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Euthyroid sick syndrome, characterized by low serum 3,5,3′-triiodothyronine (T3) with normal L-thyroxine levels, is
associated with a wide variety of disorders including sepsis, malignancy, and AIDS. The degree of low T3 in circulation
has been shown to correlate with the severity of the underlying disorders and with the prognosis. Elevated TNF-α levels,
which accompany severe illness, are associated with decreased activity of type I 5′-deiodinase (5′-DI) in liver, leading us
to speculate that high levels of this factor contribute to euthyroid sick syndrome. Here we demonstrate that the activation
of NF-κB by TNF-α interferes with thyroid-hormone action as demonstrated by impairment of T3-dependent induction of 5′-
DI gene expression in HepG2 cells. Inhibition of NF-κB action by a dominant-negative NF-κB reversed this effect and
allowed T3 induction of 5′-DI. Furthermore, we show that an inhibitor of NF-κB activation, clarithromycin (CAM), can inhibit
TNF-α–induced activation of NF-κB and restore T3-dependent induction of 5′-DI mRNA and enzyme activity. These
results suggest that NF-κB activation by TNF-α is involved in the pathogenesis of euthyroid sick syndrome and that CAM
could help prevent a decrease in serum T3 levels and thus ameliorate euthyroid sick syndrome.
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Introduction
Thyroid hormone is one of the critical hormones in
mammals and plays an indispensable role in develop-
ment as well as in lipid and carbohydrate metabolism
and energy generation. The thyroid gland secretes
mainly L-thyroxine (T4) into the circulation where it is
converted to 3,5,3′-triiodothyronine (T3) in liver and
kidney. Most of the serum T3 is derived from this con-
version, which is catalyzed by type I 5′-deiodinase (5′-
DI). Expression of the 5′-DI gene is upregulated
through liganded thyroid hormone receptor (TR),
which binds to a thyroid-hormone responsive element
(TRE) in the promoter region of the 5′-DI gene (1).

Euthyroid sick syndrome (2, 3), also called low-T3

syndrome or nonthyroidal illness, is characterized by
low serum T3 levels. This syndrome is usually associ-
ated with the terminal stage of sepsis, malignancy,
AIDS, myocardial infarction, and starvation (4). With
increasing severity of illness, serum T4 levels are also
decreased (4). The prognosis of the underlying disease
is correlated with the degree of low T3 (5, 6) and with
that of low T4 (7). The changes in serum T4 levels in
euthyroid sick syndrome have been attributed to a
decreased T4 production rate (8), increased metabolic
clearance of T4 from serum (9), and diminished hypo-
thalamic and pituitary function (10). As for low serum

T3 levels in this syndrome, one important cause is
decreased conversion of T4 to T3 (8) due to decreased
5′-DI activity in the liver (11).

Although there are conflicting data (12–15), TNF-α is
suggested to be one of the candidates for causing euthy-
roid sick syndrome. The relevance of TNF-α in this syn-
drome is supported by the following observations: (a)
injection of TNF-α into healthy volunteers resulted in
reduced serum T3 levels (16); (b) serum T3 levels were
lower in nursing home patients with detectable serum
TNF-α than those with undetectable levels (17); and (c)
the single injection of TNF-α into rats resulted in
decreased serum T3 levels with repressed 5′-DI activity
in liver (18). We thus focused this study on how TNF-α
causes euthyroid sick syndrome.

TNF-α exerts its biological activities through the acti-
vation of the transcription factor NF-κB. Upon stimu-
lation of cells with TNF-α, NF-κB is translocated from
the cytoplasm to the nucleus through the signal-
induced degradation of its inhibitory proteins, IκBs
(19). NF-κB plays a pivotal role in immune and inflam-
matory responses by controlling gene expression of a
number of cytokines. It was reported that NF-κB was
induced in PBMCs of septic patients (20). Since 5′-DI
gene expression is upregulated by T3-TR signaling, we
speculated that the T3-dependent induction of 5′-DI
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might be interfered with by the TNF-α–mediated NF-
κB activation, culminating in euthyroid sick syndrome.

Since liver is the major site of T4 to T3 conversion, we
examined the effect of activated NF-κB on T3-depend-
ent 5′-DI induction in a human hepatoma cell line,
HepG2, which retains differentiated function (21).
Here we demonstrate that activation of NF-κB by TNF-
α impairs T3-dependent induction of 5′-DI mRNA and
enzyme activity. Furthermore, we found that the
macrolide antibiotic clarithromycin (CAM) inhibited
the TNF-α–induced NF-κB activation and restored the
responses of 5′-DI mRNA and enzyme activity to T3.

Methods
Plasmids. The constructions of plasmids expressing
TRβ, p50 subunit of NF-κB, p65 subunit of NF-κB, a
dominant-negative form of p65 (p65 DN), and CREB
(c-AMP responsive element binding protein) binding
protein (CBP), and the luciferase reporter genes
(3xPal TK Luc, TSH-α Luc, and NF-κB pGL3pro Luc)
were described previously (22–27). For the yeast two-
hybrid system, cDNAs for full-length human TRβ or
IκBβ were subcloned into the vector expressing Gal4
DNA-binding domain (DBD) (pGBT9) in-frame.
Also, full-length RXRα or p65 cDNAs were sub-
cloned into the Gal4 activation domain (pACT2) in-
frame. For the mammalian two-hybrid system, the
cDNA for the full-length human TRβ was subcloned
into the vector expressing Gal4 DBD (pM) in-frame.
Also, full-length p65 cDNA was subcloned into the
VP16 activation domain (pVP16) in-frame. The pro-
moter region (–716 to +24) of the human 5′-DI gene
(1) was amplified by PCR using human genomic
DNA as a template. After verification of its sequence,
it was subcloned into pGL3 basic Luc plasmid
(Promega, Madison, Wisconsin, USA) to construct
the human 5′-DI luciferase reporter gene (5′-DI Luc).
The human type I 5′-DI cDNA fragment (nucleotide
sequences 163 to 537) (28) for hybridization was also
amplified by RT-PCR using total RNA from HepG2
cells and cloned into pGEM-T vector (Promega). The
probes for GAPDH, malic enzyme (ME) and spot 14,
were reported previously (29, 30).

RNA extraction and Northern blot analysis. Cells from
the human hepatoma cell line HepG2 were obtained
from ATCC (American Type Culture Collection,
Rockville, Maryland, USA) and cultured in DMEM
(Nissui, Tokyo, Japan) containing 10% FBS, 100 U/mL
penicillin, and 100 µg/mL streptomycin. At 70% con-
fluence, the cells were maintained in DMEM with 5%
charcoal-stripped FBS. After addition of TNF-α (100
U/mL) and/or T3 (100 nM), the cells were harvested 24
hours later. Total RNA was extracted by the acid guani-
dine phenol/chloroform method (31). Ten micro-
grams of total RNA was separated by 0.8% agarose-gel
electrophoresis, blotted on a nitrocellulose membrane
(Gene Screen Plus; NEN Life Science Products, Boston,
Massachusetts, USA), and hybridized with a 32P-
labeled cDNA probe for 5′-DI or GAPDH. The condi-

tions for hybridization and for washing were described
previously (29). To determine the amount of each
mRNA, the hybridized membrane was exposed to the
imaging plate, and the radioactivity of a specific band
was measured by using Fujix Bioimage Analyzer (BAS
2000; Fuji Photo Film, Tokyo, Japan) before autoradi-
ography. The radioactivity of the 5′-DI mRNA band
was adjusted by that of GAPDH, and the mRNA level
was expressed as an arbitrary unit. Then, autoradiog-
raphy was carried out by exposing the hybridized
membrane to Kodak X-AR film (Eastman Kodak,
Rochester, New York, USA). The same membrane was
rehybridized with cDNAs for ME and spot 14.

Assay of 5′-DI activity. HepG2 cells were cultured in six-
well plates (Falcon 3046 Multiwell tissue culture plate;
Becton Dickinson Labware, Franklin Lakes, New Jersey,
USA) with DMEM containing 10% FBS. Near confluence,
the cells were washed with serum-free DMEM and then
cultured in DMEM containing 5% charcoal-stripped
serum in the absence or presence of 100 nM T3, TNF-α
(100 U/mL), and/or CAM (10–4 M) for 24 hours. Then, the
cells were harvested and homogenized in a buffer (100
mM potassium phosphate, pH 7.0, 1 mM EDTA, 0.5 mM
DTT). Homogenates were centrifuged at 13,000 g for 15
minutes. The supernatant was collected and the protein
concentration was determined by a Bio-Rad protein assay
kit (Bio-Rad Laboratories, Hercules, California, USA).

The enzyme activity of 5′-DI was assayed by the
method described (32), with a minor modification. In
brief, the supernatant was incubated at 37°C for 15 min-
utes in a total volume of 100 µL of buffer containing 0.5
µM 125I-rT3 (NEN Life Science Products), which was
purified by column chromatography using LH-20
(Pharmacia Biotech AB, Uppsala, Sweden). The reaction
was terminated by the addition of 100 µL of 2% BSA and
800 µL of 10% trichloroacetic acid and centrifuged at
13,000 g for 15 minutes. The supernatant was applied to
a Dowex-50 (Bio-Rad Laboratories) ion-exchange resin
column (bed volume: 1 mL) and eluted with 2 mL of 10%
acetic acid. Radioactivity of the eluate was counted with
a γ-counter (ARC-1000M; Aloka, Tokyo, Japan). The
radioactivity released from 125I-rT3 was adjusted to be
less than 20% of total input. The enzyme activity was cor-
rected by subtracting iodide released in tissue-free tubes,
which was less than 2% of the total count. The 5′-DI
activity was expressed as pmol I–/mg protein/min. The
data were expressed as mean plus or minus SD (n = 6).

Cell treatment and preparation of nuclear extract.
HepG2 cells were maintained in DMEM containing
5% charcoal-stripped FBS for at least 16 hours. After
1 hour preincubation with CAM, TNF-α was added,
and the cells were incubated for another 1 hour. The
cells were then harvested and subjected to prepara-
tion of nuclear extract. The method to prepare the
extract was described previously (33).

Electrophoretic mobility shift assay. The method for elec-
trophoretic mobility-shift assay (EMSA) and the
sequences of oligonucleotides used (NF-κB oligonu-
cleotides and TRE-Lap) were reported previously (26,
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34). For the supershift analyses, the antisera against
each subunit of NF-κB (anti-p50, p52, p65, c-Rel, RelB,
and Bcl-3 antibodies; Santa Cruz Biotechnology, Santa
Cruz, California, USA) were added after formation of
protein-DNA complex and further incubated on ice for
1 hour. The reaction mixtures were applied in 5% poly-
acrylamide gel with 2.5% glycerol and 0.5× TBE (45 mM
Tris-borate, 1 mM EDTA). In vitro translated TRβ,
RXRα, or p65 of NF-κB were synthesized using TNT-
coupled reticulocyte lysate system (Promega), accord-
ing to the protocol from the supplier.

Transient-expression assays. Human choriocarcinoma
cell line JEG-3 cells were grown in Opti-MEM (Life
Technologies, Grand Island, New York, USA) contain-
ing 2% FBS, penicillin, and streptomycin. HepG2 cells
were grown in DMEM containing 10% FBS. The cells
were plated in 12-well dishes 16 hours before transfec-
tion and were transfected with the calcium phosphate
method (35). A reporter plasmid (1 µg) was transfected
together with TR-expressing plasmid (100 ng), either
with the plasmid expressing p50, p65, or p65 DN. The
total amount of plasmid was maintained constant in
each transfection by the addition of the control plasmid
without a cDNA insert. To monitor the transfection
efficiency, β-galactosidase expression plasmid (pEBV β-
gal: 50 ng per well) was used. After 4 hours’ exposure to
the calcium phosphate-DNA precipitate, culture medi-
um containing charcoal-stripped FBS was added, with
or without 100 nM T3. DMEM with 5% stripped FBS for
HepG2 cells and Opti-MEM with 2% stripped FBS for
JEG-3 cells were used. Cells were harvested after 24
hours and luciferase activity (36) was measured using a
luminometer (LB9501; Berthold, Wildbad, Germany).
The β-galactosidase activity was assayed by using β-
galactosidase Assay Kit (Galacto-Light Plus; Tropix,
Bedford, Massachusetts, USA). Luciferase activity was
adjusted by β-galactosidase activity. Transfections were
carried out in triplicate and repeated at least three times.
The data were expressed as luciferase/β-galactosidase
activity (arbitrary unit), or fold induction by T3 (using
positive TRE-reporter constructs), or percentage of rel-
ative luciferase activity by T3 (TSH-α Luc).

Yeast two-hybrid system. The interaction between TR
and p65 was analyzed by yeast two-hybrid system
(Matchmaker Two-Hybrid System; Clontech, Palo Alto,
California, USA), according to the protocol from the
supplier. The pGBT9 plasmid was transformed with
pACT2 plasmid into yeast cells (Y187). Trp+, Leu+

colonies were grown in SD medium without trypto-
phan and leucine, and β-galactosidase activity in liquid
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Figure 1
TNF-α attenuates T3-dependent induction of type I 5′-DI gene. (a) HepG2 cells were treated with T3 (100 nM) and/or TNF-α (100 U/mL)
for 24 hours. The levels of 5′-DI and GAPDH mRNAs were determined by Northern blot analysis. (b) The radioactivity of the hybridized
bands was measured by using Fujix Bioimage Analyzer BAS 2000. The levels of 5′-DI/GAPDH mRNA (in arbitrary units) were expressed as
mean ± SD. (c) The fold induction of 5′-DI/GAPDH mRNA by T3 was depicted. AP < 0.0001 vs. T3 (–); BP < 0.0001, T3 (+), TNF-α (–) vs. T3

(+), TNF-α (+) in b; CP < 0.0001 vs. TNF-α (–) in c.

Figure 2
TNF-α decreases T3-dependent increase of 5′-DI enzyme activity. (a)
HepG2 cells were treated with T3 (100 nM) and/or TNF-α (100 U/mL)
for 24 hours. The enzyme activity of 5′-DI in cytosolic extract was
expressed as mean ± SD (n = 6). (b) The fold induction of 5′-DI enzyme
activity by T3 is depicted. AP < 0.0001 vs. T3 (–); BP < 0.0001, T3 (+),
TNF-α (–) vs. T3 (+), TNF-α (+) in a; CP < 0.0001 vs. TNF-α (–) in b.



culture was determined using a β-galactosidase assay
kit. β-galactosidase activity/cell density (OD600) was
calculated to assess the association of the two proteins.

Mammalian two-hybrid system. The interaction between
TR and p65 was also analyzed by the mammalian two-
hybrid system (Mammalian Matchmaker two-hybrid
assay kit; Clontech) according to the protocol from the
supplier. Gal4 DBD-TR (pM-TR) and VP16-p65 (pVP-
p65) were transfected into JEG-3 cells by calcium phos-
phate method, together with Gal4-responsive luciferase
reporter gene (pG Luc). Twenty-four hours after trans-
fection, luciferase activity was measured to evaluate the
association between TR and p65.

Chemicals. Human recombinant TNF-α (2.5 × 103

U/µg) was kindly provided by Asahi Chemical Industry
(Tokyo, Japan). CAM was provided by Taisho Pharma-
ceutical (Tokyo, Japan) and dissolved in DMSO to a
final concentration of 10–1 M as a stock solution.
DMSO was added to adjust the concentration in the
experiments using CAM. The maximum concentration
of CAM used was 10–4 M, based on the following obser-
vation: the usual dose of CAM is 200–400 mg/day in
adults, and the concentration in peripheral blood is
approximately 1.0 µg/mL (1.34 × 10–6 M) (37). In the
experiments using rats and mice, the concentrations of
CAM in the liver, lung, and kidney were reported to be
24–84 times higher than that in peripheral blood (38).

Statistical analyses. The data were expressed as mean plus
or minus SD. Statistical difference was analyzed by one-
way ANOVA with Bonferroni’s test in all the experiments.

Results
Inhibition of T3-dependent increase of 5′-DI mRNA and
enzyme activity by TNF-α. To examine whether TNF-α
might be involved in the inhibition of 5′-DI gene
expression in the liver, Northern blot analysis was per-
formed using HepG2 cells. As reported previously (1),
incubation of HepG2 cells with T3 for 24 hours result-
ed in an increase in 5′-DI mRNA levels (Figure 1). The
T3-dependent increase in the mRNA was 3.3-fold. In
the presence of TNF-α, 5′-DI mRNA levels without T3

were not changed. However, the induction of 5′-DI
mRNA by T3 was attenuated by TNF-α to 1.2-fold, sug-
gesting that TNF-α impairs T3-dependent induction of
5′-DI mRNA expression.

We next examined whether the changes in the 5′-DI
mRNA levels are associated with 5′-DI activity. As
shown in Figure 2, the enzyme activity was increased by
2.3-fold (from 21.8 ± 4.0 to 51.3 ± 6.1 pmol released
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Figure 3
Characterization of activated NF-κB in HepG2 cells. (a) The activa-
tion of NF-κB by TNF-α in HepG2 cells was studied using EMSA.
The nuclear extract was prepared after 1-hour treatment with TNF-
α. (b) Characterization of NF-κB complex by supershift analysis.
The antibodies specific to NF-κB subunits were used in EMSA. mut,
mutated; oligo, oligonucleotide.

Figure 4
NF-κB induced by TNF-α inhibits T3-dependent induction of 5′-DI. T3-
dependent induction of 5′-DI Luc activity was inhibited by NF-κB
induced with TNF-α. T3-dependent induction of 5′-DI Luc was also
inhibited by transfection of the plasmid expressing p65. This inhibition
was reversed by transfection of the plasmid expressing p65 DN. (a) The
values of Luc/β-gal activity with or without T3. AP < 0.001,
BP < 0.0001 vs. TR, T3 (+); CP < 0.0001, TR, T3 (+), TNF-α vs. TR, T3

(+), TNF-α, p65 DN. (b) Fold induction by T3. DP < 0.001, 
EP < 0.0001 vs. TR; FP < 0.0001, TR + TNF-α vs. TR + TNF-α + p65 DN.



I–/mg/min) in the presence of T3. TNF-α treatment did
not alter the activity without T3, but impaired T3-
dependent increase in this enzyme activity. It is thus
demonstrated that inhibition of T3-dependent increase
in 5′-DI mRNA by TNF-α was associated with concor-
dant change in the enzyme activity.

Inhibition of T3-dependent induction of 5′-DI by activated
NF-κB. Since TNF-α induces nuclear translocation
and DNA binding of transcription factor NF-κB, the
activated NF-κB in HepG2 cells was analyzed by
EMSA using a NF-κB–binding oligonucleotide as a
probe. The nuclear extract of HepG2 cells cultured in
the absence of TNF-α showed two faint protein-DNA
complexes, and amounts of these complexes were
increased after 1-hour treatment of TNF-α (Figure
3a). Binding of the probe was completely displaced by
the unlabeled NF-κB–binding oligonucleotide, but
not by the mutated oligonucleotide. Supershift analy-
sis using the subunit-specific antibodies to various
NF-κB components revealed that these complexes
comprised p65 and p50 (Figure 3b). Other antibodies
recognizing p52, c-Rel, RelB, or Bcl-3 did not affect
the mobility of the binding complexes. It is thus sug-
gested that effect of TNF-α may be mediated by
p65–p50 heterodimer in HepG2 cells.

We next investigated whether activated NF-κB affects
T3-dependent induction of the 5′-DI gene. For this pur-
pose, we employed transient transfection analysis in
HepG2 cells using luciferase reporter genes driven by
the 5′-DI gene promoter (5′-DI Luc). As shown in Fig-
ure 4, T3 slightly increased 5′-DI Luc activity in the
absence of transfected TR, although the increase was
not statistically significant. When the cells were trans-
fected with the plasmid expressing TR, T3 induced the
expression of 5′-DI Luc by approximately 3.1-fold (Fig-
ure 4b). The addition of TNF-α did not alter Luc activ-
ity in the absence of T3, with or without cotransfected
TR. However, TNF-α decreased T3-dependent activa-
tion of 5′-DI Luc to 2.3-fold in cells also transfected
with the TR-expressing plasmid. These results are com-
patible with those obtained from Northern blot analy-
sis and 5′-DI–enzyme assay (Figure 1 and 2). The effect
of TNF-α was considered to be due to the activation of
NF-κΒ, since cotransfection of the dominant-negative
p65 prevents the effects of TNF-α on T3-induced 5′-DI
reporter gene expression (TR + TNF-α + p65DN). Con-
sistent with this finding, the transfection of the plas-
mid expressing p65 inhibited T3-dependent activation
of the 5′-DI Luc. Since reporter gene assays require
cotransfection of TR, the modest inhibitory effect of
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Figure 5
NF-κB induced by TNF-α inhibits reporter-gene expression positively regulated by T3 but not the expression of TSH-α Luc, which is nega-
tively regulated by T3. (a and b) T3-dependent activation of 3xPal TK Luc activity was inhibited by NF-κB induced with TNF-α. T3-depend-
ent activation of 3xPal TK Luc was also inhibited by transfection of the plasmid expressing p65 and weakly by that expressing p50. This inhi-
bition was reversed by transfection of p65 DN expressing plasmid. (a) The values of 3xPal TK Luc/β-gal activity. AP < 0.001, BP < 0.0001 vs.
TR, T3 (+); CP < 0.0001, TR, T3 (+), TNF-α vs. TR, T3 (+), TNF-α, p65 DN. (b) Fold induction by T3. DP < 0.001, EP < 0.0001, TR + TNF-α vs.
TR + TNF-α + p65 DN. (c and d) JEG-3 cells were transfected with TSH-α Luc gene, and the effect of T3 and/or TNF-α was studied. T3-
dependent repression of TSH-α Luc gene was not inhibited by NF-κB induced with TNF-α. (c) The values of TSH-α Luc/β-gal activity. (d)
Percentage relative T3 Luc activity by T3. FP < 0.0001 vs. TR(–). All the data were expressed as mean ± SD.



TNF-α in luciferase assays may be explained by excess
of target-gene promoter as well as TR. Another possi-
bility is that the TNF-α effect on deiodinase mRNA
may be mediated in part by gene sequences not includ-
ed in the luciferase construct or that the effect might in
part be posttranscriptional.

Inhibition of T3-dependent induction of T3-responsive genes
by activated NF-κΒ is not restricted to 5′-DI gene. To study
whether the inhibitory effect of TNF-α on T3-induced
gene expression is specific to 5′-DI, changes in mRNA
levels of two other T3-responsive genes, ME and spot
14, were determined in HepG2 cells in the presence of
T3 and/or TNF-α.

Unfortunately, ME mRNA was not detected in HepG2
cells either in the absence or presence of T3. Further-
more, mRNA levels of spot 14 gene were not affected by
T3 (data not shown). Inability to detect ME mRNA in
HepG2 cells (39) and unresponsiveness of spot 14
mRNA to T3 in the cell line (40) were also reported.

We thus employed a reporter gene harboring a TRE
to test whether the effect of TNF-α is specific to 5′-DI
gene expression. Transient transfection assays were per-
formed using luciferase reporter genes driven by the
optimized TRE (3xPal TK Luc) and by the TSH-α pro-

moter (TSH-α Luc). As observed in the reporter gene
assay for 5′-DI, cotransfection of TR-expressing plas-
mid was necessary to demonstrate T3-dependent
changes in these luciferase activities.

As shown in Figure 5, a and b, the T3-mediated
increase of 3xPal TK Luc expression was 129-fold when
cotransfected with TR. This T3-dependent induction
was dramatically reduced to 62-fold by TNF-α. More-
over, when p65 was overexpressed, even greater inhibi-
tion was observed (to 21-fold); p65 DN abolished the
effect of TNF-α. Overexpression of p50 also reduced
the T3-dependent increase of 3xPal TK Luc activity,
although to a lesser extent.

We also examined the effect of TNF-α or p65 overex-
pression on the expression of TSH-α Luc by transient-
transfection assays in JEG-3 choriocarcinoma cells in
which TSH-α gene expression is preserved (Figure 5c).
In this cell line, the presence of functional TNF-α
receptor was ascertained by the finding that a 6.6-fold
increase in the expression of the NF-κB–responsive
luciferase reporter gene (NF-κB pGL3pro Luc) was
induced by TNF-α (data not shown). In addition, TNF-
α treatment or transfection with p65-expressing plas-
mid inhibited T3-dependent activation of 3xPal TK Luc
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Figure 6
Lack of association of TR with NF-κB p65
subunit in the presence or absence of TRE.
(a) TR and active form of NF-κB, p65, do
not associate on TRE. EMSA using Lap-
TRE revealed that TR formed a homodimer
and a heterodimer complex with RXR.
However, the presence of p65 did not
affect TR binding and did not form a new
retarded complex. (b) Protein-protein
interaction between TR and p65 does not
occur in the yeast two-hybrid system. Asso-
ciation of TR and RXR, or p65 and IκBβ, is
evident. Data were expressed as mean ± SD
from triplicate determinations. AP < 0.0001
vs. Gal4-DBD-TR, Gal4-AD.

Figure 7
CAM inhibits NF-κB activation. (a) Inhibition of TNF-α–induced NF-κB activation by pretreatment with CAM. HepG2 cells were pretreat-
ed with CAM for 1 hour at the indicated concentration. After 1-hour treatment with TNF-α, NF-κB activation in the nuclear extracts was
analyzed using EMSA. (b and c) HepG2 cells were transfected with NF-κB pGL3 Luc and treated with TNF-α and CAM for 24 hours. (b) The
values of Luc/β-gal activity. AP < 0.0001 vs. TNF-α (+), CAM (–). (c) Fold induction by TNF-α. AP < 0.0001 vs. TNF-α (+), CAM (–).



in this cell line, from 220-fold increase by T3 to 178-fold
and 36-fold, respectively (data not shown). However,
T3-dependent repression of TSH-α Luc was not altered
by TNF-α or by transfection with p65 expressing plas-
mid, suggesting that repression of TSH-α gene expres-
sion by T3 was not influenced by the activated NF-κB.
These results suggest that activated NF-κB inhibits
only the transcription of genes that are positively regu-
lated by T3 (such as 3xPal TK or 5′-DI), but it does not
affect the transcription of genes that are negatively reg-
ulated by T3 (i.e., TSH-α).

Lack of direct association between TR and p65. To examine
whether the inhibition of TR action by the activated NF-
κB is due to an association between TR and NF-κB p65
on a TRE, we used EMSA. Since inhibition of T3-depend-
ent activation by NF-κB was observed, irrespective of
positive TRE structures, an optimized TRE consisting of
an everted TRE (TRE-Lap) was used as a probe. As shown
in Figure 6a, TRβ bound to this TRE as a homodimer
and also as a heterodimer with RXRα. In the presence of
T3, the homodimer binding, but not the heterodimer,
was eliminated. When in vitro-translated p65 was incu-
bated with TRβ and/or RXRα, no additional complex or
decrease in TR binding was observed, even in the pres-
ence of T3. These results suggest that p65 does not
directly associate with the TR on a TRE.

To further investigate whether a direct interaction
exists between TR and p65, the yeast two-hybrid system
was employed. When Gal4-DBD-TR and Gal4-AD-RXR
were cotransformed into yeast cells, β-galactosidase
activity increased, reflecting the association of the two
proteins. The strong association of p65 with IκBβ was
also confirmed by this system (Figure 6b). However, the
association of TR with p65 was not detected, irrespec-
tive of the absence or the presence of T3. The mam-
malian two-hybrid system also confirmed that there was
no detectable association between TR and p65 (data not
shown). These results suggest that the inhibitory effect
of NF-κB, especially of p65, on TR action is not due to
interaction between these two proteins. Lack of interac-
tion between NF-κB and TR raises the possibility that
sequestration of the common cofactor such as CBP is
the cause of p65-dependent inhibition of TR action.
However, overexpression of CBP did not restore TNF-
α–dependent and p65-dependent inhibition of T3-
mediated reporter gene activation using 5′-DI Luc and
3xPal TK Luc (data not shown).

CAM inhibits NF-κB activation and restores 5′-DI expres-
sion. Since T3-dependent increase in 5′-DI mRNA
expression was inhibited by TNF-α through activated
NF-κB, we speculated that the inhibition of NF-κB
activation might counteract the TNF-α effect. Among
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Figure 8
CAM counteracts the inhibition of T3-responsive luciferase reporter-gene (5′-DI Luc and 3xPal TK Luc) expression by TNF-α. (a and b) T3-
dependent induction of 5′-DI Luc activity was repressed by TNF-α. However, the simultaneous treatment with CAM reversed this inhibitory
effect in a dose-dependent manner. (c and d) As observed with 5′-DI Luc, the inhibition of T3-dependent induction of 3xPal TK Luc by 
TNF-α was reversed in the presence of CAM. (a and c) Luc/β-gal activity. AP < 0.0001, TR (+), T3 (+) vs. TR (+), T3 (+), TNF-α (+); BP < 0.0001
vs. TR (+), T3 (+), TNF-α (+). (b and d) Fold induction by T3. CP < 0.0001, TR vs. TR, TNF-α (+), DP < 0.0001 vs. TR, TNF-α (+).



various compounds that are clinically used, we found
that one of the macrolide antibiotics, CAM, was report-
ed to suppress the expression of proinflammatory
cytokines such as IL-6 (41), IL-1β, and IL-8 (42), which
are known to be upregulated by NF-κB. Thus, we test-
ed whether CAM inhibits NF-κB activation by TNF-α
in HepG2 cells. The maximum concentration of CAM
(10–4 M) used in the experiments was selected on the
basis of tissue concentration when CAM is used clini-
cally (described in detail in Methods).

Using EMSA, the induction of NF-κB 1 hour after treat-
ment with TNF-α was decreased by preincubation with
CAM for 1 hour in a dose-dependent manner (Figure 7a).
In support of this finding, the increase in NF-κB pGL3pro
Luc activity by TNF-α was inhibited by the simultaneous
administration of CAM (Figure 7, b and c), whereas the
basal activity of pGL3pro Luc was not repressed by CAM
(data not shown). These results indicate that CAM is an
effective inhibitor of NF-κB activation.

The effect of CAM on NF-κB–dependent inhibition of
TR action was studied using the transient transfection
assay in HepG2 cells. In this system, under the condi-
tions where the TNF-α effect was maximal on inhibiting
the T3-dependent activation of 5′-DI Luc or 3xPal TK
Luc, CAM was able to block the inhibitory effect of TNF-

α (Figure 8, a and b). The effects of CAM on the basal
activity of 5′-DI Luc or 3xPal TK Luc were minimal.

We next asked whether CAM can counteract the effect of
TNF-α on endogenous 5′-DI expression. As is shown in
Figure 9, a and b, TNF-α impairs the T3-dependent activa-
tion of 5′-DI mRNA expression, and CAM itself does not
influence the basal expression levels of 5′-DI mRNA. The
presence of CAM abrogated the inhibitory action of TNF-
α. Furthermore, the assessment of 5′-DI enzyme activity
(Figure 9, c and d) supports the results of the Northern blot
analysis, in that inhibition of T3-dependent increase in 5′-
DI enzyme activity by TNF-α was blocked by the presence
of CAM. These results indicate that CAM prevents the
inhibitory action of TNF-α on the T3-dependent increase
in 5′-DI mRNA and enzyme activity.

Discussion
The present study demonstrates that activation of NF-
κB by TNF-α inhibits T3-dependent induction of the 5′-
DI gene in HepG2 cells. These data suggest a possible
molecular basis of euthyroid sick syndrome, where the
underlying disorder is associated with the increased level
of circulating TNF-α. Furthermore, our data suggest
that inhibition of T3-dependent induction of T3-respon-
sive genes by activated NF-κB is not restricted to 5′-DI
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Figure 9
CAM restores the impaired T3-dependent induction of 5′-DI expression by TNF-α. (a and b) The presence of CAM prevented the effect of
TNF-α on T3-dependent increase in 5′-DI mRNA. (a) The levels of 5′-DI/GAPDH mRNA expressed as mean ± SD. (b) Fold induction of 5′-
DI/GAPDH mRNA by T3. (c and d) The presence of CAM prevented the effect of TNF-α on T3-dependent increase in 5′-DI activity. (c) The
5′-DI activity expressed as mean ± SD (n = 6). (d) Fold induction of 5′-DI enzyme activity by T3. AP < 0.0001 vs. T3 (–) in a and c; BP < 0.0001,
TNF-α (–), CAM (–) vs. TNF-α (+), CAM (–); CP < 0.001, TNF-α (+) vs. TNF-α (+), CAM (+) in b and d.



gene, but is exerted on positively regulated T3-responsive
genes. This inhibition is due to the interference with TR
action by activated NF-κB, although we could find no
evidence of direct association using EMSAs with TRE-
Lap and two-hybrid systems. However, we cannot
exclude a possible interaction on other TREs or in the
context of the native deiodinase promoter. In contrast to
the positively regulated T3-responsive genes, activated
NF-κB did not affect T3-dependent downregulation of
the TSH-α reporter gene. Further in vivo studies are
required to demonstrate the absence of a TNF-α effect
on T3-mediated suppression of TSH expression.

Further evidence supporting this mechanism was
obtained by using the macrolide antibiotic CAM. CAM,
which blocks the activation of NF-κB by TNF-α, was
able to prevent the effects of TNF-α on 5′-DI expres-
sion. Indeed, these results suggest that potentially
CAM could be therapeutic in euthyroid sick syndrome.

The functional cross-talk between nuclear recep-
tors and NF-κB has been reported for various class-
es of receptors. Activated NF-κB impairs the func-
tion of glucocorticoid receptor (GR), androgen
receptor (AR), progesterone receptor (PR), and
estrogen receptor (ER), as shown in several in vitro
studies (43–46). Conversely, these receptors inhibit
the action of NF-κB in the presence of their cognate
ligands (46). The inhibitory effect of nuclear recep-
tors on NF-κB bears relevance to a number of clini-
cal situations. For example, dexamethasone is a
potent immunosuppressor, and its action is medi-
ated through the inhibition of NF-κB activation
(47). Estrogen, which is used for the treatment of
osteoporosis, is able to inhibit NF-κB–dependent
induction of IL-6 gene expression (48). The bidirec-
tional cross-talk between NF-κB and classic steroid
hormone receptors resembles the cross-talk between
AP-1 and the nuclear receptors (49). However, the
cross-talk between NF-κB and other classes of
nuclear receptors may be distinct. As is shown in
this study, NF-κB inhibited TR action, but liganded
TR was reported not to inhibit NF-κB action (43).
Unlike the TR, classic NRs such as the GR, PR, and
ER interact directly with NF-κB through the second
zinc finger. Differences in amino acid sequence may
explain why the TR cannot directly interact with
NF-κB (50). Thus, GR, ER, and PR interact directly
with NF-κB and interfere with NF-κB signaling. In
addition, NF-κB interferes with GR, PR, and ER
action. However, the function of the TR, which does
not physically associate with NF-κB, is inhibited by
NF-κB, whereas NF-κB function is not inhibited by
the TR. It is assumed that the relative affinity to
common factor may determine the direction of
their mutual interactions. One possible mechanism
for the inhibition of TR action by NF-κB is seques-
tration of the common cofactors shared between
NF-κB and TR. CBP/p300 may be one of the candi-
dates because it associates with both NF-κB (51)
and nuclear receptors (52). However, cotransfection

experiments using CBP-expression plasmid did not
counteract the inhibitory action of NF-κB on T3-
dependent transcription (data not shown). Other
common factors between TR and NF-κB signaling,
including IκBs and basal transcription factors,
might be involved in the inhibition seen here.

The present study demonstrates that activated NF-κB
is the potential molecular factor at the root of euthyroid
sick syndrome in patients with increased circulating
level of TNF-α. This study also suggests that the inhi-
bition of NF-κB may be a therapeutic target for the
treatment of this syndrome. The potential applicability
of CAM for the treatment of euthyroid sick syndrome
could be supported by the following observation. CAM
treatment extended the survival of patients with non-
small-cell lung cancer (53). It has also been demon-
strated that administration of CAM decreased the lev-
els of IL-6, IL1β, IL-8, and GM-CSF in synovial
fibroblasts or bronchial epithelial cells (41, 42). The
effect of CAM administration may be explained by the
inhibition of NF-κB activation as demonstrated in this
study. Although our in vitro findings cannot be fully
extrapolated to clinical scenarios, the finding that CAM
counteracts the inhibitory effect of TNF-α on T3-
dependent induction of 5′-DI and thereby maintains
physiological concentration of T3 may provide one
explanation for the improvement of cancer-associated
cachexia by CAM therapy.
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