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THYROXINE (T4), a major secretory product of thy-
roid gland, needs to be converted to 3,5,3’-triiodothy-
ronine (T3) by iodothyronine deiodinase to exert its 
biological activity [1, 2].  In rats, while D1 (type 1 
iodothyronine deiodinase) activity is present in thyroid 
gland, liver, kidney and many other tissues, D2 (type 2 
iodothyronine deiodinase) activity is present in limited 
number of tissues including brain, anterior pituitary, 
brown fat and pineal gland [1, 2].  Since it is known 
that D2 activity increases in hypothyroid state, while 
D1 activity decreases in hypothyroid state, D2 is con-
sidered to play a significant role in providing a local 
intracellular T3 [1, 2].  In humans, D2 mRNA was also 
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detected in thyroid gland, skeletal muscle and heart 
and vascular smooth muscle [3-8].  The presence of D2 
activity in these tissues suggests that D2 may contrib-
ute to the circulating T3 level in humans.

Tumor necrosis factor α (TNFα) is a multifunc-
tional inflammatory cytokine of which production 
is elevated in patients with nonthyroidal illness [9].  
Nonthyroidal illness is characterized by low serum T3 
level and is known to be associated with sepsis, malig-
nancy, acute myocardial infarction and starvation [10].  
It is reported that the degree of the depression of serum 
T3 level is correlated with the severity of the illness 
[11].  It has been demonstrated that TNFα plays a piv-
otal role in the pathophysiology of nonthyroidal ill-
ness.  Administration of TNFα results in a decrease 
in serum T3 and TSH concentrations in humans [12], 
and a decrease in serum T3 level and liver D1 activ-
ity in rats [13].  Furthermore, TNFα has been shown 
to decrease D2 mRNA expression and D2 activity in 
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Measurement of iodothyronine deiodinase activity
Iodothyronine deiodinase activity was measured as 

previously described [16] with minor modifications 
[17].  Briefly, TCO-1 cells per each well were washed 
twice with the washing buffer (100 mM potassium 
phosphate, pH 7.0), scraped off and transferred into 
1mL of ice-cold buffer (100 mM potassium phosphate, 
pH 7.0, containing 20 mM dithiothreitol).  After cen-
trifugation at 3,000 rpm for 15 min at 4 ̊ C, the superna-
tants were discarded.  Pellets were sonicated in 100 µL 
of the assay buffer (100 mM potassium phosphate, pH 
7.0, containing 1 mM EDTA and 20 mM dithiothreitol) 
per tube and were incubated with indicated amount of 
[125I]T4, which was purified using LH-20 column chro-
matography on the day of experiment, in the presence 
or absence of 1 mM 6-propyl-2-thiouracil (PTU) or 1 
mM iopanoic acid (IOP) for indicated hours at indi-
cated temperature in duplicate.  The reaction was termi-
nated by adding 100 µL of 2% BSA and 800 µL of 10% 
trichloroacetic acid.  After centrifugation at 3,000 rpm 
for 10 min at 4 ˚C, the supernatant was applied onto 
a small column packed with AG 50W-X2 resin (bed 
volume = 1 mL) and eluted with 2 mL of 10% glacial 
acetic acid.  Separated 125I was counted with a γ coun-
ter.  Non-enzymatic deiodination was corrected by sub-
tracting I- released in sample-free tubes.  The protein 
concentration was determined by Bradford’s method 
using BSA as a standard [18].  The deiodinating activ-
ity was calculated either as percent I- released or as 
femtomoles of I- released/mg protein/h after multipli-
cation by a factor of 2 to correct random labeling at the 
equivalent 3’ and 5’ positions.  In some experiments, 
reaction products were analyzed by HPLC (Hitachi, 
Tokyo, Japan) [19].  Briefly, the incubation mixtures 
were extracted with 2 vol absolute ethanol, evaporated, 
dissolved in acetonitrile/water (32:68), applied to C18 
column (Shimazu Co., Kyoto, Japan), and eluted with 
acetonitrile/water/phosphoric acid (32:68:0.1).  The 
flow rate was 1 mL/min, and each 0.5-min fraction was 
collected and counted for radioactivity.

Western blot analysis 
TCO-1 cells per each dish were washed twice with 

PBS, scraped off and centrifuged at 3,000 rpm for 15 
min at 4 ˚C, then the supernatant was discarded.  Pellets 
were sonicated in 100 µL of buffer A [20 mM Tris-HCl 
(pH 7.4), 5 mM EGTA, 2 mM EDTA, 10 mM 2-mer-
captoethanol, 2 mM phenylmethylsulfonyl fluoride 
and 10 mg/mL aprotinin]. The sonicate was added to 

cultured human skeletal muscle cells [7].  These data 
suggest that the suppressive effect of TNFα on D2 may 
play a pathophysiological role in nonthyroidal illness.  
However, a detailed mechanism of the suppression of 
D2 activity by TNFα has not been clarified.

In the present study, we have investigated the mecha-
nisms for the suppressive effect of TNFα on human D2 
activity in TCO-1 cells, which have been established 
from human anaplastic thyroid carcinoma cells [14].

Materials and Methods

Materials
[γ-32P] uridine triphosphate (UTP) and [125I]T4 

were purchased from NEN Life Science Products 
Corp. (Boston, MA, USA).  LH-20, ECL reagent and 
HYPERfilm-ECL were from GE Healthcare Bio-
Sciences Corp. (Piscataway, NJ, USA).  AG 50W-X2 
resin, protein assay kit and PVDF membrane were 
from Bio-Rad Laboratories, Inc. (Hercules, CA, USA).  
Human recombinant TNFα was obtained from R&D 
systems, Inc. (Minneapolis, MN, USA).  BAY11-7082 
and 6-Amino-4-(4-phenoxyphenylethylamino) qui-
nazoline were purchased from Calbiochem (La Jolla, 
CA, USA).  MG132 was from Peptide Institute (Osaka, 
Japan).  Inhibitor of NF-κB-α (IκB-α) antibody was 
obtained from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA, USA), and Phospho- IκB-α antibody was pur-
chased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA).  All other chemicals at the highest qual-
ity were obtained from Sigma-Aldrich Corp. (St. Louis, 
MO, USA) or Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan) unless otherwise indicated.

Cell culture
TCO-1 (JCRB0239) cells established from human 

anaplastic thyroid carcinoma cells were obtained from 
Human Science Research Resources (Osaka, Japan).  
TCO-1 cells were seeded to 12-well plastic cul-
ture plates for the measurement of deiodinase activ-
ity and real-time PCR or 60 mm plastic culture dishes 
for Western and Northern analyses, and then the cells 
were cultured in DMEM supplemented with 10% fetal 
calf serum.  When the cells reached to confluence, the 
medium was replaced with DMEM supplemented with 
10 % thyroid hormone depleted fetal calf serum [15] 
for 24 h, then the cells were incubated in the thyroid 
hormone depleted medium containing compounds to 
be tested for indicated hours.
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RNA using random hexamers and murine leukemia 
virus reverse transcriptase (GeneAmp RNA PCR kit, 
Roche, Branchburg, NJ, USA) in 20 µL.  Subsequently, 
5 µL of the cDNA was amplified in a TaqMan 7000 
real-time PCR apparatus using human D2 and human 
G3PDH TaqMan gene expression assays (Applied 
Biosystems, Foster City, CA, USA).  mRNA levels 
were expressed as arbitrary units after the correction 
for human G3PDH.

Statistics
All values are expressed as means ± SD.  Statistical 

differences were evaluated by one-way analysis of vari-
ance (ANOVA) followed by Fisher’s PLSD test.

Results

Deiodinating activity in TCO-1 cells
The deiodinating activity in TCO-1 cells was mea-

sured by the release of I- from 2 nM [125I]T4 in the 
presence of 20 mM DTT and 1 mM PTU.  T4 deio-
dination was dependent on an incubation period up 
to 2 h (Fig. 1a), and protein concentration of TCO-1 
cells (Fig. 1b).  Incubation at 4°C or preheating the cell 
sonicate at 56°C for 30 min completely abolished the 
deiodination.  These results indicate the presence of T4 
deiodinating activity in TCO-1 cells.  T4 deiodinating 
activities were not influenced by 1 mM PTU, but abol-
ished by 1 mM IOP.  From the double reciprocal plot, 
kinetic constants for T4 were calculated to be Km = 5.0 
nM and Vmax = 333.3 fmoles I- released/mg protein/h 
in TCO-1 cells as shown in Fig. 1c.  The reaction prod-
ucts were analyzed by HPLC, only three peaks corre-
sponding to I-, T4, and T3 were defined, and radioactiv-
ity in the I- peak was comparable to that in the T3 peak 
(data not shown).  These results indicate that the char-
acteristics of T4 deiodinating activity in TCO-1 cells 
are compatible with those of D2.

Effect of TNFα on D2 activity in TCO-1 cells
Treatment with 1 mM of dibutyryl cAMP 

((Bu)2cAMP) for 6 h increased D2 activity in TCO-1 
cells.  TNFα (0.1-100 ng/mL), while having no signifi-
cant effect on basal D2 activity, suppressed (Bu)2cAMP-
stimulated D2 activity in a dose dependent manner as 
shown in Fig. 2a.  The maximum suppression was 
achieved by 100 ng/mL of TNFα to approximately 
50 % of (Bu)2cAMP- stimulated D2 activity.  Fig. 2b 
demonstrates time-course of the effect of TNFα on D2 

Laemmli buffer [120 mM Tris-HCl (pH 6.8), 4% SDS, 
and 20% glycerol] (1 vol sonicate: 1 vol Laemmli buf-
fer) and heated for 5 min at 100 ˚C.  Aliquots were size-
separated by SDS-polyacrylamide electrophoresis using 
12% gels and electrophoretically transferred to PVDF 
membranes.  Membranes were blocked with 5% milk 
powder and incubated with the primary antibodies for 
16 h at 4 ˚C.  After incubation with primary antibodies, 
the membranes were washed, incubated with the horse-
radish peroxidase-conjugated secondary antibody for 45 
min, and washed again.  The bound secondary antibody 
was detected with ECL reagent.  Chemiluminescence 
was photographed with HYPERfilm-ECL.

RNA preparation and Northern analysis
Total RNA was isolated from each dish by the modi-

fied acid guanidinium thiocyanate phenol-chloroform 
method and Northern analysis was performed as previ-
ously described [4, 7, 8].  Briefly, 40 µg of total RNA 
per lane were electrophoresed on a 1.4% agarose gel 
containing 0.66 M formaldehyde and transferred over-
night in 20 X SSC (1 X SSC = 150 mM sodium chlo-
ride and 15 mM trisodium citrate) to a nylon membrane 
(Biodyne, Pall BioSupport Corp., East Hills, NY, USA).  
RNA was cross-linked to the nylon membrane with a 
UV Stratalinker (Stratagene, San Diego, CA, USA).  
The membrane was prehybridized with the hybridiza-
tion buffer (50% formamide, 0.2% SDS, 5% dextran 
sulfate, 50 mM HEPES, 5 X SSC, 5 X Denhart’s solu-
tion, and 100 mg/mL denatured salmon sperm DNA) at 
68 ̊ C for 2 h.  Subsequently, the membrane was hybrid-
ized at 68 ˚C overnight with the hybridization buffer 
containing a human D2 cRNA probe.  The membrane 
was washed twice in 2 X SSC-0.1% SDS at 25 ˚C for 
15 min and twice in 0.1 X SSC-0.1% SDS at 68 ˚C for 
1 h.  Autoradiography was established by exposing the 
filters for 7–14 d to x-ray film (XAR-2, Eastman Kodak 
Co., Rochester, NY, USA) at -70 ˚C.  After the detec-
tion of D2 mRNA, the probe was stripped off, and blots 
were rehybridized with human G3PDH cRNA probe as 
a control.  Hybridization and washing were performed 
as described above, and the membrane was exposed for 
1 h.  RNA samples for comparison were analyzed on 
the same blot.

Reverse transcription and real-time PCR
Reverse transcription was performed as previously 

described [20] with minor modifications.  Briefly, sin-
gle strand cDNA synthesis was performed on 1µg total 
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Fig. 1	 Characterization of deiodinating activity in TCO-1 cells
	 TCO-1 cells were incubated with DMEM containing 

(Bu)2cAMP(10-3 M) for 6 h. Deiodinating activity was 
measured in the cell sonicates, as described in Materials 
and Methods. The deiodinating activity shown represents 
the mean of two wells.  a) Deiodinating activity in TCO-1 
cells measured by various incubation periods up to 2 
h.  b) Deiodinating activity measured in various protein 
concentrations of TCO-1 cells. Incubation was performed 
for 1 h.  c) Double reciprocal plot of T4 deiodination by 
(Bu)2cAMP-stimulated TCO-1 cells. Incubation was 
performed for 1 h with various concentrations of [125I]T4. 
Kinetic constants were calculated to be: Km 5.0 nmol/L, 
Vmax 333.3 fmol I- released/mg protein/h.

Fig. 2	 Effect of TNFα on D2 activity in TCO-1 cells
	 a) D2 activity in TCO-1 cells stimulated by (Bu)2cAMP 

(10-3M) in the presence of various concentrations of 
TNFα for 6 h.  The D2 activity shown represents the 
mean ± SD of 3 wells.  * p<0.05 (compared with control 
TCO-1 cells stimulated by (Bu)2cAMP alone).  b) Time 
course of TNFα effect on (Bu)2cAMP-stimulated D2 
activity in TCO-1 cells.  D2 activity in TCO-1 cells 
incubated with (Bu)2cAMP (10-3 M) for various hours 
in the presence or absence of TNFα (10-8 g/mL).  D2 
activity shown represents mean ± SD of 3 wells in one 
experiment. 

	 * p<0.05 (compared with (Bu)2cAMP alone).
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activity in TCO-1 cells.  Treatment with (Bu)2cAMP 
resulted in 4-fold increase in D2 activity in TCO-1 
cells, which reached the peak level at 6 h.  TNFα sup-
pressed (Bu)2cAMP-stimulated D2 activity at 6 h and 
its inhibitory effect was sustained until 24 h.  At 12 h 
and 24 h, TNFα suppressed (Bu)2cAMP-stimulated D2 
activity to the basal level.

Effect of TNFα on (Bu)2cAMP-stimulated D2 mRNA 
expression in TCO-1 cells

Since our previous observation indicated that TNFα 
inhibited D2 expression through a pretranslational 
mechanism in cultured human skeletal muscle cells 
[7], the effect of TNFα on D2 mRNA expression was 
also investigated in TCO-1 cells.  Northern analysis of 
total RNA extracted from TCO-1 cells using human 
D2 cRNA probe demonstrated the hybridization signal 
with an approximately 7.5 kb in size, which is com-
patible with D2 mRNA [7, 8].  D2 mRNA was clearly 
increased by (Bu)2cAMP (1 mM) treatment for 3h, 
indicating that cAMP regulates D2 expression through 
a pretranslational mechanism (Fig. 3a).  Similar results 
of (Bu)2cAMP-stimulation of D2 mRNA expression 
were obtained by using real-time PCR method suggest-
ing that real-time PCR method is adequate for explor-
ing D2 mRNA expression in TCO-1 cells (Fig. 3b).  
TNFα (10 ng/mL) showed no significant effect on basal 
D2 mRNA expression and (Bu)2cAMP-stimulated D2 
mRNA expression up to 12h suggesting that TNFα 
might not be involved in the regulation of D2 mRNA 
expression in TCO-1 cells (Fig. 3b, 3c).

Involvement of proteasome in the TNFα suppression 
of (Bu)2cAMP-stimulated D2 activity in TCO-1 cells

Since it has been shown that proteasomal degradation 
is involved in the regulation of D2 activity [21, 22], the 
effect of MG132, an inhibitor of proteasome on TNFα 
inhibition of D2 activity in TCO-1 cells was examined.  
MG132 (10 µM) increased (Bu)2cAMP-stimulated D2 
activity and abolished the inhibitory effect of TNFα 
on D2 activity (Fig. 4a).  Further, MG132 remained 
effective in abolishing the inhibitory effect of TNFα on 
(Bu)2cAMP-stimulated D2 activity in TCO-1 cells up 
to 24h (Fig. 4b).  These data suggest that proteasomal 
degradation may be involved in the inhibitory effect of 
TNFα on D2 activity in TCO-1 cells.  Therefore, it is 
suggested that TNFα inhibits D2 activity through pro-
teasomal degradation at the posttranslational level.

Fig. 3	 Effect of TNFα on D2 mRNA in TCO-1 cells
	 a) Northern analysis of D2 mRNA in TCO-1 cells 

incubated with (Bu)2cAMP (10-3 M) for 3 h.  Each lane 
represents 40 µg total RNA obtained from cells in an 
individual dish.  b) Real-time PCR of D2 mRNA in 
TCO-1 cells.  Cells were stimulated by (Bu)2cAMP in 
the presence or absence of TNFα for 3 h.  D2 mRNA 
expression shown represents the mean ± SD of 3 wells.  
* p <0.05 (compared with control TCO-1 cells).  c) Time 
course of TNFα effect on (Bu)2cAMP-stimulated D2 
mRNA expression in TCO-1 cells.  D2 mRNA expression 
in TCO-1 cells incubated with (Bu)2cAMP (10-3 M) for 
various hours in the presence or absence of TNFα (10-8 
g/mL).  D2 mRNA expression shown represents mean 
± SD of 3 wells in one experiment.  * p<0.05 (compared 
with (Bu)2cAMP alone).



1040 Ogiwara et al.

TNFα-induced phosphorylation of IκB-α (inhibitor 
of NF-κB-α) 

It is well known that nuclear factor-κB (NF-κB) acti-
vation is involved in the biological effects of TNFα.  It 
has been revealed that NF-κB activation is involved in 
TNFα suppression of D1 activity and mRNA expres-
sion in HepG2 cells [23].  Furthermore, recent stud-
ies have shown that the expression of p65 subunit of 
NF-κB induces human D2 promoter activity in HC11 
cells and HEK cells [24], and NF-κB binding site has 
been identified in D2 gene in HC11 cells [25].  These 
data suggest that NF-κB may play an important role in 
the regulation of D2 mRNA expression by TNFα.  In 
the present study, we investigated the effect of TNFα 
on NF-κB activation in TCO-1 cells.  In the inactive 
state, NF-κB is located in the cytoplasm of the cells 
in association with the inhibitory subunit, IκB-α.  In 
response to TNFα stimulation, IκB-α is phosphory-
lated, then ubiquitinated and degradated by a protea-
some dependent mechanism to allow NF-κB to translo-
cate to the nucleus where it can activate gene expression 
[26].  As shown in Fig. 5, treatment with TNFα (10 ng/
mL) for 10 min induced phosphorylation of IκB-α in 
TCO-1 cells indicating that TNFα can activate NF-κB 
mediated pathways in TCO-1 cells.  On the other hand, 
BAY11-7082 (20 µM), an inhibitor of IκB-α phospho-
rylation [27] inhibited TNFα-induced phosphoylation 
of IκB-α indicating that BAY11-7082 is capable to 
inhibit NF-κB activation by TNFα in TCO-1 cells.

Effect of NF-κB inhibition on TNFα suppression of 
D2 activity in TCO-1 cells 

To investigate the implication of NF-κB activation 
in the inhibitory effect of TNFα on D2 activity, we 
examined the effect of BAY11-7082 on the TNFα sup-
pression of D2 activity in TCO-1 cells.  In the pres-

Fig. 4	 Effect of MG132 on TNFα suppression of D2 expression 
in TCO-1 cells

	 a) TNFα (10-8 g/mL) effect on (Bu)2cAMP (10-3 M)-
stimulated D2 activity in the presence or absence of 
MG132 (10-5 M) in TCO-1 cells.  Cells were pretreated 
with MG132 for 1 h, then stimulated by (Bu)2cAMP in 
the presence or absence of TNFα for 6 h.  D2 activity 
shown represents the mean ± SD of 3 wells.  * p <0.05 
(compared with control TCO-1 cells stimulated by 
(Bu)2cAMP alone). 

	 b) TNFα (10-8 g/mL) effect on (Bu)2cAMP (10-3 M)-
stimulated D2 activity in the presence or absence of 
MG132 (10-5 M) in TCO-1 cells.  Cells were pretreated 
with MG132 for 1 h, then stimulated by (Bu)2cAMP in 
the presence or absence of TNFα for 24 h.  D2 activity 
shown represents the mean ± SD of 3 wells.  * p <0.05 
(compared with control TCO-1 cells stimulated by 
(Bu)2cAMP alone).

Fig. 5	 TNFα-induced phosphorylation of IκB-α in TCO-1 cells
	 Western analysis of phosphorylated form of IκB-α in 

TCO-1 cells.  Cells were stimulated by TNFα (10-8 g/
mL) for 10 min.
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ence of BAY11-7082, although (Bu)2cAMP-stimulated 
D2 activity was suppressed, TNFα remained effective 
in inhibiting (Bu)2cAMP-stimulated D2 activity (Fig. 
6a).  Since BAY11-7082 suppressed (Bu)2cAMP-
stimulated D2 activity, the effect of another NF-κB 
activation inhibitor, 6-Amino-4-(4-phenoxyphenyleth-
ylamino) quinazoline [28], which had a distinct mech-
anism of inhibition of NF-κB mediated transcription 
from BAY11-7082 was also investigated.  6-Amino-
4-(4-phenoxyphenylethylamino) quinazoline (1 µM) 
having no effect on (Bu)2cAMP-stimulated D2 activity, 
did not abolish the inhibition of (Bu)2cAMP-stimulated 
D2 activity by TNFα in TCO-1 cells (Fig. 6b).  Taken 
together, it was suggested that a mechanism apart from 
NF-κB activation might be involved in the inhibitory 
effect of TNFα on D2 activity.  

Discussion

In the present study, iodothyronine deiodinating 
activity was clearly demonstrated in TCO-1 cells, 
which were derived from anaplastic thyroid carci-
noma and expressed telomerase reverse transcriptase 
and thyroid transcriptionfactor 1 mRNAs but not thy-
roglobulin mRNA [14].   The deiodinating activity had 
low Km for T4 and was not inhibited by 1 mM PTU but 
was abolished by 1 mM IOP.   MG132, an inhibitor of 
proteasome that has been reported to be involved in the 
degradation of D2 increased the deiodinating activity 
in TCO-1 cells.  These data indicate that the charac-
teristics of the T4 deiodinating activity in TCO-1 cells 
are compatible with those of D2 [1, 2, 29].  Northern 
analysis using human D2 cRNA probe demonstrated 
hybridization signals approximately 7.5 kb in size in 
TCO-1 cells, which is compatible with D2 mRNA [4, 
5].  Although the expression of D1 in human thyrocytes 
has been demonstrated [30] and in the present study, the 
expression of D1 mRNA has been detected in TCO-1 
cells, the deiodinating activity from 0.5 µM [125I]rT3 
was undetectable in the presence of 1 mM of EDTA 
and 0.5 mM DTT, which is an optimal condition for the 
measurement of D1 activity [23, 31] (data not shown).  
These data suggest that D2 may be mainly involved in 
the T4 deiodinating activity in TCO-1 cells.

(Bu)2cAMP stimulated D2 activity and D2 mRNA 
expression in TCO-1 cells, indicating the involvement 
of cAMP mediated pathway in the regulation of D2.  
Our previous observations have shown the existence 
of D2 expression, which is regulated through cAMP 

Fig. 6	 Effect of NF-κB inhibitors on TNFα suppression of D2 
expression in TCO-1 cells

	 a) TNFα (10-8 g/mL) effect on (Bu)2cAMP (10-3 M)-
stimulated D2 activity in the presence or absence of 
BAY11-7082 (2x10-5 M) in TCO-1 cells.  Cells were 
pretreated with BAY11-7082 for 1 h, then stimulated by 
(Bu)2cAMP in the presence or absence of TNFα for 6 h. 
D2 activity shown represents the mean ± SD of 3 wells.  
* p <0.05 (compared with control TCO-1 cells stimulated 
by (Bu)2cAMP alone).

	 b) TNFα (10-8 g/mL) effect on (Bu)2cAMP (10-3 M)-
stimulated D2 activity in the presence or absence of 
6-Amino-4-(4-phenoxyphenylethylamino) quinazoline 
(10-6 M) in TCO-1 cells. Cells were pretreated with 
6-Amino-4-(4-phenoxyphenylethylamino) quinazoline 
for 1 h, then stimulated by (Bu)2cAMP in the presence or 
absence of TNFα for 6 h.  D2 activity shown represents 
the mean ± SD of 3 wells.  * p <0.05 (compared with 
control TCO-1 cells stimulated by (Bu)2cAMP alone).
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Recent studies have shown that ubiquitin-protea-
some expression in muscle is increased in malignancy 
and sepsis [40, 41], which are thought to have high 
plasma TNFα level.  Furthermore, in rat soleus mus-
cle, the increase in the expression of ubiquitin, which 
plays major roles in the proteasomal degradation of 
D2 [42-44] by TNFα was postulated [45].  These data 
suggest plasma TNFα level is related to the ubiquitin-
proteasome expression which contributes to the deg-
radation of D2.  Taken together, it is likely that TNFα, 
of which concentration is elevated in critical illness, 
inhibits (Bu)2cAMP-stimulated D2 activity through the 
degradation of D2 at posttranslational level through the 
enhancement of the ubiquitin-proteasome expression.  

Although our previous observation demonstrated 
the suppression of D2 mRNA expression by TNFα in 
cultured human skeletal muscle cells [7], in the pres-
ent study, TNFα did not inhibit (Bu)2cAMP-induced 
D2 mRNA expression, suggesting that a pretransla-
tional mechanism might not be implicated in the TNFα 
suppression of D2 expression in TCO-1 cells.  Further, 
TNFα remained effective in inhibiting (Bu)2cAMP-
stimulated D2 activity in the presence of BAY11-7082 or 
6-Amino-4-(4-phenoxyphenylethylamino)quinazoline.  
Since BAY11-7082 suppressed (Bu)2cAMP-stimulated 
D2 activity, it might be possible that the constitutive 
activation of NF-κB is involved in the regulation of D2 
activity in TCO-1 cells.  However, 6-Amino-4-(4-phe-
noxyphenylethylamino)quinazoline, another NF-κB 
inhibitor, did not affect (Bu)2cAMP-stimulated D2 
activity and these inhibitors failed to abolish the sup-
pression of D2 activity by TNFα, which could induce 
the NF-κB activation.  Although it has been shown that 
TNFα stimulates ubiquitin dependent proteasomal deg-
radation through NF-κB mediated pathway [46], these 
data suggest that in TCO-1 cells, other mechanisms 
apart from NF-κB activation may be involved in the 
inhibitory effect of TNFα on (Bu)2cAMP-stimulated 
D2 activity by proteasomal degradation.  On the other 
hand, it has been shown that the expression of p65 sub-
unit of NF-κB induces human D2 promoter activity in 
HC11 cells and HEK cells [24], and NF-κB binding site 
has been identified in HC11 cells [25], These observa-
tions suggest that the involvement of NF-κB in the pre-
translational activation of D2 expression, whereas the 
present results suggest that NF-κB activation by TNFα 
did not affect D2 mRNA expression in TCO-1 cells.  
Taken together, it is likely that although the regulatory 
role of TNFα stimulation or NF-κB activation in D2 

mediated pathways at the pretranslational level in 
human thyroid tissue, cultured human skeletal and vas-
cular smooth muscle cells [4, 7, 8].  Since the presence 
of cAMP response element has been demonstrated in 
the promoter lesion of human D2 [4, 29], it is likely 
that pretranslational mechanisms are also involved in 
the regulation of D2 expression through cAMP medi-
ated pathways in TCO-1 cells.

TNFα, which is thought to play a pivotal role in 
the pathophysiology of nonthyroidal illness, inhib-
ited (Bu)2cAMP-stimulated D2 activity in TCO-1 
cells.  IC50 of TNFα to inhibit (Bu)2cAMP-stimulated 
D2 activity in TCO-1 cells was approximately 1.0 ng/
mL.  The effective dose of TNFα is comparable to that 
reported in the previous study [32] suggesting that the 
physiological concentration of TNFα is able to regu-
late T3 production.  Although (Bu)2cAMP stimulation 
of D2 activity sustained up to 24h, the prolonged treat-
ment with TNFα suppressed (Bu)2cAMP-stimulated 
D2 activity to the basal level.  These data suggest a 
possible involvement of a degradating mechanism in 
the regulation of D2 activity by TNFα.

The effects of cytokines on iodothyronine deiodi-
nases have been controversial in the previous studies.  
In rat FRTL-5 thyroid cells, basal and TSH-stimulated 
D1 activities were inhibited by IL-1, IL-6, interferon-γ 
(IFN-γ) and TNFα [33-35].  Mouse liver D1 was stim-
ulated by IL-1 [36].  TNFα increased D2 activity in rat 
anterior pituitary cells and GH3 cells [37].  In contrast, 
our previous study demonstrated the TNFα inhibition 
of D2 activity in cultured human skeletal muscle cells 
[7], and other investigators showed that IL-6, IFN-γ 
and TNFα inhibited D2 in human thyroid tissue [38].  
Although these data suggest that the response of deio-
dinating activity against cytokines may vary by tissues 
or cells, it has been postulated that the result of these 
changes cause the decline of serum thyroid hormone 
level to decrease the basal metabolic rate and protein 
and fat catabolism in critical illness [39].

In the presence of MG132, the inhibitory effect of 
TNFα on (Bu)2cAMP-stimulated D2 activity was abol-
ished.  These data indicate that a pathway which is sen-
sitive to proteasomal degradation is involved in the 
posttranslational regulation of D2 activity by TNFα 
in TCO-1 cells.  It has been shown that proteasomal 
degradation is involved in the regulation of D2 activ-
ity [21, 22], it is likely that TNFα inhibits D2 activity 
by enhancing the degradation of D2 by proteasome in 
TCO-1 cells.  
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mRNA expression is tissue or cell specific, the mech-
anisms activated by TNFα including NF-κB related 
pathway may not be involved in the regulation of D2 
expression in TCO-1 cells.  Since it has been shown 
that proteasome is involved in TNFα induced decline 
in Akt protein through a caspase dependent posttransla-
tional mechanism in adipocytes [47], caspase might be 
one of possible pathways through which TNFα inhib-
its D2 activity in TCO-1 cells.  In addition, the mecha-
nism involved in the inhibitory effect of BAY11-7082 
on (Bu)2cAMP-stimulated D2 activity has not been 
clarified in the present study, further studies may be 
required to figure out the regulatory mechanism of 
TNFα or BAY11-7082 on D2 activity in TCO-1 cells.  

Although recent studies have postulated that 
increased type 3 iodothyronine deiodinase (D3) activ-
ity, which catalyze T4 to rT3 in skeletal muscle may 
play a major role in nonthyroidal illness [48], it has 
been suggested that the impaired thyroidal production 
of T3 may be involved in the rapid fall in serum T3 [49].  
The results in the present study suggest that D2 in thy-
roid gland may also contribute to the low T3 level in 
nonthyroidal illness.  

In summary, the present study clearly demon-
strated the presence of D2 in TCO-1 cells derived from 
human anaplastic thyroid carcinoma.  D2 activity is 
positively regulated by cAMP-mediated pathway and 
is negatively regulated by TNFα that plays a pivotal 
role in nonthyroidal illness.  TNFα inhibits D2 activ-
ity through the enhancement of the degradation of D2 
activity.  MG132 sensitive proteasomal degradation 
pathway may be involved in the inhibitory mechanism 
of D2 activity by TNFα (Fig. 7).
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