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Abstract 

In both human and animal studies, differential regulation of  muscle deiodinase 
expression during illness has been reported. As deiodinase expression is a 
determinant of  local T3 or 3,3’-T2 bioavailability, ultimately affecting metabolic 
state of  the muscle tissue, the observed changes in deiodinase expression during 
illness are physiologically relevant. Using the mouse myoblast cell line C2C12 we 
aimed to establish an in vitro model to unravel the cellular pathways underlying 
differential regulation of  deiodinase expression during illness. Activation of  the 
cAMP pathway in myoblasts resulted in an early increase of  D2 mRNA which was 
followed by D3 mRNA induction. Myotubes, which are differentiated myoblasts, 
stimulated with a cAMP activator also showed increased D2 mRNA expression, 
but D3 mRNA expression was decreased. Surprisingly, stimulation of  myoblasts 
and myotubes with inflammatory mediators, which are abundantly present during 
illness, did not result in any change in D2 or D3 mRNA expression. 
In conclusion: Activation of  the cAMP pathway in myoblasts results in increased 
D2 mRNA expression and a tendency towards increased D3 mRNA as observed 
in vivo during chronic inflammation. However, the results obtained with our in 
vitro model do not support a role for inflammatory signalling pathways in altered 
deiodinase expression observed during illness.
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Introduction 

The thyroid predominantly releases the prohormone thyroxine (T4), which can 
be metabolised by deiodinating enzymes via the inner- or outerring deiodination. 
Deiodinase Type 2 (D2) converts T4 into the active hormone triiodothyronine (T3) 
by outer ring deiodination.  D2 is present as an active dimer in the endoplasmic 
reticulum and is expressed in brain, pituitary, skeletal muscle, brown adipose tissue 
and placenta (1;2). Deiodinase type 3 (D3) is localized in the plasma-membrane 
and is considered as the main thyroid hormone inactivating enzyme as it converts 
T4 into the inactive metabolite rT3 and T3 into T2 by inner-ring deiodination. 
D3 is expressed in brain, placenta and plays an important role during embryonic 
development. With the exception of  the brain, D3 expression levels are very low in 
healthy mature tissues (3). Thyroid hormone metabolism in muscle tissue has been 
given a lot of  attention in recent years. Muscle D2 has been proposed to contribute 
to serum T3 levels (4), to regulate mitochondrial activity (5) and to be involved in 
metabolic processes (6). 
During illness, thyroid hormone metabolism changes; this is known as the non 
thyroidal illness syndrome (NTIS) and is reflected by alterations in serum thyroid 
hormone levels and deiodinase expression (7-9). During illness D2 mRNA and 
activity are upregulated in muscles of  intensive care unit (ICU) -patients compared 
to healthy controls (10). In contrast, a study of  Rodriguez-Perez et al reported 
decreased muscle D2 and increased muscle D3 expression in septic patients (11). 
Differential regulation of  muscle D2 and muscle D3 has also been observed 
in different animal models of  illness. After administration of  a bacterial toxin 
(Lipopolysaccharide, LPS) as a model for acute inflammation, muscle D2 increases, 
whereas muscle D3 decreases (12) (J. Kwakkel, submitted for publication). During 
chronic inflammation (turpentine model, (13)) D2 and D3 increase simultaneously. 
Finally, a severe bacterial infection with S.pneumoniae results in decreased D2 
expression while D3 remains unchanged (14). Thus, muscle deiodinase expression 
during illness changes in a differential way according to the type of  illness and type 
of  deiodinase studied.  
During inflammation, proinflammatory cytokines such as Interleukin (IL)-1, IL-6 
and Tumor Necrosis Factor (TNF)-a are released.  Proinflammatory cytokines 
exert their actions via Nuclear Factor (NF)kB , Extracellular-signal Related 
Kinase (ERK)1/2 and activator protein (AP)-1 signal transduction pathways. 
NFkB and AP-1 response elements have been characterized in the D2 promoter 
(15;16) suggesting that activation of  these pathways might result in changes in D2 
expression. 
Not much is known about the mechanism of  D3 induction during inflammation 
(13;17), although D3 can be stimulated via the ERK1/2 and p38 signalling pathway 
by 12-O-tetradecanoyl phorbol 13-acetate (TPA), basic fibroblast growth factor 
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(bFGF) and transforming growth factor (TGF)-b1 (18;19).  Furthermore, hypoxia 
has been associated with D3 upregulation probably via the activation of  hypoxia 
inducible factor (HIF)-1a (20). 
During chronic inflammation, activation of  the cAMP pathway was associated with 
an increase of  muscle D2 mRNA and activity (14). D2 mRNA might be upregulated 
via the CREB responsive element present in the D2 promoter (21). 
However, it is presently unclear which regulatory mechanism is responsible for the 
changes in muscle D2 and D3 expression observed during illness. Therefore, the 
aim of  this study is to develop an in vitro model using the murine myoblast cell line 
C2C12 to unravel the cellular signalling pathways responsible for the alterations in 
muscle D2 and D3 during illness.
As C2C12 cells are able to differentiate into myotubes, resembling ‘adult’ muscle 
tissue, studies in both myoblasts and myotubes were performed. Myoblasts and 
myotubes were stimulated with Il-1b, LPS, forskolin (FSK) or “cytokine-mix”. 
We used the human monocyte celline THP-1 as a source to harvest cytokines 
(“cytokine-mix”) upon LPS stimulation.

Materials & Methods

Cell cultures
The mouse myoblast cell line C2C12 (Sigma, St. Louis, MO, USA) was cultured 
in growth medium (DMEM with 4.5 g/L glucose and L-glutamine, supplemented 
with 10 U/ml of  penicillin, streptomycin, fungizone and 5% heat-inactivated 
Fetal Bovine Serum (all from Lonza, Basel, Switzerland)). To differentiate C2C12 
myoblasts to myotubes, cells were incubated for 5 days with 2% heat-inactivated 
horse serum (GIBCO) in  DMEM with 4.5 g/L glucose and L-glutamine, 
supplemented with 10 U/ml of  penicillin, streptomycin, fungizone. Differentiation 
medium was refreshed daily (22;23). 
For RNA isolation experiments 1*105 C2C12 myoblasts per well were grown for 24 
hours.  For differentiation, 1*106 myoblasts were grown until confluent in a 6-well 
plate; subsequently differentiation medium was added for 5 days to form myotubes 
followed by growth medium for 24h before experimental treatment. 
For D2 activity experiments myoblasts were grown in 75 cm2 flasks until 80-90% 
confluence.
Cells were stimulated with 10 ng/ml rhIL-1b, 10 ng/ml LPS (E.Coli O127:B8) or 
50mM Forskolin (FSK) (all from Sigma, St. Louis, MO, USA). FSK was dissolved in 
DMSO, which may influence gene expression; therefore DMSO was added to the 
control cells in the FSK experiments. 
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Cytokine-mix
Human monocyte celline THP-1 was grown in RPMI with 10% FBS, 1% PSF, 
10 mM HEPES, 1 mM sodium pyruvate, 2.5 g/L glucose, 0.05 mM b-mercapto-
ethanol to a concentration of  approximately 5*105 cells/ml. LPS was added to a 
final concentration of  200 ng/ml. After 24h, cells were centrifuged (7min, 500rpm) 
and supernatant was collected and frozen at -80. Control medium was also frozen. 
The supernatant was assayed for IL-6, TNFa, IL-12, IFNg and IL-5 and contained 
613 pg/ml IL-6 and 773 pg/ml TNFa. No IL-12, IFNg and IL-5 could be detected. 
THP-1 supernatant is used in several experiments and referred to as cytokine-mix. 

RNA isolation and RT-PCR
For RNA isolation cells were washed with PBS and subsequently lysed in 250 ml 
lysis buffer from the Magna Pure LC RNA Isolation kit-High Performance (Roche 
Molecular Biochemicals, Mannheim, Germany) using the Magna Pure (Roche 
Molecular Biochemicals, Mannheim, Germany) and the protocol and buffers 
supplied with the corresponding kit. RNA amounts were measured using the 
Nanodrop (Nanodrop, Wilmington, Delaware USA) to be able to perform cDNA 
synthesis with equal RNA-input. cDNAsynthesis was performed using the First 
Strand cDNA Synthesis Kit for RT-PCR with oligo d(T) primers (Roche Molecular 
Biochemicals, Mannheim, Germany). Real Time PCR was performed using the 
Lightcycler480 and Lightcycler480SybrGreen I Master mix (Roche Molecular 
Biochemicals, Mannheim, Germany). Primer pairs for mouse hypoxanthine 
phosphoribosyl transferase (HPRT), D2, D3 and IL-6 have been  previously 
described  (12;24-26). 
Quantification was performed using the LinReg software (27). The mean of  the 
efficiency was calculated for each assay, samples that had a greater difference than 
0.05 of  the efficiency mean value, were not taken into account (0-5%).  

Deiodinase activity
Deiodinase activity was measured as previously described (14) with some 
modifications. Cells were washed in PBS and centrifuged for 7 min at 500 rpm, 
4 C. Pellets were taken up in 250 ml PED50 buffer (0.1M sodium phosphate, 2 
mM EDTA pH 7.2, 50 mM DTT). Samples were shortly homogenized using a 
Polytron (Kinematica, Luzern, Switzerland) and used immediately. D2 activity was 
measured in duplicate, using 75 ml (appr. 70 mg protein) homogenate incubated 
3 hours at 37ºC in a final volume of  0.15ml with 1 nM T4 or 1 mM T4 with the 
addition of  approximately 1*105cpm [3`5`-125I]T4  and 500 nM T3 to inhibit D3 
activity in PE/0.5% BSA. Incubation with 1 mM T4 saturates D2, therefore D2 
activity measured with the incubation with 1nM T4 minus the incubation with 1 
mM T4 represents true D2 activity. D2 activity was expressed as fmol generated 
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T3 per minute per mg protein. D3 activity was measured in duplicate, using 75 ml 
homogenate (appr. 70 mg protein) incubated 3 hours at 37ºC in a final volume of  
0.15ml with 1 nM T3 or 1 mM T3 with the addition of  approximately 1*105cpm 
[3`5`-125I]T3  in PE. Incubation with 1 mM T3 saturates D3, therefore D3 activity 
measured with the incubation with 1nM T3 minus the incubation with 1 mM T3 
represents true D3 activity. D3 activity was expressed as fmol generated T2 per 
minute per mg protein. 

Western Blotting
Proteins were isolated when cells were 80-90% confluent. PBS was added and 
the cells were scraped. After centrifugation (7 minutes, 500 rpm, brake 4), 500 µl 
protein buffer (50 mM NaPhosphate, 1 mM EDTA, 125 mM sucrose, 5% glycerol, 
1 mM PMSF, 1x complete, 2 mM Na3VO4 en 20 mM NaF) was added to pellet. 
Protein content was measured and 1.2 mg was loaded on a 10% SDS-PAGE gel. 
Gels were blotted on Immobilon-P transfer membrane (Millipore, Bedford, MA, 
USA). Blots were blocked with 3% casein in TBS/T, for 1h at room temperature 
(RT). Primary antibodies were anti-Desmin 1:200 diluted (E-20, sc-34201) and anti-
Actin 1:5000 diluted (I-19, sc 1616) (both from Santa Cruz Technology). Primary 
antibodies were incubated for 1h at RT followed by an overnight incubation at 4ºC. 
Blots were washed 3 times 5 min with TBS/T. Secondary antibodies were incubated 
for 1h incubation at RT (goat-anti-rabbit-HRP goat-anti-rabbit-HRP 1:1000 
diluted (#7074, Cell Signaling Technology) for Desmin and rabbit-anit-goat-HRP 
1:20.000 diluted (P0449 DAKO) for Actin), subsequently blots were washed again 
and detected with Lumi-Lightplus chemiluminescent substrate (Roche Molecular 
Biochemicals). The emitted light was visualized and quantified on the Lumi-Imager 
(Roche Molecular Biochemicals). 

Statistics 
Normal distribution of  the data was tested using the Shapiro-Wilk test. For time-
course experiments statistical significance between treatments was evaluated 
using two-way ANOVA with two grouping factors (time and treatment). P-values 
in the figures represent the significant effect of  the treatment. To test pair-wise 
comparisons students t-test or Mann-Whitney U tests was performed. Symbols 
in the figures represent the pair-wise P-values. P-values < 0.05 were considered 
statistically significant. ANOVA and Mann-Whitney U tests were performed using 
SPSS (SPSS, Chicago, IL, USA) and students t-tests were performed in Excel 
(Microsoft).
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Results

Inflammatory stimulation of  myoblasts 
Unstimulated myoblasts express D2 mRNA and low levels of  D3 mRNA. 
Stimulation of  the myoblasts with LPS, IL-1b or cytokine-mix induced an 
inflammatory response reflected by induction of  IL-6 mRNA expression (P<0.01, 
fig 1). However, stimulation of  the myoblasts with LPS or IL-1b for 3 and 6h did 
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Figure 1. Relative IL-6 mRNA expression in muscle C2C12 myoblasts A) after 6h of  control, 
IL-1b and LPS stimulation; B) after 6h of  control and cytokine-mix (C-mix) for 6 hours. Mean 
values ± SEM (n=6) are shown. ** P<0.01 by Mann-Whitney U test.

not result in alterations in basal D2 and D3 mRNA expression (fig 2A).  Stimulation 
with cytokine-mix for 6 hours did not change D2 mRNA expression either (fig2B), 
while D3 mRNA could not be detected. No D2 or D3 activity could be detected 
in unstimulated myoblasts or after 2h or 24h of  stimulation with IL-1b (data not 
shown). 
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Figure 2. A) Relative D2 and D3 mRNA expression in muscle C2C12 myoblasts after 6h 
of  control, IL-1b and LPS stimulation; B) Relative D2 mRNA expression in muscle C2C12 
myoblasts after 6h of  control and cytokine-mix (C-mix) for 6 hours. Mean values ± SEM (n=6) 
are shown.
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Activation of  cAMP pathway in myoblasts.
Stimulation with the cAMP activator Forskolin (FSK) increased D2 mRNA 
expression from 2 until at least 8h after stimulation (P<0.01). D3 mRNA started 
to increase after 8h of  FSK stimulation (fig3).  After 16h of  FSK stimulation D2 
did not change and D3 was undetectable in control and FSK treated cells (data not 
shown). No D2 or D3 activity could be detected in controls or after 2h or 24h of  
stimulation with FSK using approximately 70 mg of  protein (data not shown). 

Inflammatory stimulation and activation of  cAMP pathway in myotubes.
After 5-7 days of  differentiation the majority of  myoblasts were differentiated into 
myotubes (fig4). However, no changes in desmin protein expression (a marker for 
differentiation) was observed (data not shown). Because IL-1b was most potent in 
upregulation of  IL-6 mRNA in myoblasts, myotubes were stimulated with IL-1b for 
6h which resulted in increased IL-6 mRNA expression (P<0.01) (data not shown). 
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Figure 3.  Relative D2 and D3 mRNA expression in muscle C2C12 myoblasts after 0, 2, 4, 6 
and 8h of  control (□) and Forskolin (●) stimulation.  Mean values ± SEM (n=3/4) are shown. P 
values indicate significant difference between treatments by ANOVA, * P<0.05 and ** P<0.01 
by Students t-test.

Figure 4. Morphological characterization of  C2C12 differentiation. Phasecontrast microscopy 
of  myotube formation of  C2C12 cells grown in differentiation medium: A) Numerous small, 
undifferentiated myoblasts 2 days after differentiation. B) After 4 days of  differentiation many 
cells have fused, resulting in decreased cell number and slightly enlarged cytoplasm of  myotubes. 
C) After 7 days of  differentiation no clear difference was observed compared to 4 days.
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D2 or D3 mRNA expression did not change (fig 5A) upon IL-1β stimulation. 
However, D2 mRNA increased (P=0.06) and D3 mRNA decreased (P<0.05) after 
6h of  FSK stimulation (fig5B). 

Discussion

In both human and animal studies, differential regulation of  muscle deiodinase 
expression has been reported (10;11;14) (J. Kwakkel, in press Endocrinology). The 
differences in regulation of  muscle deiodinases probably results in differences in 
local T3 or 3,3’-T2 availability which might ultimately lead to a different metabolic 
state of  the muscle tissue making the observed changes in deiodinase expression 
during illness physiologically relevant. Using the mouse myoblast cell line C2C12 we 
aimed to establish an in vitro model to unravel the cellular pathways that lead to these 
different thyroid hormone metabolizing states during illness.  In agreement with 
our animal studies (12;14) (J.Kwakkel, submitted for publication) and in vitro studies 
from other groups (6) basal muscle D2 and D3 activity could not be detected. 
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Figure 5. Relative D2 and D3 mRNA expression in muscle C2C12 myotubes after 5 days 
differentiation medium followed by 24h of  growth medium A) after 6h of  control and IL-1b 
stimulation; B) after 6h of  control and FSK stimulation.  Mean values ± SEM (n=6) are shown, 
* P<0.05 by Students t-test.
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Furthermore, D3 mRNA expression was very low and in some experiments 
undetectable. We found a difference in the response to FSK stimulation between 
myoblasts and myotubes, but at this moment it is unclear whether this is due to a 
non-optimal differentiation protocol or due to the differences in cellular properties 
between the myoblasts and myotubes. Differentiation of  C2C12 myoblasts by 
using a low concentration (horse) serum is a commonly used protocol (28). We 
differentiated C2C12 myoblasts using 2% horse serum and differentiation could 
be microscopically confirmed. However, the differentiation marker desmin was 
not upregulated in the myotubes, indicating that the differentiation might not be 
optimal. The differentiation might be optimized by replacing the horse serum with 
the serum substitute Ultroser G, which leads to a higher maturation grade of  the 
myotubes (28;29).
During chronic inflammation simultaneous upregulation of  muscle D2 and D3 
coincided with muscular activation of  the cAMP pathway (14). Activation of  the 
cAMP pathway by Forskolin (FSK) in C2C12 myoblasts resulted in a rapid increase 
of  D2 mRNA, which is in agreement with studies in human cultured skeletal 
muscle cells and the observed in vivo increase (6;14;30). D3 mRNA however only 
tended to increase after 8h of  FSK stimulation, which might indicate that it is a 
secondary effect to the D2 mRNA increase. After differentiation into myotubes, 
FSK stimulation resulted in an increase of  D2 mRNA and a decrease of  D3 mRNA. 
The upregulation of  D2 with the simultaneous downregulation of  D3 is similar to 
the effects of  LPS administration on muscle deiodinase expression. However, no 
phosphorylated CREB could be detected in muscle tissue, 4, 8 and 24 h after LPS 
administration (J. Kwakkel, unpublished data). 
Cytokines and activation of  the inflammatory pathways have been implicated 
in upregulation of  D2 during illness in the hypothalamus and pituitary (31;32). 
Therefore, we stimulated myoblasts and myotubes with IL-1b, LPS or a mix of  
cytokines, as it is known that cytokines can have a synergistic effect (33). Surprisingly, 
stimulation of  myoblasts and myotubes with inflammatory mediators did not result 
in any changes in D2 or D3 mRNA expression, while IL-6 mRNA was upregulated, 
indicating that the inflammatory stimuli did elicit an inflammatory response. From 
these experiments we concluded that activation of  the inflammatory pathways 
alone does not lead to changes in D2 and D3 mRNA expression as observed during 
illness, implicating the involvement of  other factors. 
A possible mechanism might be via the Peroxisome-Proliferator Activated Receptor 
(PPAR)g, as it is known that stimulation of  primary murine myotubes with 
Pioglitazone (an exogenous PPARg-ligand) results in increased D2 and decreased 
D3 activity simultaneously (6) as observed after LPS administration in mice. 
Endogenous ligands for the PPARg are nitrated-free fatty acids (FFA’s) (34), which 
are made by the addition of  a nitric oxide group to FFA’s. Nitric oxide is formed 
via the upregulation of  inducible Nitric Oxide Synthase (iNOS), which is present in 
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muscle after LPS injection (35). Although it is known that PPARg decreases in liver 
after LPS (36), in kidney PPARg mRNA does not change after LPS administration 
(37) and it is currently unknown whether PPARg expression in muscle is affected 
during inflammation. 
Other factors that might play a role in regulation of  deiodinases in vivo are 1) 
thyroid hormone levels (2;38;39) and 2) illness induced reduced food intake 
(14;40). However, no consistent correlation between serum thyroid hormones 
and deiodinase expression was found in vivo (14).  Furthermore, evaluating serum 
thyroid hormone levels and fasting is difficult to translate into an in vitro setting, 
since serum thyroid hormones and its binding proteins are present in the culture 
medium. Moreover, starvation of  cells is done by removing the serum from the 
medium, which does not represent the in vivo situation during starvation.  
In conclusion: We observed increased D2 mRNA expression and a tendency 
towards increased D3 mRNA after activation of  the cAMP pathway in myoblasts, 
which resembles the alterations during chronic inflammation. However, using 
myotubes different deiodinase mRNA expression levels were observed, i.e., 
increased D2 and decreased D3. Although myotubes are the preferable cell type, 
a deleterious effect of  the artificial differentiation protocol cannot be excluded at 
this moment. In contrast to what was expected, the results obtained with our in 
vitro model do not support a role for the inflammatory signalling pathways in the 
changes in deiodinase expression observed during illness, but partly support the 
role of  cAMP in this respect. 
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