished 
the levels of pSmad3 and p15 proteins in satellite cells in vivo, 
demonstrating that the canonical TGF-β/pSmad3 pathway 
becomes elevated by experimental diabetes.

Up-regulation of myostatin in genetic model of type 1 diabetes, 
Akita mice
To confirm our conclusions using a genetic model of type 1 

Figure 3. Myostatin and TGFβ receptor 1, but not TGFβ 1 ligand, levels are increased in STZ-treated mice due to hyperglycemia. (A) Satellite cells were 
prepared from TA and Gastroc muscle of Control, STZ and STZ/INS treated mice at 3 DPI, lysed right after their isolation from hind leg muscle and 
immunoblotted for myostatin, TGFβ and TGFβ receptor 1. Actin was used as a loading control. (B) The quantification of protein band intensity normalized 
by actin was performed. n=3 with >3 independent experiments; cP<0.01 Control and STZ/INS as compare to STZ. Data are mean±SD. (C) qRT PCR was 
performed on these satellite cells, using primers that are specific for myostatin. n=3 with >3 independent experiments; bP<0.05 Control as compare to 
STZ. STZ treatment up-regulated the expression of myostatin and TGFβ receptor 1, but not TGFβ, while administration of insulin reduced the expression 
levels of these genes back to those typical of young control mice, demonstrating that excessive gene expression was caused by hyperglycemia.
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Figure 4.  Regenerative capacity of muscle stem cells is rescued in STZ treated mice by the attenuation of TGFβ/pSmad signaling intensity.  (A) Muscle 
fibers were prepared from TA and Gastroc muscle of control, STZ, STZ/INS, STZ/FSTN (treated with follistatin) and STZ/Alk5 inhibitor treated mice at 
3 DPI, cultured in growth medium for 48 h and then switched to differentiation medium for 48 h.  Formation of de-novo eMyHC+ myotubes (red) was 
assayed by immunofluorescence. Hoechst (blue) labels all nuclei. Scale bar, 100 μm.  (B) The ratio of the nuclei in eMyHC+ myotubes to total nuclei  100 
(black bars), and the ratio of the eMyHC+ myotubes with than two nuclei to total nuclei ×100 (white bars) were quantified.  n=3 with >3 independent 
experiments.  bP<0.05 STZ as compared to FSTN.  Data are mean±SD.  (C) An assessment of success in muscle regeneration in vivo was performed 
by hematoxylin and eosin (H&E) histological analysis and by immunodetection of de-novo eMyHC+ myofibers (red) in 10 μm cryosections of TA and 
Gastroc muscle that were isolated at 5 DPI. INS, FSTN, and Alk5 inhibitor treated muscle had significantly improved regeneration. Scale bar, 100 
μm.  (D) Numbers of de-novo myofibers per mm2 of injured muscle (covering the entire injury) were quantified. n=3 with >3 independent experiments; 
cP<0.01 Control as compare to STZ, and STZ as compared to Alk5 inhibitor. Data are mean±SD. (E) Satellite cells were prepared from TA and Gastroc 
muscle of Control, STZ, INS, FSTN, and Alk5 inhibitor treated mice at 3 DPI, lysed right after their isolation from hind leg muscle and immunoblotted 
for p15, phosphorylated Smad3 and total Smad3.  Actin was used as a loading control.  The levels of p15 and pSmad 3 were upregulated in cells that 
were derived from STZ-treated mice and were normalized by the in vivo administration of insulin or Alk5 inhibitor.  (F) The quantification of protein band 
intensity.  n=3 with >3 independent experiments.  cP<0.01 Control and INS as compare to STZ.  Data are mean±SD.
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diabetes, we also conducted studies with C57BL/6J-Ins2Akita 
mice that are heterozygous for the Akita spontaneous muta-
tion[23].  With respect to studying muscle regeneration, there 
is no perfect genetic model of diabetes, since inactivation of 
insulin 2 can be compensated for by the up-regulation of insu-
lin 1 in Akita mice[24] and because NOD mice become diabetic 
later in life when the muscle regenerative capacity of wild 
type mice also declines[25].  Nevertheless, as shown in Figure 
5, in Akita mice as compared with wild type C57BL/6J mice, 
muscle regeneration becomes diminished and the expression 
of myostatin is elevated.  These findings are consistent with 
our conclusion that experimental diabetes causes an increase 
in myostatin, which consequentially inhibits muscle regenera-
tion.  Additionally, we found that in contrast to STZ-treated 
mice, the inhibition of muscle regeneration is much milder in 
Akita mice, which is likely explained by the residual insulin 
and long term compensatory adaptations that counter the 
mutation in the insulin 2 gene[24], as compared with the rapid 
and complete ablation of pancreatic β-cells in STZ-treated 
mice.

Discussion
This work is to demonstrate that deregulation of glucose 
metabolism immediately and severely suppresses the 
responses of muscle stem cells and thus directly incapacitates 
tissue regeneration, as established here in skeletal muscle, and 
likely applies to other tissues and their dedicated stem cells.  
In this regard it was shown that under ischemia, neural stem 
cells die from glucose deprivation rather than from oxygen 
deprivation[26].  The conclusion that organ stem cells are likely 
to be acutely sensitive to low insulin/hyperglycemia/poor 
glucose metabolism implies that progressive tissue degenera-
tion and poor wound healing, which are known manifesta-
tions of diabetic mellitus[3], could be in large part caused by 
suppressed stem cell responses.

In agreement with the STZ results, the lack of muscle stem 
cell regenerative capacity was statistically significant at the 
onset of diabetes in Akita mice, even though the muscle regen-
erative capacity was diminished only mildly; with time a 
cumulative regenerative decline can lead to a significant loss 
of functional muscle tissue.  At the level of molecular mecha-
nism, this work establishes that in a hyperglycemic environ-
ment, muscle stem cells fail to engage in tissue repair largely 
because of increased signaling through the TGFβ receptor 
phosphorylation of Smad3, and induction of p15 gene expres-
sion, and that the regenerative capacity can be rescued in vivo 
by reducing TGFβ signaling through systemic administration 
of follistatin or an Alk5 inhibitor.  The use of the Alk5 inhibitor 
confirmed that myostatin acts via the canonical TGFβ receptor 
pathway to inhibit muscle regeneration in STZ-treated hyper-
glycemic mice.  Since follistatin is a more specific antagonist of 
myostatin, it could be potentially developed into a treatment 
for combating muscle wasting in patients with type 1 and type 
2 diabetes mellitus, or to enhance tissue repair in such indi-
viduals after injury or surgery.  Future work will determine 
whether it is the high blood glucose levels, the absence of 
insulin signaling, or both that result in the elevation of myo-
statin/TGF-β receptor signaling, the up-regulation of p15 and 
the resulting decline in regenerative responses of muscle stem 
cells.

Acknowledgements
This work was supported by grants from the National Insti-
tutes of Health, USA R01 AG02725201 and Congressional 
Stimulus Fund Supplement, and California Institute for 
Regenerative Medicine RN1-00532-1.

Author contribution
Jaemin JEONG performed experiments, analyzed the data and 
co-wrote the manuscript; Michael J CONBOY designed experi-
ments, analyzed the data and edited the manuscript; and Irina 
M CONBOY designed the study and wrote the manuscript.

Supplementary information
Supplementary information is available at the Acta Pharmaco-
logica Sinica website.

Figure 5.  Satellite cell in vitro myogenic potential declines and myostatin 
mRNA levels increase in C57BL/6J-Ins2Akita mice.  (A) Satellite cells were 
prepared from TA and Gastroc muscle of C57BL/7J and Akita mice at 3 
DPI, cultured in growth media for 48 h and then switched to differentiation 
media for 48 h.  Formation of de-novo eMyHC+ myotubes (red) was 
assayed by immunofluorescence.  Hoechst (blue) labels all nuclei.  Scale 
bar, 100 μm.  (B) The ratio of nuclei in eMyHC+ nuclei myotubes to total 
nuclei ×100 (black bars), the ratio of the eMyHC+ myotubes with than 
two nuclei to total nuclei ×100 (gray bars) were quantified.  bP<0.05, 
and cP<0.01 Akita as compared to C57BL/6J.  Data are mean±SD.  (C) 
Myofibers were prepared from TA and Gastroc muscle of C57BL/6J and 
Akita mice at 3 DPI, lysed and used for qRT PCR with myostatin-specific 
primers.  bP<0.05 Akita as compared to C57BL/6J.  Data are mean±SD.
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