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Thyroid hormone (TH) and autophagy share similar functions in regulating skeletal muscle growth,
regeneration, and differentiation. Although TH recently has been shown to increase autophagy in
liver, the regulation and role of autophagy by this hormone in skeletal muscle is not known. Here,
using both in vitro and in vivo models, we demonstrated that TH induces autophagy in a dose- and
time-dependent manner in skeletal muscle. TH induction of autophagy involved reactive oxygen
species (ROS) stimulation of 5�adenosine monophosphate-activated protein kinase (AMPK)-Mam-
malian target of rapamycin (mTOR)- Unc-51-like kinase 1 (Ulk1) signaling. TH also increased mRNA
and protein expression of key autophagy genes, microtubule-associated protein light chain 3 (LC3),
Sequestosome 1 (p62), and Ulk1, as well as genes that modulated autophagy and Forkhead box O
(FOXO) 1/3a. TH increased mitochondrial protein synthesis and number as well as basal mitochon-
drial O2 consumption, ATP turnover, and maximal respiratory capacity. Surprisingly, mitochondrial
activity and biogenesis were blunted when autophagy was blocked in muscle cells by Autophagy-
related gene (Atg)5 short hairpin RNA (shRNA). Induction of ROS and 5�adenosine monophos-
phate-activated protein kinase (AMPK) by TH played a significant role in the up-regulation of
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1A), the key reg-
ulator of mitochondrial synthesis. In summary, our findings showed that TH-mediated autophagy
was essential for stimulation of mitochondrial biogenesis and activity in skeletal muscle. Moreover,
autophagy and mitochondrial biogenesis were coupled in skeletal muscle via TH induction of
mitochondrial activity and ROS generation. (Endocrinology 157: 23–38, 2016)

Skeletal muscle is one of the largest tissues in the body.
It comprises roughly 40% of whole-body lean mass

and needs an efficient method for maintaining its function.
Macroautophagy represents the physiological process by
which cells sort and specifically directs damaged organ-
elles such as mitochondria to the lysosome for degradation
(1). Exercise-induced autophagy has been associated with
increased muscle mass, enhanced contractility, and muscle
fiber type shifting (2). Therefore, modulating autophagy
has been suggested as a key strategy for improving muscle

performance as well as treating sarcopenia and several
dystrophic muscle diseases (3, 4). On the other hand, au-
tophagic overactivity or overinhibition leads to significant
skeletal muscle mass loss, myopathy, muscle injury, and
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Abbreviations: PRKAA1/AMPK, 5�Adenosine monophosphate—activated protein kinase;
Atg5, autophagy-related gene 5: Baf, bafilomycin A1; BW, body weight; COX, cytochrome
oxidase; CQ, chloroquine; EM, electron microscopy; KD, knockdown; 4EBP1, Eukaryotic
translation initiation factor 4E-binding protein 1; FOXO, Forkhead box O; GFP, Green
flourocense protein; LC3B, microtubule-associated protein light chain 3B; L-NAC, N-acetyl-
L-cysteine; mitoTEMPO, 2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)
triphenylphosphonium chloride; OCR, oxygen consumption rate; PPARGC1A, proliferator-
activated receptor-� coactivator 1-�; p70s6 kinase, 70 kDa ribosomal protein S6 kinase 1;
QC, quality control; ROS, reactive oxygen species; SERCA2, Sarco/endoplasmic reticulum
Ca2�-ATPase, p62, Sequestosome 1; SDHA, Succinate dehydrogenase; PDH, Pyruvate
Dehydrogenase; VDAC, Voltage-dependent anion channel; MHC, Myosin Heavy Chain;
SRC, spare respiratory capacity; SS, subsarcolemmal; TH, thyroid hormone; shRNA, short
hairpin RNA; Ulk1, Unc-51-like kinase 1.

O R I G I N A L R E S E A R C H

yyy

doi: 10.1210/en.2015-1632 Endocrinology, January 2016, 157(1):23–38 press.endocrine.org/journal/endo 23

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 01 September 2016. at 15:53 For personal use only. No other uses without permission. . All rights reserved.

http://www.escentennial.org
http://www.escentennial.org


impaired performance (5–9). Therefore, balanced au-
tophagy is critical for maintaining appropriate mitochon-
drial number and function in skeletal muscle.

Recent studies have highlighted the important role of
endocrine regulation of autophagy with examples being
testosterone in Sertoli cells, GH in liver, and insulin in
skeletal muscle (10–12). Thyroid hormone (TH) also has
been shown to induce autophagy to regulate lipid homeo-
stasis (13) and regulate mitochondrial quality control
(QC) in liver (14). However, there currently is no infor-
mation about the role of TH on autophagy in skeletal
muscle. TH has been shown previously to regulate the
expression of important genes involved in myogenesis,
contraction, and regeneration (15–17), as well as mito-
chondrial activity and biogenesis (18). Additionally, TH
has been reported to increase mitochondrial activity by
increasing oxygen consumption, substrate oxidation, and
the activities of oxidative enzymes (19, 20). Furthermore,
TH also is an important regulator of metabolic demand
and proper function in skeletal muscle (21). Thus, given
the important role of TH in regulating mitochondrial ac-
tivity in skeletal muscle, we examined TH regulation of
autophagy and its potential role(s) in maintaining mito-
chondrial homeostasis. In the present study, we found that
TH stimulates skeletal muscle autophagy both in vitro and
in vivo. TH-induced autophagy involved activation of
AMPK and ULK1 by mitochondrial reactive oxygen spe-
cies (ROS) as well as inhibition of mTOR pathway. More-
over, TH-induced autophagy was essential for maintain-
ing mitochondrial activity and biogenesis in skeletal
muscle. Our studies have demonstrated a critical feedback
system whereby autophagic response to ROS maintains
mitochondrial function and number.

Materials and Methods

Reagents
T3 (IRMM469–1EA), N-acetyl-L-cysteine (L-NAC) (A7250),

bafilomycin A1 (BafA1) (B1793), ((2-(2,2,6,6-Tetramethylpiperi-
din-1-oxyl-4-ylamino)-2-oxoethyl) triphenylphosphonium chlo-
ride, (MitoTEMPO) (CS 1334850-99-5), and chloroquine (CQ)
(C6628) were purchased from Sigma-Aldrich. Transfection re-
agents were procured from Invitrogen. Lentiviral shRNAs Au-
tophagy-related gene (Atg)5 from Dharmacon were used according
to manufacture protocols. eGFP/RFP-microtubule-associated pro-
tein light chain3B (LC3B) (Addgeneplasmid21073)plasmidswere
gifts from Professor T. Yoshimori (Osaka University, Osaka,
Japan).

Animals
Male C57BL/6 mice (2–3 mo old) were purchased and housed

in hanging polycarbonate cages under a 12-hour light, 12-hour
dark cycle. All mice were maintained according to the Guide for

the Care and Use of Laboratory Animals (NIH publication num-
ber 1.0.0, revised 2011), and experiments were approved by the
Institusional Animal Care and Use Comittees (IACUC)s at Duke-
National University of Singapore Graduate Medical School. Hy-
perthyroidism was induced by injecting T3 at a dose of 20-�g/
100-g body weight (BW) in PBS for 10 consecutive days per ip.
Control mice (euthyroid) were injected with PBS alone. CQ was
injected at a dose 30-mg/kg BW for 10 days per ip. Animals were
killed in CO2 chambers, and blood was drawn by cardiac punc-
ture. Muscle samples were collected according to their muscle
type and directly frozen in liquid N2 and stored at �80°C. Sam-
ples subsequently were analyzed for protein and RNA expres-
sion. Male mice were given fresh drinking water daily containing
1% perchlorate and 0.05% methimazole for 4 weeks to induce
hypothyroidism. Fourteen hours before they were killed, all an-
imals were given a sc injection of vehicle (0.9% saline in 100-L
volume) for control and hypothyroid group or 40-�g/100-g T4

with 4-�g/100-g T3 for hypothyroid � T3/T4 group (22).

Cell culture
L6 myoblast-derived cell line had been shown as more suit-

able model for TH study (23). L6 myoblast-derived cells were
maintained at 37°C in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum. After 3
days proliferation with DMEM contained with 10% fetal bovine
serum, medium was changed with DMEM contained with 2%
Horse Serum (HS) for 5–7 days to induce myotubes formation.
For T3 treatment, cells were preconditioned in T3-depleted me-
dia (Dowex stripped, 2% horse serum) for 2 days before adding
100nM T3. Control cells were treated with vehicle alone.

RNA isolation and real-time PCR
Total RNA was isolated and quantitative polymerase chain

reaction (qPCR) performed using the QuantiTect SYBR Green
PCR kit (204141; QIAGEN) in accordance to the manufactur-
er’s instructions. Actin levels were taken for normalization and
fold change was calculated using 2�ddCt. Primer sequences are
provided in Supplementary Table 2.

Western blotting
Cells or tissue samples were lysed using Radioimmunopre-

cipitation assay (RIPA) lysis buffer and immunobloting was per-
formed as per the manufacturer’s guidelines (Bio-Rad). Densi-
tometry analysis was performed using ImageJ software
(National Institutes of Health). Antibodies used for Western
blotting are provided in Table 1.

Gene specific KD using tet-on lentiviral system
For transient transfection L6 myoblast were grown in 6-well

plates at a density of 1 � 105 cells per well. We used special
doxycycline-inducible lenti mCMV-turboGFP shRNA Atg5
TCGTTCAGTTATCTCATCC. Cells were transducted with 0.3
Multiplicity of infection (MOI) of 10�7 lentiviral shRNA (Dhar-
macon) directed against Atg5 or with a nonsilencing scrambled
Enhanced green fluorescent protein (EGFP) negative matched
shRNA as control according to the manufacturer’s instructions
for 48 hours. After puromycin selection for 3 days, we differen-
tiated L6 myoblast become L6 myotubes for 7 days, then L6 cells
were incubated with stripped Dowex medium for 48 hours be-
fore T3 treatment. Then, L6 cells were incubated with 100nM T3
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for final 24 hours in the present or absent of doxycycline. Pu-
romycin and doxycycline was used according to the manufacture
protocols (Dharmacon).

Mitochondrial oximetry
Oxygen consumption was measured at 37°C using an micro-

plates (type XF24) extracellular analyzer (Seahorse Bioscience).
A total of 20 000 of L6 myoblasts cells were seeded at per well
in an a XF-24 well culture microplates designed for this instru-
ment, proliferated for 2 days in a 37°C, 10%, CO2 incubator and
differentiated become myotubes cells for 7 days before treat-
ment. Optimization of reagents was performed using the Mito
stress test kit from Seahorse Bioscience (part number 103015–
100) using the protocol and algorithm program in the XF24
analyzer. Basal oxygen consumption rate (OCR) is delta value
from OCR with substrates-OCR with rotenone and antimycin A.
Adenosine Triphosphate (ATP) turnover corresponds to the
OCR used for mitochondrial ATP synthesis and reflects the OCR
inhibited by oligomycin. However, ATP could be generated in
glycolysis, and oligomycin does not inhibit that. Therefore, here,
we use the term “ATP turnover” strictly for ATP generated via
oxidative phosphorylation due to the ATP synthase. Maximal
OCR or respiratory capacity is [OCR with p-triflouromethoxy-
phenylhydrazone (FCCP) � OCR with rotenone and antimycin
A]. The spare respiratory capacity (SRC) is [OCR with p-triflou-
romethoxyphenylhydrazone (FCCP) � basal OCR]. After com-
pletion of the measurement, assay medium was removed and
well contents were lysed in RIPA lysis buffer (Sigma-Aldrich).

Protein content in each well was determined by Bio-Rad protein
estimation kit.

Immunofluorescence studies and plasmid
transfection

Immunofluorescences experiments were performed as de-
scribed earlier (14). Cells in all experiment were plated in 96-well
plates. For autophagy flux analysis, mRed Flourocense Protein
(RPF)-Green Flourocense Protein (GFP)-LC3 plasmid was trans-
fected into L6 cells with Lipofectamine 2000 Transfection Re-
agent (Invitrogen) at day differentiation 1, and live cell imaging
was performed at day differentiation 3 and was performed using
an Operetta High Content Imaging System (PerkinElmer)
LSM710 Carl Zeiss (Carl Zeiss Microscopy GmbH) confocal
microscopy images were obtained from a z confocal plane and
quantification was done in single planes.

Acridine orange staining
Cells were grown on glass coverslips and treated with 100nM

T3 for 24 hours. Thereafter, the cells were incubated with
1-�g/mL Acridine Orange (Sigma-Aldrich) for 15 minutes, fixed
for 30 minutes at room temperature at 37°C, and immediately
observed under fluorescence microscope and observed using an
LSM710 Carl Zeiss confocal microscope.

Transmission electron microscopy (EM)
Fresh tissue was placed in fixative containing 2% parafor-

maldehyde and 3% gluteraldehyde in pH 7.4 phosphate buffer

Table 1. Antibodies used for IB and IFA

Antibody
Specificity Host Source

Catalog
Number

Experiments
(Dilution)

AMPK�1 Rabbit Cell Signaling Technology 2795 IB (1:1000)
Atg5 Rabbit Cell Signaling Technology 2630 IB (1:1000)
Beclin-1 Rabbit Cell Signaling Technology 3738 IB (1:500)
COX IV Rabbit Cell Signaling Technology 4850 IB (1:1000)
GAPDH Rabbit Cell Signaling Technology 2118 IB (1:3000)
LC3B Rabbit Cell Signaling Technology 2775 IB (1:500)
mTOR Rabbit Cell Signaling Technology 2983 IB (1:1000)
p70 S6 kinase Rabbit Cell Signaling Technology 2708 IB (1:1000)
Phospho-4E-BP1 Rabbit Cell Signaling Technology 2855 IB (1:500)
Phospho-AMPK� (Thr172) Rabbit Cell Signaling Technology 4188 IB (1:1000)
Phospho-mTOR Rabbit Cell Signaling Technology 5536 IB (1:1000)
Phospho-p70 S6 kinase Rabbit Cell Signaling Technology 9234 IB (1:1000)
Phospho-ULK1 (Ser555) Rabbit Cell Signaling Technology 5869 IB (1:1000)
Phospho-ULK1 (Ser757) Rabbit Cell Signaling Technology 14202 IB (1:1000)
Pyruvate dehydrogenase Rabbit Cell Signaling Technology 3205 IB (1:1000)
SDHA Rabbit Cell Signaling Technology 11998 IB (1:1000)
SQSTM1/p62 Rabbit Cell Signaling Technology 5114 IB (1:1000)
Tom20 Rabbit Cell Signaling Technology 13929 IB (1:1000)
ULK1 Rabbit Cell Signaling Technology 8054 IB (1:1000)
VDAC Rabbit Cell Signaling Technology 4661 IB (1:1000)
�-Tubulin Rabbit Cell Signaling Technology 2128 IB (1:1000)
TFEB Rabbit Abcam ab2636 IB (1:1000)
Desmin Mouse Thermo Fisher Scientific MA1-06401 IB (1:1000)
MYOD Mouse Thermo Fisher Scientific MA1-41017 IB (1:1000)
�-Actin Mouse Santa Cruz Biotechnology, Inc sc-47778 IB (1:3000)
Antigoat IgG-HRP Donkey Santa Cruz Biotechnology, Inc sc-2020 IB (1:5000–10 000)
Antimouse IgG-HRP Chicken Santa Cruz Biotechnology, Inc sc-2954 IB (1:5000–10 000)
Antirabbit IgG-HRP Chicken Santa Cruz Biotechnology, Inc sc-2955 IB (1:5000–10 000)

IB, immunoblotting.
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overnight at 4°C. Tissue was washed once in PBS, followed by
postfixation with 1% osmium tetroxide. Samples were dehy-
drated in washes with ascending concentrations of alcohol, fol-
lowed by embedding in Araldite. Sections were cut and stained
with uranyl acetate and lead citrate. Imaging was performed on
the Olympus EM208S transmission EM.

In vivo protein oxidation assay
Protein carbonyl formation as a measure of oxidative stress

was measured using an Oxyblot system (S7150; Millipore) ac-
cording to the manufacturer’s instructions.

Statistics
Individual culture experiments and animal experiments were

performed in duplicate or triplicate and repeated 3 times using
matched controls, and the data were pooled. Results were ex-
pressed as either SD or mean � SEM. The statistical significance
of differences was performed using a 2-tailed Student’s t test for
unpaired observations (comparison of values obtained in 2
groups) or one-way ANOVA followed by a Newman-Keuls mul-
tiple comparison test (comparison among 3 or more groups). P �
.05 considered as not significant.

Results

TH induces autophagosome formation, lysosomal
activity, and autophagic flux in L6 muscle cells

We used differentiated rat muscle L6 cells (Supplemen-
tal Figure 1), to study the effects of TH on autophagosome
formation. L6 cells were differentiated into myotubes and
then maintained for 3 days in media containing sera
stripped of T3 (the active form of TH), and then treated
with or without the indicated dose of T3 for 24 hours.
Autophagy was monitored using the widely used protein
marker, LC3B. When autophagy is increased, LC3B I is
lipidated to LC3B II and the amount of LC3B II correlates
with the number of mature autophagosomes (24, 25). T3

increased autophagosome amount as evidenced by an in-
crease in LC3B II protein levels in a time- and dose-de-
pendent manner (Figure 1, A–D). T3 increased lysosomal
acidification/activity in L6 cells as shown by increased
acridin orange staining (Figure 1, E and F). We confirmed
these findings in the proliferation phase (L6 myoblast cell)
as T3 increased autophagosome formation similar to dif-
ferentiated L6 cells (Figure 1, G and H). We used L6 cells
to study TH regulation of muscle cells because they ex-
press high levels of TR. However, in order to confirm that
induction of autophagy by T3 was not due to cell line-
specific effects, we performed similar experiments in
C2C12 myoblasts and primary-cultured mouse myocytes.
Induction of autophagy by T3 also was observed in these
cells (Supplemental Figure 2).

To analyze T3-induced autophagic flux in L6 cells, we
measured another marker, Sequestosome 1 (p62) as well as

LC3B II in the absence or presence of lysosomal inhibitors,
CQandBaf.p62tagsubiquitinatedproteinsthataretargeted
to autophagosomes for degradation; thus, a decrease in p62
levels indicates thatan increase inautophagic fluxoccursdue
to p62 degradation (Figure 2, A and B). When we used in-
hibitors of autophagolysosome formation (autophagosome
and lysosome fussion), CQ or Baf, we observed an increase
in LC3B II levels over baseline control levels. T3 also in-
creased LC3B II levels over baseline control levels; however,
more importantly, T3 induced an even greater accumulation
of LC3B II in the presence of CQ or Baf, than CQ or Baf
alone, suggestingthatT3 increasedautophagic flux(Figure2,
C–F). We next used tandem fluorescence RFP/GFP-tagged
LC3 protein expressed from a chimeric plasmid to examine
autophagic flux in our system. In this system, Green Flou-
rocense Protein (GFP) fluorescence is quenched in an acidic
environment, and an increase in red fluorescence indicates
increased autophagic flux due to autolysosomal formation.
We observed increased red fluorescence emission after T3

treatment thatwasconsistentwith increasedautophagic flux
(Supplemental Figure 3).

TH induces autophagic flux in soleus muscle in
vivo

We next examined autophagic flux in vivo in soleus
muscle from T3-treated and euthyroid mice (daily ip in-
jections, 20-�g T3/100-g BW for 10 d). A high dose of T3

was used to induce autophagy in order to maximize
changes between the hyperthyroid and euthyroid states.
As an index of T3 responsiveness, we analyzed the expres-
sion of several known T3 target genes, Na�/K�-ATPase�1
and Sarco/endoplasmic reticulum Ca2�-ATPase (SERCA2),
and found that their mRNA levels were significantly in-
creased by T3 (Supplemental Figure 4). Similar to our in
vitro results, we found that LC3B II protein levels were
increased in a time-dependent manner, and p62 protein
levels were decreased concomitantly (Figure 3, A–C). Fur-
thermore, we found an increase in autophagosome for-
mation in the subsarcolemmal (SS) area of soleus muscle
from T3-treated mice using Electron microscope (EM)
(Figure 3, D and E). We also observed that LC3 and p62
mRNA expression were increased in the soleus muscle of
mice treated with T3 for 10 days (Figure 3F). In addition,
we also observed that T3 increased LC3B II protein levels
in other muscles that have mixed fiber type such as vastus
lateralis (thigh) and gastrocnemius muscles (Supplemental
Figure 5). Finally, in order to rule out the possibility of any
thyrotoxic effects on muscle during hyperthyroidism, we ex-
amined autophagy in mice treated with methimazole to ren-
der them hypothyroid and replaced them with physiological
doses of THs (combination 4-�g/100-g BW of T3 and 40-
�g/100-g BW of T4). We found significant induction of au-
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tophagy when the hypothyroid mice were treated with re-
placement doses of TH (Supplemental Figure 6).

TH induces autophagy by activating AMPK and
inhibiting mTOR

We then investigated the mechanism underlying T3-
induced autophagy in soleus muscle. We observed that T3

activated AMPK by increasing its phosphorylation (Figure
4, A and B). Also, T3 inhibited mTOR signaling as evident
by the decreased phosphorylation of mTOR and its down-
stream targets 70 kDa ribosomal protein S6 kinase 1
(p70s6 kinase), and Eukaryotic translation initiation fac-
tor 4E-binding protein 1 (4EBP1) (Figure 4, C–H). Unc-
51-like kinase 1 (Ulk1) is the key autophagy initiator that

Figure 1. T3 increases autophagosome formation in L6 cells. A, Representative immunoblot and quantitation showing treatment of L6 cells with
100nM T3 cells induced autophagosome formation in a time-dependent manner. B, Quantification of densitometry from A. Bars represent the
means of the respective individual ratios � SEM, n � 3; *, P 	 .05. C, Representative immunoblot and quantitation showing L6 myotubes cells
treated with different doses of T3 for 24 hours. D, Quantification of densitometry from C (bars represent the mean of the respective individual
ratios � SEM, n � 3; *, P 	 .05) compared with control. E and F, Acridine orange 1-�g/mL staining of L6 cells in the presence or absence of
100nM T3 for 24 hours showed that T3induced lysosomal acidification. White arrow shows increased lysosome acidification (orange punctuation).
G, Representative immunoblot showing treatment of L6 myoblast cells (proliferation phase) with 100nM T3 cells induced autophagosome
formation. H, Quantification of densitometry from G. Bars represent the means of the respective individual ratios � SEM, n � 3; *, P 	 .05.
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is activated by AMPK-mediated phosphorylation and in-
hibited by mTOR-mediated phosphorylation. T3 induced
phosphorylation of Ulk1 at the AMPK-targeted site,

whereas it decreased phosphorylation at the mTOR-tar-
geted site (Figure 4, I–K). Similar findings for AMPK and
mTOR signaling also were seen in L6 cells (Supplemental

Figure 2. T3 increases autophagic flux in L6 cells. A, Representative immunoblot and quantitation showing that treatment of L6 cells with 100nM
T3 for 24 hours increased LC3B II protein levels and decreases SQTM1/p62 protein levels, suggesting increased autophagic flux. B, Quantification
of LC3B II and p62 densitometries (bars represent the mean of the respective individual ratios � SEM, n � 3; *, P 	 .05). C, Evaluation of
autophagic flux using lysosomal inhibitor, CQ. L6 cells were cotreated with 50�M CQ for 24 hours in the presence or absence of 100nM T3 for 24
hours. Increase in LC3B II levels of T3-treated cells after CQ cotreatment vs cells treated with either T3 or CQ alone confirmed an increase in
autophagic flux. Bars represent the mean of the respective individual ratios � SEM. D, Quantification of ratio showing net increase in LC3B II. Bars
represent the means of the respective individual densitometry of ratios � SEM, n � 3; *, P 	 .05. E, Evaluation of autophagic flux using lysosomal
inhibitor, Baf. L6 cells were cotreated with 30nM Baf for 24 hours in the presence or absence of 100nM T3. Increase in LC3B II levels of T3-treated
cells after Baf cotreatment vs cells treated with either T3 or Baf alone confirmed an increase in autophagic flux. F, Quantification of ratio showing
net increase of LC3B II. Bars represent the means of the respective individual ratios � SEM, n � 3; *, P 	 .05.
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Figure 7). In addition, we used the mTOR inhibitor, rapa-
mycin, in combination with T3, and found that it had a
synergistic effect with T3 in stimulating autophagy (Sup-
plemental Figure 8).

TH-induced autophagy is dependent upon ROS
Recent studies have implicated mitochondrial produc-

tion of ROS as a major regulator of muscle autophagy
(26). During oxidative phosphorylation, electron leakage

Figure 3. T3 increases autophagy flux in soleus muscle. A, Representative immunoblot and quantitation showing time dependency of induction
LC3B II and decretion of p62 protein levels in soleus muscle of T3-treated mice (20-�g T3/100-g BW for 10 d). B and C, Bar graphs show the
means of the respective individual ratios � SEM (n � 5; *, P 	 .05). D, Representative electron micrograph showing T3 induction of
autophagosome (AV) formation at SS area of soleus muscle. E, Bar graph showing percentage of AVs in control and T3-treated soleus muscle
based on EM micrograph images. Scoring was done by counting 5 random fields per slide condition. Bars represent the means of the respective
individual per slide � SEM (n � 3; *, P 	 .05). F, mRNA expression of LC3B II and p62 genes in soleus muscle of T3-treated mice (20-�g T3/100-g
BW).
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Figure 4. T3 regulates autophagy via Ulk1-AMPK-mTOR pathway. A, C, E, and G, Representative immunoblot of AMPK and mTOR
phosphorylation, p70s6 kinase, and 4EBP1 from soleus muscle of T3-treated mice (20-�g T3/100-g BW). B, D, F, and H, Quantification of
densitometry ratios for pAMPK/AMPK, mTOR, p70s6 kinase, and 4EBP1. Bars represent the mean of the respective individual ratios � SEM, n � 5;
*, P 	 .05. I, Representative immunoblot of Ulk1 phosphorylation at mTOR and AMPK phosphorylation sites (Ser555 and Ser757/758) from soleus
muscle of T3-treated mice (20-�g T3/100-g BW) that were killed at different time points. J and K, Quantification of densitometry ratio for pUlk1/
Ulk1 at Ser555 and Ser757/758. Bars represent the mean of the respective individual ratios � SEM, n � 5; *, P 	 .05.
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from complex-I and complex-III in electron transport
chain produces superoxide anions (O2

.�), that generate
ROS (27). Because TH previously has been shown to
induce mitochondrial activity in skeletal muscle, we

examined whether ROS may be cou-
pled with autophagy. Using immu-
noblot-based detection of carbonyl
groups introduced into proteins by
oxidative reactions, we assessed the
ROS generation in L6 cells treated
with T3 and found that ROS produc-
tion increased in a dose- and time-
dependent manner (Figure 5, A and
B). In soleus muscle, we also ob-
served that T3 increased protein car-
bonyl formation due to ROS produc-
tion (Figure 5C). To demonstrate the
essential role of ROS in T3-induced
autophagy, we added the antioxi-
dant, L-NAC (pharmaceutical ROS
quencher) to T3-treated L6 cells. L-
NAC abolished T3-induced AMPK
phosphorylation and LC3B II ex-
pression, suggesting that ROS had a
critical role in mediating T3-induced
autophagy (Figure 5, D and E, and
Supplemental Figure 9). To deter-
mine whether mitochondria were the
source for ROS in our system, we
used the specific mitochondrial anti-
oxidant (mitoTEMPO) and ob-
served that T3 was unable to induce
autophagy in the presence of mito-
TEMPO (Supplemental Figure 10).

T3 regulates the transcription of
autophagy genes in skeletal
muscle.

Forkhead box O (FOXO) 1 and
FOXO3 have been shown to increase
transcription of autophagy-related
genes and stimulate autophagy (28,
29). We also found that T3 increased
Foxo1 and Foxo3 mRNA expression
in soleus muscle (Figure 6A). Interest-
ingly, T3 increased both mRNA and
protein expression of proliferator-ac-
tivated receptor-� coactivator 1-�
(PPARGC1A), a key regulator of au-
tophagyandmitochondrialbiogenesis
(Figure 6, F and G) (30, 31). Addition-
ally,T3 increasedUlk1 (Figure4, I–K),

Atg5, and Beclin mRNA and protein expression levels (Fig-
ure 6, C and D). These data suggested that T3 mediated the
long-term induction of autophagy and lysosomal genes and
their proteins.

Figure 5. Induction of autophagy by T3 is ROS-dependent. A and B, Representative
immunoblots showing accumulation of protein carbonyls in time- and dose-dependent manners
in L6 cells treated with T3. C, Representative immunoblot showing accumulation of protein
carbonyls in time-dependent manner in soleus muscle in mice chronically treated with T3 (20-�g
T3/100-g BW) and killed at different time points. D, Representative immunoblot showing AMPK
activation and LC3B II in L6 cells treated with T3 in the absence or presence of the antioxidant,
L-NAC. T3 was unable to induce LC3B II formation and AMPK activation in L6 cells treated with
L-NAC, suggesting that they are dependent upon ROS formation. E and F, Quantification of
LC3B II and AMPK densitometries. Bars represent the means of the respective individual ratios �
SEM, n � 3; *, P 	 .05.
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TH induces mitochondrial biogenesis both in vitro
and in vivo

We next examined the role of TH on mitochondria
biogenesis. Using Cytochrome c oxidase (COX IV) and
translocase of outer mitochondrial membranes 20 kDa
(TOM20) as markers, we observed that T3 significantly

increased these protein levels both in vivo and in vitro
(Figure 7, A–C, and Supplemental Figure 11). Electron
micrographs of soleus muscle from T3-treated mice also
showed increased mitochondrial number both at SS and
intermyofibrillar areas of these samples (Figure 7, D–F).
Interestingly, we also found increased autophagosome

Figure 6. T3 increases expression levels of Atg proteins and transcription factors associated with autophagy in soleus muscle. A, Gene expression
of FOXO1 and FOXO3 after 10 days of T3 injections. B, Representative immunobots showing the levels of Atg5 and Atg6/Beclin1 in soleus muscle
from T3-treated mice that were killed at different time points (20-�g T3/100-g BW for 10 d). C and D, Bar graphs showing densitometry
quantification of data in B. Shown are mean values � SEM (n � 5). Asterisks (*, P 	 .05) indicate significant differences between T3 treatment
alone vs control. E, Representative immunoblot of PPARGC1A proteins from mice treated with 20-�g T3/100-g BW for 10 days that were killed at
different time points. F, Quantification of densitometry ratios. Bars represent the mean values of the respective individual ratios � SEM, n � 5; *,
P 	 .05. H, mRNA expression (ULK1, Atg5, Atg8, and Beclin1), PPARGC1A, and p62 in soleus muscle of mice injected with T3 for 10 days.
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formation near mitochondria, especially at the SS area in
soleus muscle from T3-treated mice (Figure 7D, arrow).
Moreover, we analyzed cellular O2 consumption and

other parameters of mitochondrial activity in L6 cells dur-
ing T3 treatment using an extracellular flux analyzer (Sea-
horse Biosciences). T3 increased basal O2 consumption,

Figure 7. Induction of mitochondrial biogenesis and activity by T3. A, Representative immunoblot of TOM20 from soleus muscle of T3-treated
mice (20-�g T3/100-g BW) that were killed at different time points. B and C, Quantification of COX IV and TOM20 densitometries from A. Bars
represent the means of the respective individual ratios � SEM, n � 5; *, P 	 .05. D, Representative electron micrograph of soleus muscle from
mice with and without T3 treatment. Arrow shows autophagosome in the area of SS mitochondria. E and F, Quantification of mitochondria
number from electron micrographs. Scoring was done by counting 5 random fields per slide condition. Bars represent the means of the group �
SEM, n � 3; *, P 	 .05. G, XF24 Seahorse analyses showing increased basal O2 consumption, ATP turnover, maximum respiratory capacity and
Spare capacity in L6 cells treated with 100nM T3.
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ATP turnover, as well as maximal and SRC in these muscle
cells (Figure 7G). These data showed that T3 had general
effects on mitochondrial biogenesis and activity of skeletal
muscle cells.

Autophagy regulates T3-induced mitochondrial
activity in L6 cells

Recent studies by others and us have shown that au-
tophagy is needed to sustain mitochondrial function dur-
ing high metabolic demand conditions (14, 31). To deter-
mine whether T3-induced autophagy is important for
mitochondrial activity, we knocked down Atg5 expres-
sion by lentiviral shRNA in L6 cells to block autophago-
some formation. As seen previously in Figure 7G, T3 in-
creased basal O2 consumption, ATP turnover, as well as
maximal respiratory capacity and SRC consistent with a
general increase in overall mitochondrial activity. In con-
trast, these T3 effects were significantly blunted when Atg5
was knocked down (Figure 8, A–E). These results strongly
suggested that T3-induced autophagy was essential for the
induction mitochondrial activity by T3. Surprisingly, we
found that not only mitochondrial activity but also T3-
induced mitochondrial biogenesis was impaired by inhi-
bition of autophagy when Atg5 was knocked down. Im-
munoblots showed that T3-mediated induction of
PPARGC1A and mitochondrial proteins, Succinate dehy-
drogenase (SDHA), Pyruvate Dehydrogenase (PDH), and
Voltage-dependent anion channel (VDAC) protein levels
were reduced in L6 cells treated with Atg5 shRNA to block
autophagy (Figure 8, F–L). Furthermore, we showed that
induction of AMPK phosphorylation by T3 was blunted in
L6 cells treated with Atg5 shRNA (Figure 8F), and was
associated with loss of PPARGC1A protein induction by
T3 (Figure 8, F and N). Additionally, induction of
PPARGC1A protein expression depended upon ROS pro-
duction (Figure 8, M–O). Taken together, these results
suggested that both induction of autophagy and mito-
chondrial biogenesis/activity by T3 are coupled and form
a positive feedback loop to increase skeletal muscle mito-
chondrial function.

Discussion

Skeletal muscle comprises approximately 40% of body
mass in humans and plays a primary role in mediating TH
effects on metabolic rate in euthyroidism and dysregulated
TH states. TH stimulates ATP consumption by increasing
the ATP-generating capacity of skeletal muscle. Although
previous studies have described increased mitochondrial
biogenesis and energetics by TH in muscle (32), the cell
signaling and molecular mechanisms mediating these ef-

fects are not well understood. Autophagy was previously
regarded as a nonselective cellular degradative process;
however, recent studies showed that it also plays a critical
role in maintaining mitochondrial health (14). In this con-
nection, skeletal muscle has been shown to rely heavily on
autophagy for mitochondrial QC, metabolic plasticity,
and energy generation (33–35). In this study, we demon-
strated for the first time that T3 stimulates autophagy in
skeletal muscle, and surprisingly, T3-mediated mitochon-
drial activity and biogenesis are coupled with, and depen-
dent upon, autophagy.

We initially showed that T3 increased autophagy in
skeletal muscle in both in vitro and in vivo models (Figures
1, A–D, and 3, A–C) similar to its induction of autophagy
in liver (13). We then showed that T3 significantly induced
autophagic flux in these same models. (Figures 2 and 3,
A–C). Next, we showed that T3 up-regulated mRNA and
protein expression of several Atg proteins that are impor-
tant for autophagy such as Atg1/Ulk1, Atg5 and Atg6/
Beclin 1 (Figures 3 and 6). Additionally, T3 induced
FOXO1 and FOXO3a mRNA expression levels as well as
PPARGC1A (Figure 6, A–F). These transcription factors
contribute to the autophagic process and lysosome syn-
thesis in skeletal muscle (36, 37).

Our results also showed that induction of autophagy by
T3 was tightly linked to its effects on mitochondrial bio-
genesis and activity. In this regard, our data is in agreement
with previous studies showing a similar relationship be-
tween autophagic induction and mitochondrial function
during exercise (6, 38). We observed that T3 increased
mitochondria number both in vitro and in vivo based upon
EM imaging and increased expression of mitochondrial
proteins in cell extracts. Additionally, PPARGC1A
mRNA and protein were induced by T3. This transcrip-
tional factor plays a critical role in mitochondria biogen-
esis (30, 39). T3 also increased overall mitochondria ac-
tivity in differentiated L6 myotube cells analyzed by
oximetry (Figure 7I).

Our results further suggested that induction of au-
tophagy by T3 depended upon mitochondrial activity. We
showed that increased mitochondrial ROS production is a
major driver of T3-induced autophagy via activation of the
AMPK pathway. In particular, T3 induced ROS genera-
tion in a time- and dose-dependent manner, which was
accompanied by increased autophagosome formation in
T3-stimulated L6 cells. This stimulation of autophagy was
abrogated by coadministration of the ROS inhibitors, L-
NAC or mitoTEMPO with T3. A similar mechanism has
also been proposed for other stress conditions affecting
skeletal muscle (40–42) and suggests that mitochondrial
ROS is a critical mediator of autophagy in this tissue.
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Figure 8. Inhibition of T3-induced autophagy impairs mitochondrial biogenesis and activity and is associated with decreased. PPARGC1A
expression. A, Seahorse analysis of oxygen consumption in T3 (100nM/24 h)-treated L6 myotube cells transformed with lentiviral Atg5 shRNA or
scrambled control shRNA. OCR was measured as described in Materials and Methods. B–E, Representative plot basal/maximal respiration as well as
SRC in T3 (100nM/24 h)-treated L6 myotube cells. Bars represent the mean of the respective individual ratios �SD (n � 5). The asterisk (*, P 	 .05)
indicates difference compared between T3 alone vs control and (#, P 	 .05) indicates difference between cells treated with T3 � Atg5 shRNA vs T3

� scrambled control shRNA. F–M, Representative immunoblot and densitometry quantifications showing effects of KD efficiency of Atg5 in the
presence or absence of T3 on Atg5, PPARGC1A, VDAC, COX IV, SDHA, PDH, LC3B II, and AMPK in L6 cells. Quantification of pAMPK/AMPK
densitometry ratios are shown (bars represent the mean of the respective individual ratios � SEM, n � 3; *, P 	 .05). N, Representative immunoblot
showing ROS is necessary for induction of PPARGC1A in L6 cells treated with T3 in the absence or presence of L-NAC. O, Quantification of densitometry
from PPARGC1A normalized by �-actin (bars represent the mean of the respective individual ratios � SEM, n � 3; *, P 	 .05).
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AMPK activation has been reported to be associated
with stimulation of autophagy in skeletal muscle (43).
Similarly, we observed that T3 induced AMPK phosphor-
ylation in soleus muscle and L6 cells (Figure 4). AMPK
promotes autophagy by directly activating Ulk1 through
phosphorylation of Ser317 and Ser777 (44, 45). This Ulk1
phosphorylation then initiates autophagy. In this connec-
tion, we previously reported that T3-induced autophagy
required Ulk1 phosphorylation by AMPK in the liver (14).
mTOR activation also leads to phosphorylation of Ulk1 at
a different site (Ser757); however, this phosphorylation
has an opposite effect and inhibits autophagy by disrupt-
ing the interaction between Ulk1 and AMPK (44, 45). In
our studies, we observed that phosphorylation of Ulk1
was increased at the AMPK site and concomitantly de-
creased at the mTOR site in soleus muscle from T3-treated
mice (Figure 4, I–K). The mTOR pathway previously was
shown to have an important role in regulating autophagy
in skeletal muscle and controlling muscle mass (7). In this
connection, we found that T3 inhibition of mTOR phos-
phorylation not only decreased the inhibition of Ulk1, but
also decreased the phosphorylation of its downstream tar-
gets, p70s6 and 4EBP1 (Figure 4, A–H).

Alteration in thyroid status is associated with changes
in mitochondrial mass, structure, and contraction capa-
bility (46). Moreover, autophagy regulates mitochondrial
homeostasis (38). We observed that T3 increased mito-
chondria number in skeletal muscle by EM (Figure 7,
D–H). Interestingly, we also noticed increased autopha-
gosome formation near mitochondria in the SS areas of
soleus muscle from T3-treated mice (Figure 7D). In further
support of a critical role for T3-mediated autophagy in
regulating mitochondrial number and function, we ob-
served that Atg5 knockdown (KD) in L6 cells with shRNA
lentivirus led to blunting of T3-stimulated expression of
mitochondrial proteins such as cytochrome oxidase
(COX) IV, VDAC, SDHA, and PDH (Figure 8, F–L).
Moreover, T3-mediated induction of basal metabolic rate,
ATP turnover, and maximum respiration rate in mito-
chondria were abolished by KD of Atg5 expression (Figure
8, A–E). The dependence on autophagy by both T3-in-
duced mitochondrial activity and biogenesis was further
demonstrated by our observation of decreased induction
of PPARGC1A protein by T3 that was associated with
decreased phosphorylation of AMPK after Atg5 KD in
muscle cells (Figure 8, F, H, and M). Because AMPK in-
duction was mediated by ROS (Figure 5, D and F), it is
noteworthy that inhibition of ROS also led to decreased
PPARGC1A protein expression (Figure 8N). Thus, ROS
generated from increased oxidative phosphorylation by
T3 may control both autophagy and mitochondrial bio-
genesis through stimulation of AMPK phosphorylation

(Supplemental Figure 12). This AMPK activation then
leads to phosphorylation of Ulk1 and stimulation of au-
tophagy as well as induction of PPARGC1A and increased
mitochondrial synthesis. It is likely that TH-mediated mi-
tophagy also contributes to maintaining mitochondrial
QC and function, because inhibition of autophagy by
Atg5 shRNA blocks mitochondrial activity induced by T3.
In this connection, we recently showed that T3 stimulates
mitophagy in the liver (14). Further studies will be needed
to clarify the precise mechanism by which autophagy in-
duces mitochondrial biogenesis through PPARGC1A.

TH regulates metabolic demand and drives tissues to
use fuel selectively (47). TH also increases maximal oxy-
gen consumption and the activities of citrate synthase and
COX consistent with a change in skeletal muscle fiber type
in response to its fuel demands (39). Indeed, it previously
was shown that T3 can alter cardiac and skeletal muscle
fiber ratios by decreasing �MHC/MHCI and increasing
MHCIIa (48). Studies in deiodinase 2 Knock out-mice in
which intracellular T3 concentrations in skeletal muscle
were decreased due to decreased T4 to T3 conversion fur-
ther support the role of TH in determining muscle fiber
type and activity (49). Thus, it is noteworthy that we also
observed a decrease in oxidative MHCI and an increase in
glycolytic MHCIIa fibers accompanying the T3-mediated
increase in mitochondrial activity and biogenesis observed
in both soleus skeletal muscle and differentiated L6 cells,
and this process may have a tight association with au-
tophagy, especially for MHCI (Supplemental Figure 13).
These findings suggest that changes in mitochondrial ac-
tivity, muscle fiber type, and fuel use (from oxidation of
fatty acid to glycolysis) are associated with the T3-medi-
ated increase in autophagy and mitochondrial biogenesis.

In summary, our data demonstrate that T3 stimulates
mitochondria biogenesis and activity via autophagy in
skeletal muscle. Homeostasis of mitochondrial function,
biogenesis, and turnover are important factors that deter-
mine skeletal muscle performance and fiber adaptation,
and are regulated by TH via autophagy. Thus, diseases
that affect muscle performance such as muscular dystro-
phies and myopathies (50, 51) as well as degenerative con-
ditions such as sarcopenia in aging may potentially be
treated by stimulation of mitochondrial biogenesis and
activity by T3 or its analogs, particularly because TH in-
duces transcription of PPARGC1A mRNA as we and oth-
ers have observed (52, 53). Additionally, reduced au-
tophagy has been linked to decreased mitochondrial
biogenesis in these and other degenerative conditions (54–
56). Thus, our finding that TH-mediated autophagy also
stimulates mitochondrial biogenesis opens the possibility
that activation of autophagy itself or in combination with
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T3 may be a novel therapeutic strategy for these
conditions.
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