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Mice deficient in thyroid hormone receptor � (TR�) display hypersensitivity to thyroid hormone (TH),
with normal serum TSH but diminished serum T4. Our aim was to determine whether altered TH
metabolism played a role in this hypersensitivity. TR� knockout (KO) mice have lower levels of rT3, and
lower rT3/T4 ratios compared with wild-type (WT) mice. These alterations could be due to increased
type 1 deiodinase (D1) or decreased type 3 deiodinase (D3). No differences in D1 mRNA expression and
enzymatic activity were found between WT and TR�KO mice. We observed that T3 treatment in-
creased D3 mRNA in mouse embryonic fibroblasts obtained from WT or TR�KO mice, but not in those
from TR�KO mice. T3 stimulated the promoter activity of 1.5 kb 5�-flanking region of the human (h)
DIO3 promoter in GH3 cells after cotransfection with hTR� but not with hTR�. Moreover, treatment of
GH3 cells with T3 increased D3 mRNA after overexpression of TR�. The region necessary for the T3-TR�

stimulation of the hD3 promoter (region �1200 to �1369) was identified by transfection studies in
Neuro2A cells that stably overexpress either TR� or TR�. These results indicate that TR� mediates the
up-regulation of D3 by TH in vitro. TR�KO mice display impairment in the regulation of D3 by TH in
both brain and pituitary and have reduced clearance rate of TH as a consequence of D3 deregulation.
We conclude that the absence of TR� results in decreased clearance of TH by D3 and contributes to the
TH hypersensitivity. (Molecular Endocrinology 25: 575–583, 2011)

NURSA Molecule Pages: Nuclear Receptors: TR-�; Ligands: Thyroid hormone.

Thyroid hormone (TH, here denoting the precursor T4

and active hormone T3) action is mediated through
nuclear TH receptors (TRs). The latter function as ligand-
dependent transcription factors that bind to target gene
promoters and constitutively or through ligand binding
either repress or activate gene expression. The TRs are
encoded by two distinct but related genes, TR� and TR�.
The TR� gene locus encodes TR�-1 and three other iso-
forms that do not bind the ligand T3, TR�-2, TR��-1,
and TR��-2. The physiological role of TR�-2, which has
a wide tissue distribution (1), and of TR��-1 and
TR��-2, found mainly in brain, gut, and lung (2), is still
unknown. However, all have been shown to inhibit
ligand-dependent transactivation of TR� and TR�1 (2–
5). Although both TR�-1 and TR� bind T3 with high

affinity and recognize the same TH response elements
(TREs) on DNA (6, 7), some studies have suggested that
� and � TRs may show preferential activation of certain
target genes (8–11).

Impairment of TR� action by mutations or deletion
results in a state of reduced responsiveness to TH, termed
“resistance to TH” (12). This condition manifests, in both
humans and in mice, as increased concentration of all
serum iodothyronines with normal or elevated TSH con-
centrations. On the other hand, deficiency of TR� in
mouse models (no human examples have been described)
results in apparent hypersensitivity to TH (13). In fact,
mice lacking all isoforms of TR� [(known as TR�0/0 mice,
here referred to as TR� knockout (KO) mice], have sim-
ilar concentrations of serum TSH compared with wild-
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type (WT) mice despite lower T4 concentrations (13). In
addition, as shown for the first time in this communica-
tion, TR�KO mice also display much lower levels of re-
verse T3 (rT3) that results in lower rT3/T4 ratios, suggest-
ing an alteration in TH metabolism. Metabolism of TH is
regulated by three iodothyronine deiodinases. Type 1
(D1) and type 2 (D2) deiodinases serve to generate bio-
active T3 by outer ring deiodination of T4. In contrast,
type 3 iodothyronine deiodinase (D3) inactivates THs by
inner-ring deiodination of T4 to rT3 and T3 to 3,3�-diiodo-
thyronine (T2), both biologically inactive compounds (14).
The decreased serum levels of rT3, found in TR�KO mice,
could be explained either by increased D1 or decreased D3.
The purpose of this study was to evaluate whether an alter-
ation of TH metabolism contributed to the increased sensi-
tivity to TH observed in TR�KO mice.

This work demonstrates that the up-regulation of D3
transcript levels by T3 is dependent on TR� isoform. The
data support the conclusion that the absence of TR� re-
sults in decreased clearance of TH and is in part respon-
sible for the TH hypersensitivity.

Results

Baseline thyroid function tests, liver D1 mRNA
levels, and enzymatic activity in TR�KO and
WT mice

In agreement with previous data from our laboratory
(13), TR�KO mice had similar levels of TSH (30.06 �

6.05 vs. 43.4 � 7.0 mU/liter; P � 0.05)
and yet significantly lower levels of T4

compared with WT animals (3.3 � 0.1
vs. 4.0 � 0.2 �g/dl; P � 0.05) (Fig. 1, A
and B). T3 concentrations were not dif-
ferent in the two groups (Fig. 1C). On
the other hand, TR�KO mice display
significantly lower levels of rT3 com-
pared with WT animals (8.7 � 0.71 vs.
18.5 � 1.18 ng/dl; P � 0.001) (Fig. 1D)
and as a consequence, significantly
lower rT3/T4 ratios (2.63 � 0.18 vs.
5.09 � 0.22; P � 0.001) that suggest a
potential alteration in the metabolism
of TH. The decreased serum rT3 levels
in TR�KO mice could be due to either
increased D1 or decreased D3. Liver
D1 mRNA levels (Fig. 1E) and enzy-
matic activity (Fig. 1F) were similar in
WT and TR�KO animals, suggesting
that abnormality in the TR�KO mice
might be in D3.

D3 mRNA levels in mouse embryonic fibroblasts
(MEFs) from TR�KO, TR�KO, and WT mice

Previous studies have shown that D3 mRNA levels
increase in brain and placenta during hyperthyroidism
and decrease during hypothyroidism (15–17). However,
the mechanism of this regulation remains unknown. D3
mRNA increased after T3 treatment (2 nM) of MEFs from
WT and TR�KO mice, (2.29 � 0.10-fold, P � 0.05; and
2.29 � 0.06-fold, P � 0.05, respectively), whereas up-
regulation of D3 mRNA by T3 was absent in the MEFs
from TR�KO mice (1.01 � 0.03-fold) (Fig. 2A). Expres-
sion of the TR�-regulated gene, hairless (18), corre-
sponded to that of D3 (Fig. 2B). These findings suggest
that T3-mediated increase in D3 mRNA is TR� depen-
dent. To rule out possible reciprocal TR regulations in
MEFs from TR�KO or TR�KO mice, TR�-1 and TR�

mRNA levels were analyzed both at baseline and after
treatment with T3. There were no differences in TR�

mRNA levels between TR�KO and WT MEFs at baseline
(0 nM T3) (Fig. 2C). MEFs from TR�KO animals ex-
pressed similar levels of TR�-1 mRNA as WT mice (Fig.
2D). This indicates that there was no change in the ex-
pression in one isoform when the other was absent. T3

treatment (0.5 and 2 nM) induced a slight but significant
increase in TR� mRNA in MEFs from WT mice (120 �
4.9, P � 0.05; and 125 � 7.4, P � 0.05, respectively) but
not in MEFs from TR�KO animals (Fig. 2C). No signif-
icant differences in TR�-1 mRNA were found in MEFs
from WT mice after T3 treatment as compared with base-

FIG. 1. Serum tests of thyroid function and liver D1 mRNA content and enzymatic activity in
TR�KO and WT animals. Serum TSH (A), T4 (B), T3 (C), and rT3 (D) concentrations in TR�KO
and WT at baseline. D1 mRNA levels (E) and enzymatic activity (F) in liver of WT (black bars)
and TR�KO (gray bars) mice at baseline. Data on D1 are expressed as mean � SEM; n � 7
animals per group. Statistical differences between groups are indicated.
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line, whereas in MEFs from TR�KO mice, TR�-1 mRNA
was reduced after treatment with 2 nM T3 (74 � 11 vs.
97 � 10; P � 0.05) (Fig. 2D). Even when a decrease in
TR� mRNA was detected in MEFs from TR�KO mice,
D3 mRNA was up-regulated after T3 treatment as ob-
served in MEFs from WT animals. These findings suggest
that the slight but significant differences observed in the
TR isoforms expression after treatment with T3 could not
explain the total absence of D3 mRNA response in MEFs
from TR�KO animals and support the hypothesis that D3
is TR� dependent.

Overexpression of TR� increases D3 mRNA levels
and stimulates the promoter activity of the hDIO3
gene in GH3 cells

To investigate the role of TR� in the transcriptional
regulation of D3 by T3 in vitro, pituitary GH3 cells were
transfected with the hTR� plasmid or with the empty
pcDNA vector and treated with increasing doses of T3 (0,
1, 10, 100 nM) for 24 h. D1 mRNA levels served as pos-
itive control. D1 was stimulated by 14.3 � 2.9-fold (P �
0.05) after T3 treatment (100 nM) of GH3 cells transfected
with the empty vector or with one expressing human TR�

(11.45 � 2.11-fold; P � 0.05) (Fig. 3A). In contrast, D3
mRNA levels did not respond to T3 treatment (100 nM) in

the presence of the empty pcDNA vector but did show a
3.7 � 0.5-fold increase in the presence of the hTR� plas-
mid (P � 0.001) (Fig. 3B). These results indicate that T3

treatment up-regulates D3 mRNA through TR�, but not
through endogenous TR� present in pituitary GH3 cells.

The role of the �1486 bp 5�-flanking region (FR) on
the promoter of the hDIO3 gene was evaluated in GH3
cells. Under basal conditions, �1486-hDIO3-Luc con-
struct showed 65.8 � 10.5-fold more reporter activity
than the pXP2-Luc plasmid. Compared with basal activ-
ity, T3 stimulation of the promoter activity occurred only
after cotransfection with hTR� (2.14 � 0.02-fold in-
crease; P � 0.05), but not hTR� (0.67 � 0.01 fold in-
crease) (Fig. 3C), suggesting the presence of a TR�-spe-
cific site in the hDIO3 promoter.

Delimitation of the region in the hDIO3 promoter
containing a potential TR�-specific site

To localize the putative TR�-specific site in the human
D3 promoter we transfected constructs containing frag-
ments from the positions �1486, �1369, �1200, �794,
and �272 bp 5�-flanking sequences of the hDIO3 pro-
moter in N2A cells that stably overexpress either TR�

(N2A �) or TR� (N2A �). In agreement with the results
observed in GH3 cells, after transfection of the �1486-

FIG. 2. D3 mRNA levels after T3 treatment of MEFs from TR�KO, TR�KO, and WT mice. Fold change of D3 (A) and hairless (B) mRNA levels in
MEFs from the three genotypes after treatment with increasing doses of T3 for 24 h (0.1, 0.5, and 2 nM) in relation to control (MEFs of their
respective genotype treated with vehicle). TR� mRNA levels in MEFs from WT or TR�KO mice (C) and TR�-1 mRNA levels of in MEFs from WT or
TR�KO mice (D) after treatment with increasing doses of T3 for 24 h (0.5 and 2 nM) as compared with control (vehicle). The experiment was
repeated three times in triplicate. Data are expressed as mean � SEM. Significant differences as compared with control are indicated.
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DIO3-Luc construct, T3 stimulation (5 nM) of the pro-
moter activity occurred only in the N2A cell line that
overexpress TR�, but not in those that overexpressed the
TR� (1.8 � 0.03; P � 0.05 vs. 1.05 � 0. 12-fold increase,
respectively) (Fig. 4A).

As shown in the Fig. 4B, T3 treatment (5 nM) signifi-
cantly stimulated the promoter activity of the �1486-
DIO3-Luc and �1369-DIO3-Luc constructs in N2A �

cells. However, the T3-dependent response was lost in the
fragments containing �1200, �794, and �272 bp
DIO3-Luc. This result suggests that the �1200 to �1369
region of the human DIO3 promoter contains a potential
TR�-specific site that is necessary for T3 stimulation of
the DIO3 gene. The sequence of 1.5 kb 5�-FR of the
hDIO3 gene was analyzed to map potential TREs by
using the Transcriptional Element Search Software
(TESS) (19). TESS search revealed a potential TR�-spe-
cific site with 100% homology to the TRE-binding se-
quence (AGGTCA) at the position �1350 (reversed),
which might explain the results of the functional localiza-
tion of the TR�-specific site in N2A � cells.

D3 mRNA levels in brain, pituitary, and liver of
TR�KO and WT mice

To investigate the role of T3 in the TR�-mediated tran-
scriptional regulation of D3 in vivo, D3 mRNA levels
were measured by real-time quantitative PCR (qPCR) in
the brain, pituitary, and liver of TR�KO and WT mice
during TH deprivation (induced by treatment with me-
thimazole (MMI, 0.05% wt/vol) and sodium perchlorate

(1.0% wt/vol)) and after supplementation with T3 [2 �g
of T3/100 g body weight (BW)/d for 4 d]. The results are
shown in Fig. 5. In brain, D3 mRNA was induced by T3

treatment in WT and TR�KO animals by 2.2 � 0.2 vs.
0.9 � 0.04-fold, respectively (P � 0.05) (Fig. 5A) and in
pituitary 3.4 � 1.1 vs. 0.8 � 0.4-fold (P � 0.05) as com-
pared with the levels observed after TH depletion (Fig.
5B). Although TH depletion reduced liver D3 mRNA lev-
els similarly in WT and TR�KO mice (17.27 � 2.99 vs.
11.96 � 1.38) (Fig. 5C), after T3 treatment, D3 mRNA
levels were not induced in either WT or TR�KO animals
(8.90 � 1.49 vs. 8.05 � 1.10, respectively) (Fig. 5C).

These results indicate that the transcriptional regu-
lation of D3 by TH is TR� dependent in vivo, as we
demonstrated in vitro, but this mechanism of regula-
tion seems to be restricted to the tissues where TH
stimulates D3 mRNA.

Serum T3 and rT3/T4 ratios after administration of
T3 or T4, respectively, in hypothyroid TR�KO and
WT mice

To analyze whether the TH clearance was affected in
TR�KO mice due to the impairment in the transcriptional
regulation of D3 by TH, T3 levels were determined in
TR�KO and WT mice deprived of TH by feeding with a
low-iodine (LoI) diet supplemented with 0.15% propyl-
thiouracil (PTU), at different times after the administra-
tion of 2 �g of T3/100 g BW. TR�KO mice had signifi-
cantly higher levels of T3 at 4, 8, and 16 h after the last
injection of T3 compared with WT animals (Fig. 6A). In

FIG. 3. Overexpression of TR� induces D3 mRNA levels in GH3 cells after T3 treatment. D1 (A) and D3 (B) mRNA levels in pituitary GH3 cells after
transfection with the empty pcDNA vector (left panel) or with hTR� plasmid (right panel) and treatment with increasing doses of T3 for 24 h (0, 1,
10, 100 nM). The experiment was repeated twice in triplicate. Data are expressed as mean � SEM. Significant differences between groups are
indicated. C, T3-TR� regulation of human DIO3 promoter activity in GH3 cells: �1486 bp of the human DIO3 promoter or pXP2-Luc empty vector
and hTR� or TR� were cotransfected into GH3 cells and analyzed for luciferase activity after T3 treatment as described in Materials and Methods.
Bars represent the mean � SEM of three different experiments, each performed in triplicate. Significant differences between groups are indicated.
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another group of animals, rT3 and T4 were measured in
TH-deprived animals (see above) after the administration of
10 �g of T4 /100 g BW. As compared with WT mice,
TR�KO animals have 42.9 � 4.16% (P � 0.05) and 67.0 �
4.2% (P � 0.01) lower rT3/T4 ratios at 16 and 24 h, respec-
tively, after the last injection of T4 (Fig. 6B). These results
support the hypothesis that TR�KO mice have reduced
clearance of TH associated with a decrease in D3 content.

Discussion

In a previous report we demonstrated that TR�KO mice
have increased sensitivity to TH (13). It was speculated
that a potential mechanism for hypersensitivity in these
animals would be the elimination of the inhibitory effect
of TR�-2, the TR isoform that binds DNA but does not
bind the hormone. However, because the ablation of
TR�-2 in mice was accompanied by an increase in TR�-1
(20), it was not possible to directly prove that the ob-
served hypersensitivity to TH is due to the silencing effect

of TR�-2 alone. In the present study we observed that, at
baseline, the serum levels of rT3 and the rT3/T4 ratios are
significantly lower in TR�KO mice compared with WT
animals, an observation that further suggests a disruption
in TH metabolism, either as a result of increased D1 or
decreased D3 enzymatic activity. In agreement with a pre-
vious report (21), no differences were found in liver D1
mRNA expression or enzymatic activity between WT and
TR�KO mice at baseline, thus suggesting that TR�KO
mice might display a potential alteration in D3. The main
objective of this study was to determine whether the hy-
persensitivity to TH of TR�KO mice is partly due to
alterations in TH metabolism mediated by D3.

D3 mRNA levels are up-regulated during hyperthyroid-
ism, contributing to TH homeostasis by protecting tissues
from an excess of active T3 (14). No TH response element
has been identified in the promoter of DIO3 gene. However,
TH up-regulation of D3 expression could be mediated by
TR�. In that case, the lack of TR� may cause an impairment
of D3 transcriptional regulation by TH, which will lead to
low T3 clearance, T3 overexposure, and hypersensitivity to
TH as found in the TR�KO animals.

Using MEFs, which express both isoforms of TH re-
ceptors (22, 23), we show that TH induction of D3
mRNA is ablated in cells from TR�KO mice, but not in
cells from TR�KO mice. This finding cannot be explained
by a change in the expression of TH receptors, indicating
that the TH up-regulation of D3 is specifically mediated
by TR� in these cells. That Dio3 is a target gene of TR�

was confirmed by using the rat pituitary tumor cell line
GH3, in which TR�-2 is the most highly expressed TR
isoform (24). When TR�-1 was overexpressed in GH3
cells, D3 mRNA increased significantly after T3 treat-
ment, suggesting that D3 mRNA can be up-regulated by
TR� but not by endogenous TR�. In contrast, TH-in-
duced expression of another TH target gene, Dio1, did
not require the presence of TR�.

We observed that a 1.5-kb fragment containing the
hDIO3 promoter and 5�-FR is markedly responsive to T3

but only when TR�, and not TR�, is overexpressed in
GH3 cells. Analysis of the promoter activity of smaller
fragments of the hDIO3 5�-FR in N2A cells revealed that
the response to T3 was lost when a region between �1369
and �1200 bp was deleted. Although TESS search pre-
dicted a potential TR�-specific site at position �1350,
which is conserved in the mouse and has 100% homology
to the TRE-binding sequence (AGGTCA), we could not
identify, by in silico analysis, paired hexamer half-sites in
a described spacing and configuration for a TRE.

The specificity of the DIO3 gene for TR� is not sur-
prising, because some studies have shown that � and �

TRs may exhibit preferential activation of certain target

FIG. 4. T3 response of deletion constructs of the hDIO3 promoter in
N2A � and N2A � cells. A, �1486 bp of the hDIO3 promoter-Luc
reporter or pXP2-Luc empty vector were transfected into N2A � and
N2A � cells and analyzed for luciferase activity after T3 treatment as
described in Materials and Methods. Bars represent the mean � SEM of
three different experiments, each performed in triplicate. Significant
differences between groups are indicated. B, Human DIO3 promoter
containing �1486, �1369, �1200, �794, and �272 positions 5�-FR
to �72 location at 3� (just before the native translational start codon)
or pXP2-Luc empty vector were transfected into N2A � cells and
analyzed for luciferase activity after T3 treatment as described in
Materials and Methods. Bars represent the mean � SEM of the three
different experiments, each performed in triplicate. Significant
differences are indicated. Black bars, T3, 0 nM; shaded bars, T3, 5 nM.
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genes (8–11). Katz and Koenig (25) have shown that the
optimal binding site for TR�1 is 1 or 2 bp larger than
previously thought (hexamer AGGTCA) and that a single
binding site can function as a response element. The syn-
thetic octamer TAAGGTCA had the high-affinity-bind-
ing site for TR�-1, and substitutions in the two bases
upstream of the TRE hexamer alter the TR�1 affinity
(25). However, the octamer resulting after the addition of
2 bp upstream to the potential TR�-specific site that we

identified in the human DIO3 pro-
moter (ctAGGTCA), was not studied in
the cited report. Further studies are
needed to verify the binding of TR�-1
to this binding site.

Additional evidence for the role of
TR� in the regulation of D3 comes
from our studies in vivo. D3 expression
is regulated by the thyroid status, being
increased in hyperthyroidism and de-
creased in hypothyroidism (16, 26).
Thus, T3 treatment caused an increase
in the transcript levels of D3 in brain
and pituitary of WT mice. However, no
effect was noted in TR�KO animals.
This lack of regulation cannot be at-
tributed to a reduced half-life of the
hormone in TR�KO mice, as we show
that the opposite is true. Thyroid func-

tion tests in TR�KO and WT mice were measured after
TH deprivation and supplementation with T3 or T4. In
the first case, T3 serum levels were significantly higher in
TR�KO mice 5 h after the last injection. Similar results
were obtained in our previous report in which serum T3

concentrations were measured at different times after the
administration of T3 (13). Although values are not signif-
icantly different among TR�KO and WT mice at each

point, significant differences were
found when the serum levels of T3 were
represented in relation to the first point
of the curve (2 h), because the serum T3

levels at 2 h were lower in the TR�KO
mice. In the other group of animals, D1
activity was inhibited with PTU admin-
istration (14) and D2 with T4 treatment
at high dose (27) with the aim to ana-
lyze the functionality of D3 in the clear-
ance of TH. As expected, the ratio
rT3/T4 was significantly lower in the
TR�KO mice compared with WT ani-
mals. These results confirmed that, as
demonstrated in vitro, the transcrip-
tional regulation of D3 by TH is depen-
dent on TR� in vivo as well. Indeed,
TR�KO mice exhibit reduced clear-
ance of both T3 and T4, a finding con-
sistent with the impairment in D3 stim-
ulation by TH.

Recently Kwakkel et al. (21) re-
ported a higher level of liver D3 mRNA
in TR�KO animals compared with WT
mice. Because TR� is the predominant

FIG. 5. D3 mRNA levels in brain, pituitary, and liver of TR�KO (gray bars) and WT mice
(black bars) after T3 treatment. Mice from the two genotypes were TH-deprived (MMI and
potassium perchlorate) and then treated with T3 (MMI and potassium perchlorate � 2 �g of
T3/ 100 g BW). D3 mRNA levels in brain (A), pituitary (B), and liver (C) of TR�KO and WT mice
at baseline, during hypothyroidism, and after T3 treatment by qPCR. Bars represent the
mean � SEM. Significant differences between groups are indicated; n � 7 animals per group.

FIG. 6. Serum T3 concentrations and rT3/T4 ratios after administration of T3 (A) or T4 (B),
respectively, in hypothyroid TR�KO and WT mice. A, Serum T3 concentrations at different times
after the administration of 2 �g of T3 /100 g BW. Blood was obtained at the indicated times after
the last ip dose of T3. T3 serum levels were represented in relation to the first point of the curve (2
h). Data are expressed as mean � SEM. Differences between groups are indicated. B, Serum rT3/T4

ratios at different times after the administration of 10 mg of T4 /100 g BW. Blood was obtained at
the indicated times after the last ip dose of T4. Mean values � SEM are depicted. Differences
between groups are indicated; n � 7 animals per group.

580 Barca-Mayo et al. TR�-Dependent Regulation of Type 3 Deiodinase Mol Endocrinol, April 2011, 25(4):575–583

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/25/4/575/2614672 by guest on 22 January 2021



receptor in hepatic tissue, this finding could indicate that
this receptor mediates the induction of D3 by TH in this
tissue. However, we found no differences in liver D3
mRNA expression between TR�KO and WT mice. Fur-
thermore, liver D3 mRNA was not induced after T3 treat-
ment, either in WT or in TR�KO animals. These results
suggest that TR� mediates the transcriptional regulation of
D3 by T3 only in tissues where TH stimulates D3 mRNA.

The increased sensitivity to TH seen in TR�KO has
been shown in pituitary and liver (13). Our data indicate
that whereas in pituitary D3 is TR� dependent, liver D3 is
not up-regulated after treatment with TH. As Macchia et
al. (13) have previously shown, T3 suppression of TSH is
greater in TR�KO than in WT mice. This effect might be
due to the impairment in D3 up-regulation by T3 ob-
served in TR�KO. This will increase the local concentra-
tion of active TH and cause a larger suppression of TSH.
On the other hand, although the level of D3 mRNA was
not up-regulated in liver after T3 treatment in neither
TR�KO nor WT animals, TR�KO mice showed a greater
increase in liver T3-inducible mRNAs (D1 and malic en-
zyme) as compared with WT animals (13). This may be
due to increased availability of coactivators for the TR�.
In this regard, Sadow et al. (28) reported that double
TR�/steroid receptor coactivator-1 (SRC-1) KO mice
show TH inductions of liver D1 mRNA that are similar to
those of WT and SRC-1 KO animals. This indicates that
the hypersensitivity conferred upon TR�-deficient mice is
abolished in the absence of SRC-1. Thus, the liver hyper-
sensitivity to TH of TR�KO mice might be due to an
increased availability of SRC-1 to interact with the TR�,
an event that may be controlled in TR-competent mice by
squelching of the coactivator by the TR�. Alternatively,
the increased sensitivity to TH in the liver of TR�KO mice
is that this organ reflects the higher T3 serum levels ob-
served in these animals after TH treatment due to their
alteration in the clearance rate.

In summary, we show that the up-regulation of D3
expression by T3 is mediated by TR� in vivo and in vitro,
a finding consistent with the impaired regulation of D3
expression observed in TR�KO mice. This may explain,
at least in part, the deficit in TH clearance and the in-
creased sensitivity to TH that are characteristic of this
mouse model. The specific role of the TR� in D3 expres-
sion may have important implications for the physiolog-
ical processes affected by this enzyme.

Materials and Methods

Mice and MEFs
TR�KO and TR�KO mice were previously described (29,

30). The WT mice used in this study as controls were littermates

of the KO mice. Mice were 70–90 d of age at the time of anal-
yses. Blood was obtained from the tail veins under light anes-
thesia. Serum was separated by centrifugation and stored at
�20 C until analyzed in the same assay for each experiment. All
blood samples were obtained between 1000 h and 1300 h. Ex-
periments were terminated by exsanguinations under isoflurane
anesthesia (Pitman-Moore, Mundelein, IL). MEFs were isolated
from embryonic d 17.5 mouse embryos of TR�KO, TR�KO,
and WT mice and used at their early passages (one to three
passages). After removal of the head and inner organs and di-
gestion with 0.1% trypsin (30 min at 37 C), cells were cultured
in low-glucose DMEM with 10% fetal calf serum, antibiotics
(penicillin/streptomycin), and nonessential amino acids (31). All
animal experiments were performed at The University of Chi-
cago according to protocols approved by the Institutional Ani-
mal Care and Use Committee.

Measurements of TH and TSH concentrations
in serum

Serum TSH was measured in 50 �l of serum using a sensitive,
heterologous, disequilibrium double-antibody precipitation
RIA, and results were expressed in bioassayable TSH units (32).
Serum T4 and T3 concentrations were measured by a double-
antibody precipitation RIA (Diagnostic Products Corp.) using
25 and 50 �l of serum, respectively. rT3 was measured in 35 �l
of serum by RIA using reagents from Adaltis Italia (Rino, Italy).
All samples were individually analyzed for each mouse.

Induction of hypothyroidism and treatment
with TH

TH deprivation was produced in five to nine male TR�KO
and WT mice after treatment with MMI (0.05% wt/vol) and
sodium perchlorate (1.0% wt/vol) in the drinking water for
21 d. On the 21st day, animals of each genotype were split into
two groups. One group received daily ip injections of 2 �g of
T3/100 g BW/d for 4 d, whereas the other group received only
the vehicle (PBS). The concentration of T3 was confirmed by
RIA. Experiments were terminated 6 h after the last injection for
tissue collection. In another group of animals, TH depletion was
induced by feeding with a LoI diet supplemented with 0.15%
PTU (Harlan Teklad, Madison, WI). On the 11th day, seven to
eight male TR�KO and WT mice were injected once daily for 7 d
with the vehicle only (PBS), and others received 10 �g of T4/100
g BW while maintained on the LoI/PTU diet. Blood samples
were obtained for rT3 and T4 measurement at baseline, on the
10th day after the initiation of the LoI/PTU diet, and 5 h, 10 h,
16 h, and 24 h after last T4 injection.

In a separate experiment, a group of six to seven TH-depleted
TR�KO and WT animals, treated with PTU as described above,
received daily ip injections of 2 �g of T3/100 g BW/d for 4 d,
whereas the other group received only the vehicle. The PTU diet
was given throughout the T3 and vehicle treatment period. Ex-
periments were terminated 16 h after the last injection. Blood
was collected for serum T3 determination 24 h after the penul-
timate T3 dose and at 2, 4, 8, and 16 h after the last T3 injection.
The concentration of T3 was confirmed by RIA. Note that sep-
arate animals were used for the 2- and 8-h and 4- and 16-h
posttreatment blood sampling.
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D1 enzymatic activity
D1 enzymatic activity in liver was measured using [125I]T4 as

previously described (33) with the following modifications: tis-
sue homogenates (20 �g of protein) in 100 �l reaction mixture
containing 0.1 M phosphate buffer (pH 7), 1 mM EDTA, 10 mM

dithiothreitol, 100,000 cpm [125I]T4, and 1 �M unlabeled T4

were incubated at 37 C for 30 min. The enzymatic activity was
expressed in picomoles per hour and milligram of protein and
was corrected for nonenzymatic deiodination observed in the
tissue-free controls.

Isolation of mRNA and qPCR
Total RNA was extracted from brain, pituitary glands, liver,

MEFs, and pituitary GH3 cells, using phenol/guanidine isothio-
cyanate (TRIZOL; Invitrogen, Carlsbad, CA), and 2 �g total
RNA was reverse transcribed using Superscript III ribonuclease
H reverse transcriptase kit (Invitrogen) in the presence of 100 ng
random hexamers. Reactions for the quantification of mRNAs
by qPCR were performed in an ABI Prism 7000 sequence detec-
tion system (Applied Biosystems, Foster City, CA), using SYBR
Green I as detector dye. The oligonucleotide primers were de-
signed to cross introns. Primers used for the qPCR of type 1 and
3 iodothyronine deiodinases, TR�-1, TR�, and hairless (Hr)
mRNAs are available on request. Amplification of the house-
keeping genes RNA polymerase II or 18S RNA was used as
internal control.

Cell culture and transfection experiments
Neuro2A cells stably transfected with either chicken TR�-1

(here referred as N2A �) or with human TR�-1 (here referred to
as N2A �) were previously described (34, 35). For transient
transfections, pituitary GH3 cells and Neuro-2A cell lines (N2A
� and N2A �) were seeded in 24-well plates at a density of 5 	
104 cells per well. Lipofectamine reagent (Invitrogen) was used
as described in the manufacturer’s protocol.

Human DIO3 promoter constructs were previously de-
scribed (36, 37). Briefly, fragments of the hDIO3 promoter from
positions �1486, �1369, �1200, �794, and �272 bp from the
5�FR to �72 bp location at 3� (just before the native transla-
tional start codon) were subcloned in pXP2, a plasmid contain-
ing the luciferase reporter gene (38). Human TR� and TR�
expression vectors were previously described (39).

Each well received 250 ng of each promoter construct. GH3
cells were cotransfected with 50 ng of hTR� or hTR� plasmid.
Renilla luciferase activity from cotransfected pRL-Tk plasmid
(Promega Corp., Madison, WI) was used to monitor transfec-
tion efficiency in cell lysates. The total amount of DNA trans-
fected was kept constant by adjusting with empty pcDNA vec-
tor. Cells were incubated for 4 h with the DNA/lipid complexes
in serum-free medium, and the medium was then replaced by
DMEM supplemented with 10% of bovine thyroidectomized
serum (40). T3 was added at the indicated doses 48 h after
transfection. Cells were lysed in 150 �l lysis buffer 24 h later.
Luciferase activity was determined in cell lysates by using the
Dual Glo luciferase assay system (Promega).

Statistical analysis
Values are reported as mean � SEM. The number of mice is

indicated. Statistical analysis was performed with Student’s t
test. P � 0.05 was considered not to be significant.
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