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Abstract

Background Organotin pollutant tributyltin (TBT) is an environmental endocrine disrupting chemical and is a known
obesogen and diabetogen. TBT can be detected in human following consumption of contaminated seafood or water.
The decrease in muscle strength and quality has been shown to be associated with type 2 diabetes in older adults. How-
ever, the adverse effects of TBT on the muscle mass and function still remain unclear. Here, we investigated the effects
and molecule mechanisms of low-dose TBT on skeletal muscle regeneration and atrophy/wasting using the cultured
skeletal muscle cell and adult mouse models.
Methods The mouse myoblasts (C2C12) and differentiated myotubes were used to assess the in vitro effects of
low-dose tributyltin (0.01–0.5 μM). The in vivo effects of TBT at the doses of 5 and 25 μg/kg/day (n = 6/group),
which were five times lower than the established no observed adverse effect level (NOAEL) and equal to NOAEL,
respectively, by oral administration for 4 weeks on muscle wasting and muscle regeneration were evaluated in a
mouse model with or without glycerol-induced muscle injury/regeneration.
Results TBT reduced myogenic differentiation in myoblasts (myotube with 6–10 nuclei: 53.9 and 35.8% control for
0.05 and 0.1 μM, respectively, n = 4, P < 0.05). TBT also decreased myotube diameter, upregulated protein expression
levels of muscle-specific ubiquitin ligases (Atrogin-1 and MuRF1), myostatin, phosphorylated AMPKα, and phosphory-
lated NFκB-p65, and downregulated protein expression levels of phosphorylated AKT and phosphorylated FoxO1 in
myotubes (0.2 and 0.5 μM, n = 6, P < 0.05). Exposure of TBT in mice elevated body weight, decreased muscle mass,
and induced muscular dysfunction (5 and 25 μg/kg, P > 0.05 and P < 0.05, respectively, n = 6). TBT inhibited soleus
muscle regeneration in mice with glycerol-induced muscle injury (5 and 25 μg/kg, P > 0.05 and P < 0.05, respectively,
n = 6). TBT upregulated protein expression levels of Atrogin-1, MuRF1, myostatin, and phosphorylated AMPKα and
downregulated protein expression level of phosphorylated FoxO1 in the mouse soleus muscles (5 and 25 μg/kg,
P > 0.05 and P < 0.05, respectively, n = 6).
Conclusions This study demonstrates for the first time that low-dose TBT significantly inhibits myogenic differentia-
tion and triggers myotube atrophy in a cell model and significantly decreases muscle regeneration and muscle mass
and function in a mouse model. These findings suggest that low-dose TBTexposure may be an environmental risk factor
for muscle regeneration inhibition, atrophy/wasting, and disease-related myopathy.
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Introduction

Environmental endocrine disrupting chemicals (EDCs) can
adversely affect human and wildlife populations that can in-
terfere in the endocrine system and cause harmful effects.1

The experimental and epidemiological studies have demon-
strated that EDCs are associated with metabolic diseases,
such as obesity, metabolic syndrome, diabetes mellitus, and
non-alcoholic fatty liver disease.1 There is growing evidence
that loss of muscle strength and mass is associated with
metabolic diseases such as type 2 diabetes in older adults.2

Cigarette smoke is known to contain EDCs. Maternal
smoking during pregnancy has been shown to have a low
birth weight, which in turn increases the risk of obesity.3

EDCs, such as bisphenol-A, phthalates, and perfluoroalkyl
acids, have been implicated in foetal growth retardation
and low birth weight.4 A previous study showed that, in
young men with low birth weight, the composition and size
of skeletal muscle fibres were altered prior to whole-body in-
sulin resistance.5 The adverse effects of environmental EDCs
exposure on myogenesis and muscle mass are worth further
investigation.

Tributyltin (TBT) is one of the most widespread EDCs.1,6

TBT is the main organotin species used as polyvinyl chloride
heat stabilizers, biocide, wood preservatives, and antifouling
paints. The characteristics of low solubility, lipophilic, and
high gravity make it easy to present in marine aquatic organ-
isms or bonds to sediment for a long time.6 Even though TBT
antifouling paints are banned by international agencies, a
previous study has shown that the detected levels of butyltin
compounds (maximum total concentrations of fish muscles
and livers were 715 and 1132 ng Sn/g, respectively) are still
higher in muscle and liver tissues of fishes from the Polish
coast of the Baltic Sea after 6–7 years of the implementation
of ban regulation.7 An experiment study on Atlantic salmon
(Salmo salar) from farms using TBT-treated nets showed the
increased accumulation of TBT (500–1000 μg/kg) in muscle
tissues.8 Moreover, the occurrence of organotins has also
been demonstrated in house dust samples from Berlin
(Germany) and Albany (New York, USA).9,10 Therefore,
human can exposure to organotin through ingestion of
contaminated seafood, water, or house dust.7–10 The levels
of total butyltin in human blood samples have been detected
to be ranging from less than the limit of detection to 101 ng/
mL.11 TBT is a known obesogen and diabetogen.1,4,6

Several animal studies have found that TBT at the
environmentally relevant doses (0.05–500 μg/kg) can affect
fat deposition, oestrogen-receptor interaction, and glucose
homeostasis.1,12,13 Furthermore, several studies showed that
exposure of pregnant rats to organotin caused the reduction
of birth weight.14–16 The adverse effects of TBT on muscle re-
generation and wasting/atrophy are still unclear.

This study hypothesized that low-dose TBT could
effectively not only retard muscle regeneration but also in-

duce muscle wasting/atrophy. We used a well-established
myoblast cell models to investigate the in vitro effects of
TBT on myogenic differentiation and differentiated myotube
atrophy. A previous study showed that the detectable
concentrations of human blood TBT ranged from 2.4 to
85 ng/mL (8.27–293 nM).11 Therefore, TBT at the concentra-
tions of 0.01–0.5 μM was used in this study for in vitro exper-
iments. A well-established mouse model with or without
glycerol-induced muscle injury/regeneration to test the in
vivo effects of TBT on muscle wasting and muscle regenera-
tion. The value of tolerable daily intake (TDI) for TBT has been
established to be 0.25 μg/kg/day based on the no observed
adverse effect level (NOAEL) of 25 μg/kg/day in the long-term
animal toxicity studies, resulted in a safety factor of 100.17

Therefore, TBT at the doses of 5 and 25 μg/kg/day, which
were five times lower than the established NOAEL and equal
to NOAEL, respectively, was used in this study for in vivo
experiments.

Materials and methods

Detailed descriptions of materials and methods were shown
in Supporting information, Data S1.

C2C12 mouse myoblasts and myoblast
differentiation and myotube formation

C2C12 myoblasts were cultured onto 6-well plates containing
growth medium (GM) for one day, and then cultured into dif-
ferentiation medium (DM) contained nutrient mixture F-12K
Ham solution/MCDB201 (1:1) with 2% horse serum for 4 days
and replaced every 24 h with or without TBT (0.01–0.1 μM)
during myoblast differentiation period.

Morphological analysis in myotubes

The observable characteristics of myotube formation and
myotube atrophy were examined by analysis of multinucle-
ated myotube formation and diameters from the widest part
of multinucleated myotubes with haematoxylin and eosin
(H&E) staining under an optical Nikon Eclipse TS100 micro-
scope equipped with a Nikon D5100 digital camera. During
myoblast differentiation, myotubes were calculated by the
frequency distribution of myotube nuclei (2–5, 6–10, and
>10 nuclei). In well-differentiated myotubes, myotubes were
calculated by the frequency distribution of myotube diameter
(<15, 15–30, >30 μm).
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Animals

Male ICR mice (6-week-old) were purchased from the Animal
Center of the College of Medicine, National Taiwan University
(IACUC Approval No: 20201066) and housed under controlled
environmental conditions (22 ± 2°C, per 12 h light/dark cycle)
with food and water ad libitum. Animals were allowed to ac-
climate for 1 week prior to research use. Mice were randomly
divided into seven groups (n = 6/group): normal control mice,
mice with TBT (5 and 25 μg/kg) treatment, sham control for
glycerol injection, normal mice with glycerol injection, and
TBT (5 and 25 μg/kg)-treated mice with glycerol injection.
TBT chloride (Sigma Aldrich, St. Louis, MO, USA) was dissolved
in corn oil. During the period of experiment, mice were orally
administered with corn oil or TBT via a gavage needle once
every day for 4 weeks (ages of mice: 11-week-old). At the
end of the experiment, mice were fasted for 12 h with water
ad libitum. The blood samples were collected from tail veins,
and then the blood glucose was measured using an
Anstense-III glucose analyzer (Horiba, Kyoto, Japan). The
plasma insulin was determined by an insulin antiserum
immunoassay (Mercodia, Uppsala, Sweden). The operators
who performed the data collection/analysis were blinded.

Muscle regeneration model in mice

The glycerol-induced muscle injury-regeneration model was
performed as previously described.18,19 Mice were anaesthe-
tised and glycerol (100 μL of 50%, v/v) was injected into
soleus muscles. After 5 days of glycerol injection, soleus
muscles were isolated after mouse euthanasia. The 5-μm tis-
sue slices were prepared for histological analysis.

Muscle fatigue task

The muscular endurance was measured by the rotarod
apparatus as previously described.18,19 Briefly, mice were
acclimated to training before the fatigue task performed in
an accelerating rotarod (Ugo Basile, Varese, Italy).

Grip strength test

The muscle strength was measured by a grip strength device
(DTG-2, Bio-Cando, Taoyuan, Taiwan). The muscle strength of
both forelimb and hindlimb was recorded. The grip strength
test of each mouse was repeated five times.

Sampling

The skeletal muscles (soleus, tibialis anterior, gastrocne-
mius, and extensor digitorum longus) were dissected,

harvested, weighted, and prepared for following
histological and immunohistochemical analysis. Some mus-
cle samples were stored in �20°C for following Western
blotting.

Histological and immunohistochemical analysis

The analysis of histology and immunohistochemistry was
determined as previously described.18,19 The soleus
muscles were dissected from hind limbs and then fixed in
4% paraformaldehyde. The cross-sections (5 μm) of
paraffin-embedded muscle tissues were used for H&E stain-
ing and immunohistochemistry. The CSA and myofibres were
assessed through high-powered field with an optical Nikon
Eclipse TS100 microscope equipped with a Nikon D5100 dig-
ital camera and calculated using the image J 1.48 software
(National Institutes of Health) in five random fields of each
section per mouse. The CSA was calculated by mean of
150–250 fibres for each section. For immunohistochemistry
(IHC), slices were dewaxed, rehydrated, and blocked, and
then incubated with primary antibodies overnight.
Haematoxylin was used to counterstain the sections. The
semi-quantitative IHC was determined by the ImageJ Fiji
1.2 software.20

Immunoblotting

Equal amounts of proteins (10–30 μg) were separated on
SDS-PAGE and electrotransferred to the polyvinylidene
difluoride (PVDF) membranes. Membranes were washed with
0.2% TBST followed by blocking with 5% skim milk for 1 h and
subsequently incubated with primary antibodies with 1:2000
dilution at 4°C overnight. PVDF membranes were then
incubated with corresponding secondary antibodies for 1 h
at room temperature. Finally, the membranes were washed
and then treated with enhanced chemiluminescence reagent
(Bio-Rad Laboratories, Redmond, WA, USA) and visualized on
the Fuiji X-ray film.

Statistics

The one-way analysis of variance (ANOVA) and unpaired two-
tailed Student’s t-test was used for comparison among differ-
ent groups. For analysing distribution of myofibre sizes, the
two-way ANOVA followed by post hoc analysis with the Sidak
test was performed. The P value less than 0.05 was consid-
ered to be statistically significant. Statistical analysis was per-
formed by GraphPad Prism 6.
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Results

Low-dose TBT inhibits myogenesis and regulates related sig-
nalling molecules in a myoblast cell model.

We first investigated whether low-concentration TBT
caused inhibition of myogenic differentiation in C2C12
myoblasts. As shown in Figure 1A,B-a, TBT (0.01–0.1 μM)
treatment significantly inhibited the multinucleated myotube
formation, which the frequent distribution of nuclei at 6–10

and >10 unit was affected, in myoblasts subjected to 4 days
of differentiation (0.1 μM, 6–10 unit, P = 0.002, >10 unit,
P < 0.001; 0.05 μM, >10 unit, P = 0.003; 0.01 μM, >10 unit,
P = 0.019, vs. control). The total differentiated myotube num-
bers were also significantly reduced by TBT treatment at a
concentration of 0.1 μM (Figure 1B-b; P = 0.031, vs. control).

TBT (0.05 and 0.1 μM) significantly downregulated the pro-
tein expression of myogenin (Figure 2A; 0.05 and 0.1 μM,
P = 0.018 and P = 0.004; vs. DM control, respectively) and

Figure 1 Effects of tributyltin (TBT) treatment on myogenic differentiation in C2C12 myoblasts during myogenic differentiation. C2C12 myoblasts were
cultured in growth medium (GM) or differentiation medium (DM) for 4 days with or without TBT (0.01–0.1 μM) treatment. (A) The representative
haematoxylin and eosin (H&E) stained myotube formation during myogenic differentiation of C2C12 myoblasts. Open arrows indicated the multi-nuclei
myotubes. Scale bar = 100 μm. (B) Myotubes were calculated by the frequency distribution of myotube nuclei (2–5, 6–10, >10 nuclei) (a) and the
number of myotube formed per field (b). There are approximately 300 myoblasts/group/biological replicate analysed. All data are presented as
mean ± SD for at least three independent experiments. The statistical analysis was performed using one-way ANOVA followed by unpaired
two-tailed Student’s t-test; for frequency distribution, two-way ANOVA followed by Sidak test was used (*P < 0.05 compared with control in DM with-
out TBT treatment).
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myosin heavy chain (MHC) (the myogenesis markers) (Figure
2B; P = 0.04 and P = 0.019; vs. DM control, respectively). TBT
0.1 μM, but not 0.05 μM, significantly downregulated the
protein expression of phosphorylated AKT (a positive regula-
tor of myogenesis) (Figure 2C; P > 0.05 at 0.05 μM and
P = 0.01 at 0.1 μM vs. DM control). TBT (0.05 and 0.1 μM)
significantly upregulated the protein expression of phosphor-

ylated AMPK (Figure 2D; 0.05 and 0.1 μM, P = 0.048 and
P = 0.004, vs. DM control, respectively) and myostatin (the
negative regulators of myogenesis) (Figure 2E; 0.05 and
0.1 μM, P = 0.039 and P = 0.022, vs. DM control, respectively)
during myogenic differentiation in myoblasts. Moreover, TBT
(0.01–0.1 μM) did not affect the protein expression of
apoptotic markers cleaved caspase-3, Bcl-2, and Bax during

Figure 2 Effects of tributyltin (TBT) treatment on protein expression of myogenesis-related molecules and regulated signalling molecules in C2C12
myoblasts during myogenic differentiation. C2C12 myoblasts were cultured in growth medium (GM) or differentiation medium (DM) for 4 days with
or without TBT (0.01–0.1 μM) treatment. The protein expression levels for myogenin (A), myosin heavy chain (MHC; B), phosphorylated AKT (C), phos-
phorylated AMPKα (D), myostatin (E), caspase-3, Bcl-2, and Bax (F) were shown. The protein expression was determined by Western blotting and quan-
tified using densitometric analysis. The β-actin was regarded as a loading control. All data are presented as mean ± SD for at least three independent
experiments. The statistical analysis was performed using one-way ANOVA followed by unpaired two-tailed Student’s t-test.
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myogenic differentiation in myoblasts (Figure 2F; P > 0.05,
vs. DM control). These results suggest that low-dose TBT
may have inhibitory potential on myogenesis or muscle
regeneration.

Low-dose TBT induces myotube atrophy and
regulates related signalling molecules in a
myoblast-derived myotube model

We next investigated the effects of low-concentration TBT on
myotube atrophy. C2C12 myoblasts were induced to differen-
tiate into myotube, which was as a generally applied model
of muscle atrophy in vitro. Our preliminary tests showed that
the induction of myotube atrophy required higher concentra-
tions of TBT than that on myogenic differentiation inhibition.
Thus, the concentrations of 0.1–0.5 μM of TBT were used for
myotube atrophy experiments. As shown in Figure 3A,B-a,
TBT dose-dependently induced morphology alteration and di-
ameter reduction in C2C12 differentiated myotubes after
24 h treatment. The amounts of myotubes with diameter
over 30 μm were significantly reduced by 0.2 and 0.5 μM
TBT treatment (Figure 3B-a; P = 0.013 and P = 0.004, respec-
tively). The total numbers of myotubes could also be signifi-
cantly decreased by 0.5 μM TBT treatment (Figure 3B-b;
P < 0.001, vs. control).

The muscle RING finger-1 (MuRF1) and muscle atrophy
F-box (Atrogin-1), the muscle-specific E3 ubiquitin ligases,
are involved in the regulation of skeletal muscle mass that
these ligases are required for muscle atrophy and dramati-
cally expressed in many muscle-wasting conditions.19,21–23 Af-
ter treatment with low-dose TBT (0.1–0.5 μM) in myotubes
for 24 h, the levels of protein expression of Atrogin-1 (Figure
3C-a; 0.2 and 0.5 μM, P = 0.001 and P < 0.001, vs. control,
respectively) and MuRF1 (Figure 3C-b; 0.2 and 0.5 μM,
P = 0.005 and P< 0.001, vs. control, respectively) were signif-
icantly increased in a dose-dependent manner. We further
tested the upstream regulatory signalling molecules of
muscle-specific E3 ubiquitin ligases, including AMPK, myo-
statin, FoxO1, and NF-κB.21–23 As shown in Figure 3D,E, TBT
(0.1–0.5 μM) dose-dependently and significantly upregulated
the protein expression of phosphorylated AMPKα, myostatin,
and phosphorylated NF-кB-p65 and downregulated the pro-
tein expression of phosphorylated FoxO1 in myotubes (0.2
and 0.5 μM: Figure 3D-a, p-AMPKα, P < 0.001 and
P < 0.001; Figure 3D-b, myostatin, P = 0.021 and
P < 0.001; Figure 3E-a, p-FoxO1, P = 0.001 and P < 0.001;
Figure 3E-b, p-p65, P = 0.003 and P < 0.001, vs. control, re-
spectively). Transcription factor FoxO1 is a negative regulator
of muscle growth in which dephosphorylation of FoxO1 leads
to nuclear entry and growth suppression.23 The decreased
phosphorylated FoxO1 reflected more FoxO1 nuclear entry
to trigger Atrogin-1 and MuRF1 expression. Moreover, TBT
at the concentration of 0.5 μM significantly increased the

protein expression of apoptotic markers cleaved caspase-3
and Bax, and significantly decreased the Bcl-2 protein expres-
sion in myotubes (Figure 3F; P < 0.05, vs. control). The
amounts of myotubes with diameter over 30 μm were
significantly reduced by 0.2 and 0.5 μM TBT treatment
(Figure 3B-a). Therefore, 0.5 μM TBT may induce both
myotube atrophy and degeneration.

Atrophic stress-induced inhibition in PI3K/AKT signalling
leads to activation of FoxO transcription factors and
Atrogin-1 induction in myotubes, which can be reversed by
IGF-1 treatment or AKT overexpression.23 We next investi-
gated the role of AKT in TBT-induced myotube atrophy. As
shown in Figure 4A-a,b, TBT (0.1–0.5 μM) dose-dependently
and significantly decreased the AKT phosphorylation and its
downstream signal mTOR phosphorylation in myotubes (0.2
and 0.5 μM: p-AKT, P = 0.007 and P < 0.001; p-mTOR,
P = 0.009 and P = 0.004, vs. control, respectively). Pretreat-
ment with SC79, an AKT activator, effectively and significantly
reversed the decreased AKT phosphorylation and the
increased Atrogen-1 and MuRF1 protein expression in
TBT-treated myotubes (Figure 4B,C; 0.2 μM, p-AKT,
P = 0.046 vs. control, P = 0.025 vs. TBT alone; Atrogen-1,
P = 0.024 vs. control, P = 0.005 vs. TBT alone; MuRF1,
P = 0.005 vs. control, P = 0.003 vs. TBT alone). Moreover,
the myotube loss by TBT at the concentration of 0.5 μM
could also be reversed by SC79 (Figure S1). Taken together,
these results reveal that low-dose TBT may have potential
on myotube or muscle atrophy/wasting induction.

Exposure to TBT results in skeletal muscle mass
loss, dysfunction, and low regenerative capacity in
a mouse model

We next investigated the in vivo effects of biologically rele-
vant dose of TBT (5 and 25 μg/kg) treatment for 4 weeks
on muscle mass and function in mice. The results showed
that the body weights were significantly increased by TBT at
a dose of 25 μg/kg, but not 5 μg/kg, from week 2 to week
4 (P = 0.044, 25 μg/kg group vs. control group at Week 4;
Table 1 and Figure S2A). Both TBT 5 and 25 μg/kg treatment
did not affect the food intake weekly (P > 0.05; Table 1 and
Figure S2B). The weights of soleus, gastrocnemius, tibialis
anterior, and extensor digitorum longus muscles were also
measured. As shown in Table 1, the muscle weights of soleus,
tibialis anterior, and extensor digitorum longus, but not gas-
trocnemius, significantly decreased in TBT 25 μg/kg-treated
mice compared with control mice. Treatment of TBT 5 μg/
kg did not change the weights of these four types of muscles
(Table 1). Moreover, hyperglycaemia has been suggested to
be a risk factor for skeletal muscle atrophy.18,24 TBT exposure
has been shown to interfere with glucose homeostasis.16,17

Thus, we measured fasting blood glucose levels in mice after
low-dose TBT treatment. As shown in Table 1, treatment of
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Figure 3 Effects of TBT treatment on myotube loss and atrophy and protein expression of atrophy-related signalling molecules in C2C12 myotubes.
C2C12 myoblasts were cultured in differentiation medium for 4 days to form myotubes, followed by an additional 24 h with TBT (0.1–0.5 μM). (A)
The representative H&E stained C2C12 myotubes were shown. The open arrows indicated the multi-nuclei myotubes. Scale bar = 100 μm. (B) Myo-
tubes were calculated by the frequency distribution of myotube diameter (<15, 15–30, >30 μm) (A) and the number of myotube formed per field
(B). There are approximately 100 multinucleated myotubes/group/biological replicate analysed. Moreover,Western blot analysis for protein expression
of Atrogen-1 (C-a), MuRF1 (C-b), phosphorylated AMPKα (D-a), myostatin (D-b), phosphorylated FoxO1 (E-a), phosphorylated NF-κB-p65 (E-b), caspase-
3, Bcl-2, and Bax (F) in myotubes was shown. All data are presented as mean ± SD for at least three independent experiments. The statistical analysis
was performed using one-way ANOVA followed by unpaired two-tailed Student’s t-test; for frequency distribution, two-way ANOVA followed by Sidak
test was used (*P < 0.05 compared with control group).
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TBT 25 μg/kg, but not 5 μg/kg, significantly exhibited an ele-
vation of blood glucose level and a decrease of plasma insulin
level in mice. TBT at the doses of 5 and 25 μg/kg did not af-
fect the relative liver or kidney weight (5 μg/kg TBT slightly
but significantly decreased kidney weight; Table 1).

We next assessed the myofibre cross-sectional area (CSA)
in soleus muscles. As shown in Figures 5A,B-a and S3A, TBT
exposure was characterized by a significant reduction in the
average soleus myofibre CSA in mice treated with TBT
25 μg/kg, but not 5 μg/kg, compared with the control mice

Figure 4 The role of AKT in TBT-induced myotube atrophy. C2C12 myoblast were cultured in differentiation medium for 4 days to form myotubes,
followed by an additional 24 h with TBT (0.1–0.5 μM) in the presence or absence of AKT activator SC 79. (A) The protein expression of phosphorylated
AKT (a) and phosphorylated mTOR (b) in TBT-treated myotubes was shown. The protein expression of phosphorylated AKT (B), Atrogen-1 (C-a), and
MuRF1 (C-b) in TBT-treated myotubes with or without SC 79 treatment was shown. Data are presented as mean ± SD for at least three independent
experiments. The statistical analysis was performed using one-way ANOVA followed by unpaired two-tailed Student’s t-test (*P < 0.05 compared with
control group. #P < 0.05 compared with TBT alone).
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(P = 0.048, 25 μg/kg group vs. control group). Even though
the distribution of myofibre CSA at 600–1200 μm2 in TBT (5
and 25 μg/kg)-treated mice was significantly more
abundant than control mice; however, the myofibre CSA at
1200–2000 and >2000 μm in TBT (25 μg/kg)-treated
mice was significantly fewer than control mice (P < 0.05;
Figures 5B-b and S3B).

To further determine whether the muscular function was
affected by exposure to low-dose TBT, muscle fatigue task
and grip strength tests were performed in mice with or with-
out TBT treatment. TBT 25 μg/kg treatment caused a signifi-
cant decrease in the forelimb grip strength in mice
(P = 0.016; Figure S4A); both 5 and 25 μg/kg TBT treatment
significantly reduced the hindlimb grip strength in mice (5
and 25 μg/kg, P = 0.01 and P < 0.001, vs. control, respec-
tively; Figure 5C-a). Treatment of TBT 25 μg/kg, but not 5
μg/kg, significantly suppressed the muscle endurance in mice
(P = 0.022, 25 μg/kg group vs. control group; Figure 5C-b).
These in vivo results suggest that continuous exposure to
low-dose TBT may impair muscle mass and muscle function.

To assess the effects of TBT exposure on regenerative ca-
pacity, glycerol was injected into the soleus muscles of mouse
hind leg to induce muscle injury. An increase in the centrally
nucleated myofibres characterized as early regenerating
myofibres was also manifested in glycerol-injured mice,
which could be significantly decreased by TBT 25 μg/kg, but
not 5 μg/kg, treatment (P = 0.014, 25 μg/kg group vs. control;
Figure 6A-a,b). Moreover, a significant reduction in the
myofibre CSA of soleus muscles was observed in
glycerol-injured mice, which could be significantly exacer-
bated by TBT 25 μg/kg, but not 5 μg/kg, treatment
(P = 0.001, 25 μg/kg group vs. control; Figures 6A-c and
S3A). The myofibre CSA at 1200–2000 and >2000 μm in
TBT (5 and 25 μg/kg)-treated mice was significantly fewer
than control glycerol-injured mice (P < 0.05; Figures 6A-d
and S3B). Moreover, at 5 days after injury, a decrease in the
hindlimb (Figure 6B), but not forelimb (Figure S4B), grip
strength was detected in glycerol-injured mice, which could
be significantly aggravated by TBT 25 μg/kg, but not 5 μg/

kg, treatment (P = 0.033, 25 μg/kg group vs. control). These
results demonstrate that low-dose TBT can induce muscle
mass loss and retard muscle regeneration in vivo.

Exposure to TBT induces the muscle
atrophy-related signals in a mouse model

We next investigated whether TBT induced the muscle
atrophy-related signals in soleus muscles. In an immunohisto-
chemistry analysis, the soleus muscle isolated from TBT
(25 μg/kg)-treated mice exhibited an increase in atrophy
accompanying with the increased protein expression of
phosphorylated AMPKα, myostatin, Atrogin-1, and MuRF1
(P < 0.001 for these four signalling molecules; Figures 7A,
B). In an immunoblotting analysis, mice continuous daily ex-
posure to TBT 25 μg/kg for 4 weeks significantly increased
the protein expression of phosphorylated AMPKα, myostatin,
and major atrogene markers Atrogin-1 and MuRF1 in mouse
soleus muscles (p-AMPK, P = 0.01; myostatin, P = 0.026;
Atrogin-1, P = 0.014; MuRF1, P = 0.001, vs. control; Figure
7Ca–d). Moreover, the protein expression of signalling mole-
cules for phosphorylated NF-кB-p65 and phosphorylated
FoxO1 were significantly upregulated and downregulated, re-
spectively, in soleus muscles of TBT 25 μg/kg-treated mice (p-
p65, P = 0.041; p-FoxO1, P = 0.002, vs. control; Figure S5).
However, the protein expression of phosphorylated AKT was
not changed in soleus muscles of TBT 25 μg/kg-treated mice
(P > 0.05 vs. control; Figure 7C-e). These results suggest that
exposure to low-dose TBT in mice may induce an
AMPK-mediated pathway, leading to induction of muscle
wasting and weakness.

Discussion

TBT is one of the most widespread EDCs and can be a risk
in the reduction of birth weight.14–16 Here, TBT at the

Table 1 Effects of tributyltin (TBT) on the body weight, food intake, muscle weight, and blood glucose in mice

Parameters Control TBT 5 μg/kg TBT 25 μg/kg

Final body weight (g) 35.78 ± 1.03 41.58 ± 5.74 (P = 0.057) 38.34 ± 2.17* (P = 0.044)
Food intake (g/day) 49.92 ± 25.95 52.29 ± 20.42 (P = 0.907) 43.43 ± 16.62 (P = 0.734)
Muscle weight (mg/g b.w.)
Soleus muscle 0.63 ± 0.02 0.58 ± 0.01 (P = 0.102) 0.55 ± 0.02* (P = 0.036)
Gastrocnemius 9.01 ± 0.34 8.84 ± 0.17 (P = 0.660) 8.66 ± 0.18 (P = 0.385)
Tibialis anterior 3.20 ± 0.09 2.96 ± 0.11 (P = 0.128) 2.93 ± 0.07* (P = 0.044)
Extensor digitorum longus 0.62 ± 0.01 0.57 ± 0.02 (P = 0.058) 0.56 ± 0.018* (P = 0.012)

Blood glucose (mg/dL) 90.50 ± 8.74 107.80 ± 10.04 (P = 0.222) 136.70 ± 14.63* (P = 0.022)
Blood insulin (pM) 234.1 ± 18.19 225.5 ± 11.08 (P = 0.695) 160.0 ± 14.87* (P = 0.010)
Liver weight (mg/g b.w.) 37.03 ± 1.194 34.65 ± 0.6638 (P = 0.111) 37.54 ± 0.8134 (P = 0.731)
Kidney weight (mg/g b.w.) 13.73 ± 0.3942 12.48 ± 0.2373* (P = 0.022) 13.48 ± 0.4140 (P = 0.661)

Note: Data are presented as mean ± SD (n = 6).
*P < 0.05 versus control.
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concentrations of 0.01–0.5 μM (10–500 nM), which were at
levels of human exposure, was used to test the in vitro effects
of TBT. Moreover, TBT at the doses of 5 and 25 μg/kg/day,
which were 5 times lower than the established NOAEL and
equal to NOAEL, respectively, was used to investigate the
in vivo effects of TBT. The findings of present study demon-
strated for the first time that biologically relevant dose of
TBT induced muscle atrophy/wasting and retarded muscle re-
generation in vitro and in vivo.

Organotin contamination not only causes adverse effects
on marine organisms but also induces health risk in human

associated with contaminated seafood consumption.7,8,11 A
cohort study showed that TBT at the levels of>0.4 ng/g fresh
weight of placenta was significantly and positively associated
with children’s weight gain from birth to 3 months of age,
suggesting that TBT may have an obesogenic potential.25 A
previous study has reported that TBT at a dose of 50 μg/kg
can induce the microbiome dysbiosis with obesity and
dyslipidaemia in a mouse model.26 TBT at a dose of 25 μg/kg
has also been found to disturb insulin regulation and glucose
homeostasis in mice.13 Here, we found that the body weights
and fasting blood glucose in mice were significantly increased

Figure 5 TBT treatment caused muscle wasting and muscular dysfunction in mice. Mice were treated with TBT (5 and 25 μg/kg) or vehicle (corn oil) for
4 weeks. (A) The representative H&E stained soleus muscle sections were shown. (B) The average cross-sectional areas (CSA) of myofibres (a) and dis-
tribution of myofibres (b) were shown. (C) The hindlimb grip strength (a) and muscle endurance in the rotarod (b) were shown. Data are presented as
mean ± SD (n = 6 of each group). The statistical analysis was performed using one-way ANOVA followed by unpaired two-tailed Student’s t-test
(*P < 0.05 compared with control group).
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by treatment with 25 μg/kg TBT for 4 weeks. These results
are consistent with the previous findings.

In the present study, TBT administration induced muscle
atrophy in soleus, tibialis anterior, and extensor digitorum
longus, but not in gastrocnemius muscle, indicating that
low-dose TBT-induced muscle atrophy was muscle specific,

but not muscle-type specific. The atrophy of soleus muscle,
a predominantly slow-twitch muscle, is greater affected by
sciatic nerve transection27 and hindlimb unweighting28 as
compared with other calf muscles, which are mainly
fast-twitch muscles. The adult soleus muscle has been found
to possess more percentage of satellite cells than that in the

Figure 6 TBT treatment retarded muscle regeneration in mice. Mice were treated with TBT (5 and 25 μg/kg) or vehicle (corn oil) for 4 weeks. The
glycerol myopathy model was used to test the effects of TBT on muscle regeneration. (A) The representative haematoxylin and eosin (H&E) stained
sections of soleus muscles with glycerol-induced muscle injury (a), quantification of the percentage of soleus myofibres containing central nuclei
(b), average cross-sectional areas (CSA) of myofibres (c), and distribution of myofibres (d) were shown. (B) The hindlimb grip strength was determined
in TBT-treated mice after glycerol-induced muscle injury. Data are presented as mean ± SD (n = 6 of each group). The statistical analysis was performed
using one-way ANOVA followed by unpaired two-tailed Student’s t-test (*P < 0.05 compared with sham control group. #P < 0.05 compared with glyc-
erol group without TBT treatment).
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Figure 7 TBT treatment enhanced the protein expression of phosphorylated AMPKα, myostatin, Atrogin-1, and MuRF1 in the soleus muscles of mice.
Mice were treated with TBT (5 and 25 μg/kg) or vehicle (corn oil) for 4 weeks. (A) The representative immunohistochemical images for the expression
of phosphorylated AMPKα, myostatin, Atrogin-1, and MuRF1 were shown. Scale bar = 100 μm. (B) The quantification of protein expression for phos-
phorylated AMPKα (a), myostatin (b), Atrogin-1 (c), and MuRF1 (d) was shown. Data are presented as mean ± SD (n = 4–6 of each group). The statistical
analysis was performed using one-way ANOVA followed by unpaired two-tailed Student’s t-test (*P< 0.05 compared with control group). (C) Effects of
TBT on the protein expression of atrophy-related signalling molecules in the soleus muscles of mice. Western blot analysis for protein expression of
phosphorylated AMPKα (a), myostatin (b), Atrogen-1 (c), MuRF1 (d), and phosphorylated AKT (e) in the soleus muscles of mice was shown. Data
are presented as mean ± SD (n = 4–6 of each group). The statistical analysis was performed using one-way ANOVA followed by unpaired two-tailed
Student’s t-test (*P < 0.05 compared with control group).
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adult fast tibialis anterior and extensor digitorum longus
muscles.29 Therefore, we chose to target the soleus muscle
for observation of muscle atrophy and regeneration in
TBT-exposed mice. Moreover, in the muscle regeneration
model, we injected glycerol into soleus muscles. In addition
to the injury to the soleus muscle, other calf muscle (gastroc-
nemius and plantaris) around the soleus muscle may also be
injured by infiltrated glycerol in this area, which may affect
the hindlimb strength.

Diabetic hyperglycaemia can induce muscle atrophy and
failure of muscle regeneration. However, the hyperglycaemic
degree and duration can affect the diabetogenic effect. Re-
cently, a study has shown that intraperitoneal injection of
streptozotocin (STZ) in mice results in marked
hyperglycaemia (~25 mM; equal to 450 mg/dL) for 21 days
can significantly induce skeletal muscle atrophy in gastrocne-
mius and extensor digitorum longus muscles.24 Chiu et al.
have also observed the muscle atrophy in soleus, tibialis ante-
rior, and gastrocnemius muscles of STZ-induced diabetic mice
with blood glucose level >300 mg/dL.18 In the present study,
treatment with TBT at the dose of 25 μg/kg in mice for
4 weeks only increased the blood glucose level at about
136 mg/dL, which is a weak hyperglycaemic condition, and
induced muscle atrophy in soleus, tibialis anterior, and exten-
sor digitorum longus, but not in gastrocnemius muscle. The
hyperglycaemia degree or dosage may limit the effect of
low-dose TBT on gastrocnemius muscle. Moreover, the
current in vitro study also showed that TBT at
low-concentrations could induce myotube atrophy. There-
fore, in addition to hyperglycaemic factor, low-dose TBT,
which dosage is equal to the NOAEL, may also has a direct
damaging effect on skeletal muscles.

It is wondering whether TBT would affect the whole
tissues, including the liver or kidney, resulting in muscle
atrophy. Our preliminary data showed that TBT at the doses
of 5 and 25 μg/kg did not affect the relative liver or kidney
weight (Table 1) and the levels of blood liver and kidney func-
tional markers (data not shown). Nevertheless, TBT (50 μM)
exposure has been found to inhibit the Ca2+-dependent
(homeometric) cardiac function in the intact isolated rat
hearts.30 TBT has also been shown to alter calcium pump
activity in rat cardiac sarcoplasmic reticulum in vitro
(0.25–10 μM) and in vivo (0.75–2.5 mg/kg).31 Compared with
our study, the concentrations/doses of TBT used for inducing
toxicity in the cardiac muscles are higher than that in the
skeletal muscles. Moreover, TBT is known as an obesogen
and diabetogen. Several studies have shown that exposure
of pregnant rats to organotin caused the reduction of
birth weight. The present study further investigated the
adverse effects of TBT on muscle regeneration and wasting/
atrophy. Therefore, oral exposure to TBT may affect
functions not only in the skeletal muscles but also in other
systems or organs, but with different sensitivities to the expo-
sure doses.

AMPK is an energy sensor that serves as an important role
in the maintenance of cellular homeostasis, particularly in
tissues such as skeletal muscle with highly changeable
energy turnover.21 In skeletal muscle, AMPK is known to
play an important role in regulating muscle mass and
regeneration.21,32–34 Previous studies have reported that
both AICAR (an AMPK activator) and glucocorticoid dexa-
methasone result in myofibrillar protein degradation accom-
panied by AMPK-mediated upregulation and nuclear
translocation of FoxO1 and FoxO3a, contributing to activation
of muscle-specific E3 ubiquitin ligases Atrogin-1 and MuRF1
in C2C12-derived myotubes.32 This AICAR-induced C2C12
myotube atrophy believes to be AKT/mTOR-independent.33

Moreover, AICAR-induced AMPK activation has also been
demonstrated to suppress the myoblast differentiation and
myotube formation.34 These previous findings indicated that
AMPK was a negative regulator for myogenesis and myotube
growth under pharmacological and pathological stresses. In
the present study, we also found that low-dose TBT signifi-
cantly upregulated AMPKα signalling during myoblast differ-
entiation impairment and myotube atrophy. AMPK activation
upregulated Atrogin-1 and MuRF1 protein expression in
myotubes and mouse soleus muscles, suggesting that AMPK
signalling pathway plays an important role in TBT-induced
myotube/muscle atrophy.

Skeletal muscle-derived myostatin, which is a transforming
growth factor-β super-family member, can negatively regu-
late the muscle growth, development, and regeneration.22,35

Myostatin is capable of negatively regulating AKT signalling
that further triggers FoxO activation and activates the ubiqui-
tin–proteasome pathway to induce muscle protein
degradation.22,35 The AMPK activation has been found to play
an important role in enhancing the myostatin and FoxO1/3a
expression in muscles of rats with exercise-induced muscle
damage.36 Myostatin protein expression could also be in-
creased by AMPK activator AICAR in L6 myoblasts-derived
myotubes.36 Moreover, NF-κB is a transcription factor that
can also be detected in skeletal muscles under physiological
and pathological atrophic conditions, such as diabetes,
ageing, denervation, unloading, and sepsis.37,38 The pharma-
cological or genetic inhibition of NF-κB has been shown to
effectively prevent the denervation- or tumour-induced mus-
cle atrophy.37 The AMPK-stimulated protein degradation in
skeletal muscle can also be mediated by activation of NF-
κB-regulated MuRF1/Atrogin-1 signalling pathway.38 In the
present study, our results showed that low-dose TBT effec-
tively induced myostatin protein expression in C2C12 myo-
blasts during myogenic differentiation and differentiated
C2C12 myotubes and mouse muscles. The increased protein
expression of phosphorylated AMPKα and phosphorylated
NF-κB-p65 and the decreased protein expression of
phosphorylated FoxO1 were also observed in myotubes and
mouse soleus muscles in the presence of TBT. These findings
suggest that AMPK/myostatin/FoxO1 and AMPK/NF-κB
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signalling pathways may play the important roles in TBT-in-
duced muscle wasting/atrophy.

In this study, we found that TBT at the concentrations of
0.2 and 0.5 μM significantly decreased the AKT/mTOR phos-
phorylation in myotubes, which TBT-induced Atrogin-1/
MuRF1 protein expression could be reversed by the AKT acti-
vator SC-79. However, the phosphorylation of AKT was not
suppressed in the soleus muscles of TBT (5 and 25 μg/kg)-
treated mice. The downregulation of AKT signalling has been
found in advance glycation end-products (AGEs)-induced
myoblast differentiation impairment and myotube atrophy.19

The Akt inactivation was shown to be involved in the
arsenic-induced myoblast apoptosis.39 Sandri et al. have
shown that atrophic stress-induced AKT signalling inhibition
leads to FoxO activation and Atrogin-1 induction in myotubes
and muscles.23 By contrast, Romanello et al. have suggested
that AMPK activation amplifies FoxO action in an
AKT-independent manner.33 Further investigation for the role
of AKT/mTOR signalling pathway in the TBT-induced muscle
wasting is needed.

Muscle wasting has been observed in a variety of diseases,
including cancer, chronic kidney disease, chronic obstructive
pulmonary disease, heart failure, prolonged inactivity, and
ageing, that may affect healthspan and life quality.40 An
awakening of renewed attention to skeletal muscle in recent
years has prompted the discovery of new drug targets and
pharmacological approaches.40,41 Currently, only physical ex-
ercise has been found to exhibit the positive effects in the
management and prevention of muscle wasting/sarcopenia
and its adverse health consequences.42 Therefore, the thera-
peutic strategies for wasting/sarcopenia still needs to be fur-
ther carefully designed and studied.

In conclusions, the biologically relevant dose of TBT
obviously reduces muscle mass, retards muscle regeneration,
and attenuates muscular function in vitro and in vivo, sug-
gesting TBT exposure may be an environmental risk factor
for muscle regeneration inhibition, wasting/atrophy, and dis-
ease-related myopathy.

There are several study limitations: (1) The present study
found that TBT administration induced muscle atrophy in
soleus, tibialis anterior, and extensor digitorum longus, but
not in gastrocnemius muscle. We speculated that low-dose
TBT-induced muscle atrophy might be muscle specific, but
not muscle-type specific. However, this speculation still needs
to be further clarified. (2) There is a possibility that low-dose
TBT would affect the whole tissues. This issue may be re-
solved in the future. (3) The serious defects may arise from
EDC exposure in foetal development. It has not been
explored in embryonic mice or post-natal pups following ex-
posure of TBT to pregnant mice. This issue deserves future
study.
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