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metabolic markers and gene expression profiles in Tx rats.

Introduction

Hypothyroidism is a prevalent condition, affecting more than
10 million Americans (1, 2). Historically, the standard of care
for treating hypothyroid patients was administration of thy-
roid extracts to resolve symptoms. The discovery that the
main thyroid product thyroxine (T4) is largely activated to
3,5,3-triiodothyronine (T3) outside of the thyroid parenchyma
made treatment with levothyroxine (L-T4) and normalization
of serum thyroid-stimulating hormone (TSH) levels the new,
and current, standard of care (1, 2). However, patients on L-T4
monotherapy exhibit a relatively higher serum T4/T3 ratio (3),
with unknown long-term consequences to thyroid hormone sig-
naling and general health. This is particularly relevant given that
clinical studies indicate that 5%-10% of L-T4-treated hypothy-
roid patients with normal serum TSH have persistent symptoms
that can be related to the disease (4).

While the molecular basis for the residual hypothyroid symp-
toms is lacking, it is generally hypothesized that these patients suf-
fer from tissue-specific states of hypothyroidism and that serum
TSH might not adequately reflect thyroid status at the level of dif-
ferent tissues (5). This scenario is partially supported by 2 factors:
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The current treatment for patients with hypothyroidism is levothyroxine (L-T4) along with normalization of serum thyroid-
stimulating hormone (TSH). However, normalization of serum TSH with L-T4 monotherapy results in relatively low serum
3,5,3'-triiodothyronine (T3) and high serum thyroxine/T3 (T4/T3) ratio. In the hypothalamus-pituitary dyad as well as the rest
of the brain, the majority of T3 present is generated locally by T4 deiodination via the type 2 deiodinase (D2); this pathway

is self-limited by ubiquitination of D2 by the ubiquitin ligase WSB-1. Here, we determined that tissue-specific differences

in D2 ubiquitination account for the high T4/T3 serum ratio in adult thyroidectomized (Tx) rats chronically implanted with
subcutaneous L-T4 pellets. While L-T4 administration decreased whole-body D2-dependent T4 conversion to T3, D2 activity in
the hypothalamus was only minimally affected by L-T4. In vivo studies in mice harboring an astrocyte-specific Wsb1 deletion
as well as in vitro analysis of D2 ubiquitination driven by different tissue extracts indicated that D2 ubiquitination in the
hypothalamus is relatively less. As a result, in contrast to other D2-expressing tissues, the hypothalamus is wired to have
increased sensitivity to T4. These studies reveal that tissue-specific differences in D2 ubiquitination are an inherent property
of the TRH/TSH feedback mechanism and indicate that only constant delivery of L-T4 and L-T3 fully normalizes T3-dependent

First, serum T3 is below the lower limit of the reference range
in approximately 15% of the hypothyroid patients treated with
L-T4 monotherapy, despite normal serum levels of TSH and a
relatively higher serum free T4 (6, 7). In many cases, normaliza-
tion of serum T3 with L-T4 monotherapy can only be achieved at
the expense of having an elevated serum T4 and low/suppressed
serum TSH (7). However, it is not clear that the relatively lower
serum T3 is clinically relevant or plays a causal role in the residual
hypothyroid-like symptoms, which can be nonspecific in nature,
such that some investigators have implicated other prevalent con-
ditions, such as perimenopause or depression, as possible contrib-
uting factors in these symptomatic patients (8).

Second, in many organs and tissues the type 2 deiodinase
(D2, encoded by DIO2) pathway makes a substantial contribu-
tion to the local T3 content, as much as approximately 50% in
some tissues (9). For instance, in both the brain and the brown
adipose tissue (BAT), thyroid hormone signaling depends on
both plasma T3 and T3 locally generated via the D2 pathway
(10-12). In the brain, D2 is expressed in astrocytes (13, 14), while
thyroid hormone receptors and type 3 deiodinase (D3), which
inactivates T3, are found in neurons (15). D2-generated T3 exits
the glial cells and acts in a paracrine fashion to modulate the
expression of T3-responsive genes in the neighboring neurons
(16). In a mouse with astrocyte-specific D2 inactivation (Dio2"/
crossed with GFAP-Cre) there is loss of more than 95% in brain
D2 activity (17). D2 is a type I endoplasmic reticulum-resi-
dent thioredoxin fold-containing selenoprotein with a variable
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half-life that depends on the level of its natural substrate, T4.
In the presence of T4, D2 is inactivated with an approximately
20-minute half-life, whereas in the absence of T4, its half-life
is prolonged to hours (9). This provides a mechanism through
which the production of T3, the biologically active thyroid hor-
mone, can be regulated according to the availability of T4. For
example, an accumulation of D2 in cells increases the fractional
conversion of T4 to T3 when serum T4 levels are low, such as
in the case of iodine deficiency or hypothyroidism. In contrast,
because T4 inactivates D2 so efficiently, it is conceivable that
thyroid hormone signaling is dampened if T4 levels are high
(18). In other words, a high serum T4/T3 ratio in L-T4-treated
patients could actually reduce thyroid hormone signaling in
D2-expressing tissues such as brain and BAT.

D2 ubiquitination is the molecular mechanism that modifies
D2 half-life where binding to ubiquitin inactivates the enzyme
and targets it for degradation in the proteasomes (19, 20). Ubig-
uitination is thought to inactivate D2 by disrupting the confor-
mation of the D2:D2 dimer, critical for enzyme activity. A unique
18-amino acid loop confers intrinsic metabolic instability to D2,
facilitating binding to proteins involved in the ubiquitination pro-
cess (21, 22). This loop is also the site where a prevalent genetic
polymorphism in DIO2 causes a single amino acid substitution,
Thr to Ala, in position 92 in humans (23). While the kinetic prop-
erties of the polymorphic D2 remain unaffected, the fact that it
is associated with a large number of diseases and conditions,
including obesity and intolerance to glucose, suggests that the
Thr92AlaD, compromises the ability of this pathway to mediate
thyroid hormone signaling (24).

The ubiquitin-activating enzymes UBC6 (UBE2]) and UBC7
(UBE2G1) participate in the process of D2 ubiquitination (25,
26), as well as 2 ubiquitin ligases, the hedgehog-inducible WSB-1
(22) and TEB4, a ligase involved in the degradation of proteins in
the endoplasmic reticulum (27). Ubiquitinated D2 (UbD2) is not
immediately taken up by the proteasomes. Instead, UbD2 can be
reactivated by deubiquitination, a process catalyzed by two USP-
class D2-interacting deubiquitinases (DUBs), USP-20 and USP-33
(28). D2 ubiquitination occurs via K48-linked ubiquitin chains,
and exposure to its natural substrate, T4, accelerates UbD2 for-
mation (29). UbD2 is retrotranslocated to the cytoplasm via inter-
action with the p97-ATPase complex and deubiquitination by the
p97-associated DUB ataxin-3. Once in the cytosol, D2 is delivered
to the proteasomes and irreversibly degraded (29).

These observations that a lower serum T3 and higher serum
T4 could independently dampen thyroid hormone signaling sup-
port a modified approach to treatment of hypothyroidism that
includes combination therapy with L-T4 and liothyronine (L-T3),
through administration of either L-T4 plus L-T3 or desiccated
thyroid extracts, which inherently contain both compounds.
Replacing some of the L-T4 given to patients with L-T3 would
raise/normalize serum T3 while preserving serum TSH within the
normal range. This rationale is supported by studies in rodents in
which normalization of serum T4, T3, and TSH as well as tissue
content of T4 and T3 can only be achieved if combination ther-
apy with L-T4 and L-T3 was used (30, 31). Nevertheless, multiple
randomized controlled clinical trials in hypothyroid patients have
addressed objective and subjective clinical outcomes comparing
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L-T4 monotherapy and L-T4 plus L-T3 combination therapy. The
large majority of these trials found that both forms of treatment
are equivalent, despite elevation in serum T3 in the patients on
combination therapy (32). A large study also considered the DIO2
polymorphism but only found a weak statistical association with
preference for the combination therapy versus monotherapy
among hypothyroid patients (33, 34). These trials have led major
professional societies in the US and Europe to label the situation
as “controversial” and to continue the recommendation that
L-T4 monotherapy remain the standard of care for hypothyroid
patients (1, 2, 4).

Insight into 3 basic questions is needed for a better under-
standing of the molecular basis for the treatment of hypothy-
roidism: (a) What is the mechanistic explanation for the lack of
normalization of serum T3 in L-T4-treated hypothyroid individ-
uals exhibiting a normal serum TSH? (b) Do these relatively low
serum T3 levels and/or relatively elevated serum T4 levels affect
thyroid hormone signaling? (c) Can thyroid hormone homeosta-
sis and T3-dependent markers be normalized by L-T4 and L-T3
combination therapy?

To address these questions, the present studies modeled the
situation in an animal system using a large number of thyroidecto-
mized (Tx) rats that were treated with L-T4 alone or a combination
of L-T4 and L-T3 for 7 weeks. Here we report that due to hypothal-
amus-specific differences in D2 ubiquitination there is a sensitivity
gradient in the loss of D2 activity in response to T4 between the
hypothalamus and the rest of the brain and body. This explains
why treatment with L-T4 alone fails to normalize serum TSH and
T3 simultaneously. The lack of normalization of serum T3 and the
higher serum T4 levels in L-T4-treated Tx rats have clear meta-
bolic implications, including persistent hypercholesterolemia and
relatively lower mitochondria content in liver and skeletal muscle.
Furthermore, the relatively high serum T4 levels reduce D2 activity
in different areas of the CNS, which, combined with lower serum
T3 levels, results in local hypothyroidism. Only combined therapy
with constant delivery of both L-T4 and L-T3 fully normalized
T3-dependent metabolic markers and gene expression in Tx rats.
These findings have important implications that may support the
role of combination therapy in the treatment strategy for humans
with hypothyroidism and thus may drive the need for development
of improved pharmacologic modes for L-T3 administration and for
high-quality randomized controlled trials in humans.

Results

Serum thyroid function tests in Tx rats treated with different thyroid
hormone replacement regimens

Placebo-Tx animals exhibited the expected elevation in serum TSH
and decrease in serum T4, T3, and reverse T3 (rT3) levels, with a
reduction in the serum T4/T3 ratio when compared with placebo-
control animals (Table 1). At the same time, T4-mono animals
had normal serum TSH (Table 1 and Figure 1A), but serum T4
was found to be higher, and serum T3 lower, in comparison with
placebo-control animals (Table 1); thus the elevated serum T4/T3
ratio (Table 1 and Figure 1B). In contrast, T4/T3-comb animals
exhibited serum levels of TSH, T4, T3, and T4/T3 ratio that were
indistinguishable from those in placebo-control animals (Table 1).
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Table 1. Serum TSH, T4, and T3 in Tx rats treated with different thyroid hormone replacement regimens

Parameter Placebo (n) Placebo-Tx (n)
TSH (ng/ml) 0.53+0.1 439 22 + 3 129
T4 (ng/ml) 54+6 439 4.0+ 129
T13 (ng/ml) 0.99 +0.13 439 0.16 + 0.03" 129
113 (ng/ml) 014 +0.03 30 <0.04 30
TT4/T13 55+49 439 25 + 4.7M4 129

T4-mono (n) T4/73-comb (n)  T4/T3-inj-comb  (n)
049401 257 0.52+01 236 il & @2 88
65 + 5 257 54+7 236 11£0.2M 88
0.77 £ 0.05" 257 1.0+£012 236 0.86 +0.05" 88
0.16+0.03 30 0.15+0.03 30 0.17+0.03 30
84 + 6.5M 257 54 +6.3 236 62 + 51w 88

TSH is the thyroid-stimulating hormone; TT4 and TT3 are the serum levels of total T4 and total T3, respectively. Animals were killed 4 hours after the last
T3 injection in the T4/T3-inj-comb group. In a limited number of T4/T3-inj-comb animals (n = 14), serum T3 was measured immediately before the daily
injection and found to be 0.75 + 0.06 (P < 0.01vs. at the 4-hour time point). Composition of animal groups is described in Methods. Entries are the mean +
SD of the indicated number of animals (n). Statistical analysis was by 1-way ANOVA. “*4P < 0.001 vs. all other groups.

Notably, T4/T3-inj-comb animals exhibited normal serum T4
but serum TSH was approximately doubled, serum T3 slightly
decreased, and serum T4/T3 ratio increased in comparison with
placebo-control animals (Table 1). Serum rT3 levels were normal-
ized by treatment with thyroid hormone independently of the
replacement strategy used (Table 1).

Fractional T4-to-T3 conversion and contribution of D1versus D2
pathways to serum T3 in T4-mono rats

The thyroid function tests of the Tx rats kept on different thyroid
hormone replacement regimens suggest that impaired conver-
sion of T4 to T3 might be a limiting factor in achieving normal
serum T3. This was studied by first measuring the total-body frac-
tional conversion of T4 to T3 in placebo-control rats and T4-mono
rats and plotting the results versus serum T4 levels (Figure 1C).
In placebo-control rats the fractional conversion of T4 to T3 was
approximately 25% per day. In contrast, in the T4-mono rats the
fractional conversion was lower at approximately 20%. Given
that D2 is inhibited by T4 via ubiquitination, these findings
suggest that the relative D2-mediated T3 production decreases
because of the elevated serum T4 in the T4-mono rats.

To test this hypothesis, we obtained a baseline blood sample
from T4-mono rats that were subsequently treated with 2 mg pro-
pylthiouracil (PTU) per 100 g body weight (BW) per day and euth-
anized 48 hours later. In the placebo-control animals, the drop in
serum T3 — as defined by the difference between before and after
treatment with PTU —was about 35%, whereas in the T4-monorats,
the drop in serum T3 was approximately 60% (Figure 1D). These
figures indicate that the contribution of the D1 pathway to serum
T3 is much greater and that of the D2 pathway much smaller in
the T4-mono animals compared with placebo-control animals. This
greater D1 versus D2 contribution to serum T3 was verified by mea-
surement of D1 and D2 activities in the liver and BAT, respectively.
Whereas liver D1 activity was decreased by approximately 10% in
T4-mono rats (likely as a result of the lower serum T3 levels), BAT
D2 activity was reduced by about 40% in the same group of animals
(likely as a result of the elevated serum T4) (Figure 1, E and F).

Systemic impact of lower serum T3 in T4-mono rats: analysis of T3-
dependent biological parameters in liver and skeletal muscle
Mitochondrial content and o-glycerolphosphate dehydrogenase
activity in liver and skeletal muscle. Tissue mitochondrial content

is positively regulated by T3, and thus it was used as an index of
thyroid hormone action in liver and skeletal muscle. Accordingly,
there was an about 50% reduction in mitochondrial content in
placebo-Tx animals in both liver and kidney (Table 2) as well as
in the activity of the mitochondrial a-glycerolphosphate dehydro-
genase (0-GPD), a typical T3-responsive enzyme in both of these
tissues (Table 2). Notably, despite a significant improvement in
serum thyroid function tests, T4-mono animals failed to normal-
ize both mitochondrial content and o-GPD activity in liver and
skeletal muscle, with values remaining significantly below those
in placebo-control animals (Table 2). Only in the T4/T3-comb ani-
mals was there normalization of the mitochondrial content and
a-GPD activity in liver and skeletal muscle (Table 1). Remarkably,
in the T4/T3-inj-comb animals both parameters remained below
the values observed in the placebo-control animals (Table 2).

Serum cholesterol and triglyceride levels. Serum cholesterol is
negatively regulated by T3 and therefore almost doubled in the
placebo-Tx rats (Table 2). At the same time, serum cholesterol
was reduced in the T4-mono animals, although not to the levels
observed in the placebo-control animals (Table 2). Only in the
T4/T3-comb animals did serum cholesterol return to the level
observed in the placebo-control animals (Table 2). In contrast,
serum cholesterol remained elevated in the T4/T3-inj-comb
animals (Table 2). Serum triglycerides were also elevated in
placebo-Tx rats, but, in this case, all forms of replacement ther-
apy resulted in normalization of their values, not different from
in the placebo-control animals (Table 2).

D2 activity in the rat cerebral cortex, hippocampus, and hypothalamus

It is clear that T4-mono rats exhibit lower BAT D2 activity reflect-
ing their higher serum T4 levels. Is this true for D2 activity in
the brain as well? To learn more about how D2 in different tis-
sues responds to hypothyroidism and to the chronically elevated
serum T4 levels, D2 activity was measured in the cerebral cortex,
hippocampus, and hypothalamus. There was an 8- to 20-fold
increase in D2 activity in the cerebral cortex, hippocampus, and
BAT of the placebo-Tx rats (Table 3). D2 activity in the hypothala-
mus was notably less affected, increasing only by 18% in the pla-
cebo-Tx group (Table 3). Treatment with T4 (T4-mono animals)
markedly reduced D2 activity in most areas of the brain and
BAT, reaching levels that were significantly lower than those in
placebo-control animals (Table 3). Again, hypothalamic D2 activity
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was less affected by T4-mono therapy, remaining 9% above lev-
els seen in the placebo-control group (Table 3). Both T4/T3-comb
and T4/T3-inj-comb animals exhibited D2 activity levels that were
similar to those in placebo-control animals, while D2 activity in the
hypothalamus was only minimally affected by either form of treat-
ment (Table 3).

WSB-1 modulates D2 activity through ubiquitination in discrete brain
areas

As it became clear that there is tissue-specific regulation of D2
activity by T4, we hypothesized that this was due to differences
in D2 ubiquitination via WSB-1, the D2-interacting ubiquitin
ligase that mediates T4-induced D2 inactivation. Thus, we next
studied the Astro-WSB-1KO (GFAP-Cre Wsb1"f) mouse with
selective disruption in WSB-1 expression in the astrocytes to
study D2 regulation by T4 in the brain. As planned, these ani-
mals exhibited a reduction of about 50% in Wsbl mRNA levels
in the cerebral cortex, 80% in the hippocampus, and 65% in the
cerebellum (Figure 2B), which was associated with doubling in
D2 activity in the cerebral cortex and hippocampus, but not in
the cerebellum (Figure 2D). Dio2 mRNA levels were not affected
in any of these regions given the posttranscriptional nature of D2
regulation (Figure 2C). Unexpectedly, no changes in Wsb1 expres-
sion were observed in the hypothalamus (Figure 2B), indicating
that in this region WSB-1 is predominantly expressed in GFAP-
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available online with this article;
doi:10.1172/]JCI77588DS1).

We next studied brain D2
activity in Astro-WSB-1KO animals that were made hypothyroid,
which would naturally slow down D2 ubiquitination. In both
littermate controls and Astro-WSB-1KO animals a mild degree
of hypothyroidism was achieved with 65%-75% reduction in
serum T4 concentration (control: 82 * 18 vs. 25 + 10 ng/ml;
n =5-6; P < 0.01; Astro-WSB-1KO: 98 * 20 vs. 31 * 13 ng/ml;
n =5-6; P < 0.01) and no changes in serum T3 concentration
(0.45 £ 0.2 vs. 0.33 + 0.16 ng/ml; n = 5-6; Astro-WSB-1KO:
0.42+0.2vs. 0.36 £ 0.10 ng/ml; n =5-6). In the control animals,
hypothyroidism led to a two- to fivefold elevation in D2 activity
in the hippocampus, cerebral cortex, and cerebellum (Figure 3,
A-C). At the same time, D2 activity increased to the same lev-
els in Astro-WSB-1KO animals, except that in the hippocampus
and cerebral cortex the baseline values were already higher in
these animals (Figure 3, A-C). The elevation in D2 activity as a
result of WSB-1 inactivation is indicated with a bracket (WSB-1);
the residual (WSB-1-independent) elevation in D2 activity
caused by hypothyroidism is likely due to the action of another
ubiquitin ligase, TEB4 (Figure 3, A-C). Notably, D2 activity in
the hypothalamus was not affected by hypothyroidism in either
mouse strain (Figure 3D).

Next, hypothyroid Astro-WSB-1KO and littermate control
animals were treated with T4 for 2 weeks in order to restore serum
T4 levels (WT: 72 £ 29 ng/ml; Astro-WSB-1KO: 86 * 8.2 ng/ml;
n=3-5). Whereas this normalized D2 activity in the hippocampus,
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Table 2. Skeletal muscle and liver mitochondrial content, o-GPD activity, and lipid levels in the serum of Tx rats treated with different

thyroid hormone replacement regimens

Parameter Placebo  (n) Placebo-Tx (n) T4-mono (n) T4/73-comb (n) T4/73-inj-comb (n)
Mitochondria (mg/g protein)

Liver N+ 75 M+ 20 75 17 + 2888 75 2143« 75 18 + 2888000 75
Soleus 10 28+4 75 (BERAS 75 21 + 4858 75 ) & e 75 24 + 4MA 75
a-GPD (0OD/min/mg protein)

Liver x10 20+£02 75 0.8 + 0.1 75 1.5 + 0.19%8 75 19) & (1) 2 75 16+ 0.1 75
Soleus x100 15+02 75 0.7 £ 0.1 75 114+ 0.1%8 75 1.7 +0.2888(CC 75 130 75
Cholesterol (mg/dl) 127+14 75 233 + 244 75 169 + 2158 75 ) £ B 75 148 + 1204 75
Triglyceride (mg/dI) 76+13 75 122 + 16" 75 75+18 75 71£15 75 7317 75

Cholesterol and triglycerides are indicated as serum levels. Composition of animal groups is described in Methods. Entries are the mean + SD of the indicated
number of animals (n). Statistical analysis was by 1-way ANOVA. #**P < 0.001 vs. all other groups; 8P < 0.05 or 8P < 0.001 vs. placebo; ““P < 0.001 vs.
T4-mono; °°°P < 0.001 vs. T4/T3-comb. a-GPD, a-glycerolphosphate dehydrogenase.

cerebral cortex, and cerebellum of littermate controls (Figure
3, A-C), the same treatment in Astro-WSB-1KO mice only nor-
malized D2 activity in the cerebellum (Figure 3C). In the hip-
pocampus and cerebral cortex, treatment with T4 only brought
D2 activity back to the relatively higher levels observed in intact
Astro-WSB-1KO animals (Figure 3, A and B). Once again, D2
activity in the hypothalamus in all animals did not respond to
treatment with T4 (Figure 3D).

An in vitro D2 ubiquitination assay to assess susceptibility to T4-
induced loss of D2 activity

To define the molecular basis of such tissue specificity in the rela-
tionship between serum T4 and D2 activity and to bypass the lim-
itation imposed by the poor coexpression of GFAP and WSB-1 in
the hypothalamus, an in vitro ubiquitination assay was created
in which microsomal %S-D2 synthesized in *S-labeled HEK-293
cells stably expressing D2 is incubated in vitro under conditions in
which D2 can be ubiquitinated in the presence of a tissue-specific
fraction II (29). The products of the reaction were visualized after
size fractionation in SDS-PAGE followed by autoradiography (Fig-
ure 4). The *S-D2 input and higher molecular bands correspond-
ing to *S-UbD2 can be seen in all lanes containing the appropriate
reagents. The pattern of **S-D2 bands was similar whether fraction
II from hippocampus or cerebral cortex was used. However, the
amount of *S-UbD2 was much less when hypothalamic fraction II
was used. Remarkably, the addition of recombinant human WSB-
1 protein to the hypothalamic fraction II restored the pattern of
$§-UbD2 ubiquitination. No bands were observed when no tissue
extract or ubiquitin was added to the reaction (Figure 4).

CNS impact of combined lower serum T3 and D2 activity in T4-mono
rats: analysis of T3-dependent biological parameters in the brain
Thyroid hormone signaling in the brain depends on serum T3
and on mechanisms that control local production and inactiva-
tion of thyroid hormone via D2 and D3, respectively. Thus, on
the basis of our previous observation in cells that high T4 levels
can reduce T3 production (18), we hypothesized that the brains
of the T4-mono rats would be relatively hypothyroid despite
normal serum TSH levels. To test this, we took advantage of the
fact that the brain expresses a number of T3-responsive genes

that can be used as indices of thyroid hormone activity (36). We
analyzed the expression of a set of 10 positively regulated genes
(cerebral cortex, hippocampus, and cerebellum) and a set of 4
negatively regulated genes (cerebral cortex) (Table 3). In the
placebo-Tx animals the expression of the positively regulated
genes was reduced to 30%-70% whereas the expression of the
negatively regulated genes was increased 1.5- to 2.4-fold in com-
parison with the placebo-control animals (Table 3). Treatment
with T4 (T4-mono rats) reversed this situation partially in the
cerebral cortex and hippocampus and completely in the cere-
bellum in comparison with placebo-control animals. T4-mono
treatment increased expression of the set of positively regulated
genes in the cerebral cortex and hippocampus, but levels of the 5
genes remained below those in the placebo-control group (Table
3). In the cerebellum, the expression of all 3 genes was normal-
ized by T'4-mono, with 1 gene (Syt12) remaining in fact slightly
higher when compared with that in the placebo-control group
(Table 3). An inverse situation was seen with the genes that are
negatively regulated by T3. Levels of all 4 genes were decreased
by T4-mono but remained higher when compared with the levels
observed in the placebo-control animals (Table 3). Remarkably,
the expression of all genes, both positively and negatively reg-
ulated sets, was normalized in the T4/T3-comb therapy (Table
3). However, this was not the case when the animals receiving
T4/T3-inj-com therapy were analyzed, in which case the expres-
sion of both sets of genes remained significantly different from
that in placebo-control animals (Table 3).

Discussion

These studies model different thyroid hormone replacement
strategies in Tx rats and provide 5 major advances toward
understanding thyroid hormone homeostasis and action (Fig-
ure 5). (a) D2 susceptibility to ubiquitination differs among
specific tissues as evident in different areas of the brain. These
include areas where (i) WSB-1 mediates T4-induced D2 inacti-
vation, i.e., cerebral cortex and hippocampus; (ii) WSB-1 does
not mediate T4-induced D2 inactivation, i.e., cerebellum; and
(iii) T4-induced D2 regulation is minimal (almost nonexistent),
i.e., hypothalamus (Figures 2-4). (b) That the D2 regulation by
T4 in the hypothalamus is poor was defined by the inability of
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Figure 2. Studies of the Astro-WSB-1KO mouse. (A) Scheme of the mouse Wsb17 gene showing the 2 LoxP sites flanking exons 6 and 7. When the Wsh77/7
mouse is crossed with the GFAP-Cre mouse, exons 6 and 7 are floxed out and a frame stop codon is formed in exon 8 that prevents translation of the
SOCS box located in exon 9. (B) Wsb7 mRNA levels in the hippocampus, cerebellum, cerebral cortex, and hypothalamus of Astro-WSB-1KO and littermate
control mice. (C) Same as in B, except that Dio2 mRNA levels are shown. (D) Same as in C, except that D2 activity is shown. (B-D) Results are expressed
as mean + SD of 5-6 animals per group. *P < 0.01vs. GFAP-Cre littermate control mice.

hypothalamic extracts to mediate normal D2 ubiquitination.
Thus, in the hypothalamus, T4 signaling is largely preserved
throughout the spectrum of serum T4 levels tested here, even as
serum T4 fluctuates above the levels observed in intact placebo-
control animals. This resolves the apparent paradox between
the homeostatic regulation of D2 and its role in mediating the
critical mechanism by which T4 triggers the TSH negative feed-
back. These findings also explain how the higher serum T4 com-
pensates for the lower serum T3 to normalize serum TSH in the
T4-mono rats (Table 1). (c) Because D2 is generally downregu-
lated by T4 in all tissues that were tested (Figure 1F and Figure
3, A-C) aside from the hypothalamus (Figure 3D), the fractional
conversion of T4 to T3 is decreased in T4-mono rats (Figure 1C),
explaining the lower serum T3 levels in these animals (Table 1).
(d) The higher serum T4/T3 ratio observed in the T4-mono rats
results from the combination of high serum T4 and low serum
T3 levels (Table 1) and has important consequences for thyroid
hormone action, as reflected in brain, liver, and skeletal muscle,
all of which exhibit indications of hypothyroidism (Tables 2 And
3) despite normal serum TSH (Table 1). (e) Only the combined
administration of continuous L-T4 and L-T3 via subcutaneous
pellets normalized all parameters of thyroid hormone homeosta-
sis (Table 1). While this point was reported in 2 seminal previous
publications (30, 31), here we show that the same applies to T3-
dependent biological effects (Tables 2 And 3), a finding that has
potentially important clinical implication.

The observation that T4-mono rats exhibit markers of
reduced thyroid hormone signaling typical of hypothyroidism
in certain areas of the brain, liver, and skeletal muscle was unex-
pected (Tables 2 And 3). In the liver it is logical to assume that this
phenotype is the result of lower serum T3 levels, as local deiodi-
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nation is not known to play a role in thyroid hormone signaling in
the liver (9). In contrast, thyroid hormone signaling in the brain
involves local D2-mediated T4-to-T3 conversion in astrocytes,
with T3 exiting these cells and triggering paracrine effects in
nearby neurons (16). At least 50% of the T3 in the brain is gener-
ated via this pathway (37). Thus, the facts that (a) D2 is downreg-
ulated by T4 in some brain areas and not others, and (b) the loss
of D2 activity is mediated by WSB-1 in only some areas, possibly
explain differences in thyroid hormone signaling within the same
organ (Figures 2-4). This is likely to be aggravated by the underly-
ing reduction in serum T3 levels (Table 1).

A similar scenario could also be present in other D2-express-
ing tissues such as skeleton and skeletal muscle given the bone
and skeletal muscle phenotype of the Dio2 KO mouse (38, 39).
However, in skeletal muscle, the D2 activity level is approxi-
mately 3 orders of magnitude lower than in BAT or brain (40). In
addition, at least half of the D2 activity in this tissue is the result
of the ectopic presence of BAT (41).

The present studies challenge the dogma that reduced D2
activity caused by exposure to T4 is compensated for by increased
substrate availability, thus preserving, or even increasing, T3
production. While logical, this rationale requires experimen