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THYROID-TRH-TSH

A Thyroid Hormone Analog with Reduced
Dependence on the Monocarboxylate Transporter 8
for Tissue Transport

Caterina Di Cosmo, Xiao-Hui Liao, Alexandra M. Dumitrescu, Roy E. Weiss,
and Samuel Refetoff

Departments of Medicine (C.D.C., X.-H.L., A.M.D., R.E.W., S.R.) and Pediatrics (S.R.) and Committee on
Genetics (S.R.), University of Chicago, Chicago, lllinois 60637

Mutations of the thyroid hormone (TH) cell membrane transporter MCT8, on chromosome-X,
produce severe mental and neurological impairment in men. We generated a Mct8-deficient
mouse (Mct8K0O) manifesting the human thyroid phenotype. Although these mice have no neu-
rological manifestations, they have decreased brain T5 content and high deiodinase 2 (D2) activity,
reflecting TH deprivation. In contrast and as in serum, liver T; content is high, resulting in increased
deiodinase 1 (D1), suggesting that in this tissue TH entry is Mct8 independent. We tested the effect
of 3,5-diiodothyropropionic acid (DITPA), a TH receptor agonist, for its dependence on Mct8 in
Mct8KO and wild-type (Wt) mice tissues. After depletion of endogenous TH, mice were given three
different doses of DITPA. Effects were compared with treatment with two doses of L-T,. As ex-
pected, physiological doses of .-T, normalized serum TSH, brain D2, and liver D1 in Wt mice but not
the Mct8KO mice. The higher dose of T, suppressed TSH in the Wt mice, normalized TSH and brain
D2 in Mct8KO mice, but produced a thyrotoxic effect on liver D1 in both genotypes. In contrast
DITPA produced similar effects on TSH, D2, and D1 in both Wt and Mct8KO mice. The higher dose
fully normalized all measurements and other parameters of TH action. Thus, DITPA is relatively
MCT8 independent for entry into the brain and corrects the TH deficit in Mct8KO mice without
causing thyrotoxic effect in liver. The potential clinical utility of this analog to patients with MCT8
mutations requires further studies. (Endocrinology 150: 4450-4458, 2009)

increased serum T and decrease of serum rT5 concentra-
tions. T, is reduced in most cases and TSH is normal or
slightly elevated. These thyroid abnormalities were faith-

In 2003 Friesema et al. (1) demonstrated that the mono-
carboxylate transporter 8 (MCTS8) is an active and spe-
cific membrane transporter of thyroid hormone (TH).

However, the crucial role played by MCT8 on thyroid
function and the development of the central nervous sys-
tem became apparent only 1 yr later when two different
laboratories identified patients with mutations in this gene
(also known as SLC16A2) located on the X-chromosome
(2, 3). Since this first description, 120 individuals belong-
ing to 41 families have been identified (Ref. 4 and our
personal observations). The clinical presentation of pa-
tients with MCT8 defects is very similar, having two com-
ponents: thyroid and neuropsychiatric abnormalities (4,
5). Characteristic thyroid function test abnormalities are
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fully reproduced in MCT8 knockout (Mct8KO) mice (6,
7). In contrast, the MCT8 deficient mice do not manifest
the severe psychomotor retardation observed in hemizy-
gous affected males and in one case of homozygous female
(8). These include truncal hypotonia, spastic quadriplegia,
absent speech, severe mental retardation, and in some
cases paroxysmal dyskinesia (8-10). The latter is often
triggered by tactile or emotional stimuli but seizures, al-
though not uncommon, do not dominate. Only a few pa-
tients have been able to walk with ataxic gait and have a
limited dysarthric speech (10). Nevertheless, studies of

Abbreviations: BW, Body weight; D, deiodinase enzyme; Dio, deiodinase; DITPA, diiodo-
thyropropionic acid; Gst, glutathione S transferase; Hr, hairless; MCT8, monocarboxylate
transporter 8; MM, methimazole; TH, thyroid hormone; TR, TH receptor; Wt, wild type.
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Mct8KO mice have been helpful in understanding some of
the abnormalities observed in humans. We have learned
from the mice that the tissue-specific increases in deiodi-
nase (D) types 1 and 2 and decreases in D3 activities to-
gether with reduced tissue uptake of T are responsible for
the high serum T; concentration, low rT5, and the con-
sumptive reduction in T, observed in both mice and hu-
mans (6,7,11). The high liver T; contentin Mct8KO mice,
reflecting the serum concentration, was associated with
changes in markers indicating increased TH action. These
included increase in D1 and serum alkaline phosphatase
and decrease in serum cholesterol and glutathione S trans-
ferase (Gst)-a2 mRNA (6, 7). These findings are also con-
gruent with hypermetabolic state, failure to thrive, and
inability to gain weight observed in humans with MCT8
defects (12, 13).

It remains unclear why Mct8KO mice do not manifest
obvious neurological impairment, despite the fact that
they have significant reduction in brain T, and, particu-
larly, T5 content (6, 7). Whereas the possibility that MCT$8
may transport another, yet unidentified, substance has not
been excluded, it is also possible that the degree of thyroid
hormone deficiency in mouse brain is less severe than that
in humans. In support of this hypothesis is the recent find-
ing that mice, but not humans, express high levels of the
transporter organic anion-transporting polypeptide 14
(SLCO1C1), important in the blood-brain barrier trans-
port of TH (14).

From the foregoing it is obvious that the therapeutic
options for the patients with MCT8 mutations are limited.
In fact, contrary to other forms of TH deficiency, the ap-
parent tissue-specific hypothyroidism due to this cell
transport defect cannot be corrected with physiological
dosesof TH (2,13, 15-17). High doses produce symptoms
of thyrotoxicosis and aggravate the weight loss (Ref. 18
and our personal observations). This stimulated us to ex-
plore the possibility that available analogs of TH may be
less dependent on MCTS for their transfer from blood to
tissues.

The TH analog 3,5-diiodothyropropionic acid (DITPA) is
a TH receptor (TR)-a and TR agonist that binds with
almost the same affinity to both TRs, although that for
TR is 350-fold less than T; (19). Compared with TH,
DITPA haslow metabolic activity as shown by the reduced
stimulation of hepatic a-glycerolphosphate dehydroge-
nase activity when given to rats in equivalent doses as T,
(19). DITPA can also act by a nongenomic mechanism,
as demonstrated by its angiogenic effect (20). In hu-
mans, DITPA underwent phase Il clinical trials for treat-
ment of heart failure. Four weeks of treatments with
two incremental doses of DITPA did not increase the
heart rate or blood pressure but did reduce the serum
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TSH, T,, cholesterol, triglycerides, lipoproteins, and
body weight (21, 22).

In the present work, we examined the effects of DITPA
in Mct8KO and wild-type (Wt) mice in comparison with
those of TH. Even if these mice are not comparable in all
respect to humans lacking MCT8, they provide the best
available iz vivo approximation.

Materials and Methods

Experimental animals

Procedures carried out in mice and described below were
approved by the University of Chicago Institutional Animal
Care and Use Committee. Animals were housed in temperature
(22 £ 2 C)- and light (12 h light,12 h dark cycle; lights on at
0700 h)-controlled conditions and had free access to food and
water. Mct8KO mice were generated as described previously (6).
Experiments were carried out on 14- to 15-wk-old male Wt
(Mct8*”) and knockout (Mct8”) littermates derived from
more than 10 back-crossing of heterozygous females (Mct8 /")
with Wt males (Mct8*”) of the C57BL/6] strain. The genotype
was confirmed by PCR of tail DNA (38 cycles at 55 C annealing
temperature) using the following primers: forward common, 5'-
ACAACAAAA AGCCAAGCATT-3'; reverse Wt specific, 5'-
GAGAGCAGCGTAAGGACAAA-3’; reverse knockout specific,
5’-CTCCCA AGCCTGATTTCTAT-3'. Using this procedure the
Wt allele generated a 476-bp products and the null allele a 239-bp
PCR product.

Induction of hypothyroidism and treatment with
TH and DITPA

The protocols for treatment with TH after the suppression of
endogenous TH are those used in our laboratory for mice of
various genotypes since 1996 (6,23-29).1-T5 and L-T, are given
as a single injection ip and the duration of treatment (4 d for L-T
and 7 d for L-T,) was determined by the achievement of at least
90% maximal suppression of TSH in the TH-deprived animals.
These treatment regimens also reverted the effects of hormone
deprivation on markers reflecting TH action on heart and liver
(25,27,28). The same criterion was used to establish that 4 d are
required for treatment with DITPA. The doses of DITPA are in
the range used in hypothyroid rats and are in agreement with the
potency of this agonist relative to L-T5 (19).

A baseline blood sample was obtained from the tail vein of
each mouse before initiation of experiments. Endogenous pro-
duction of TH was suppressed with low iodine diet (Harlan
Teklad Co., Madison, WI) and the addition of 0.5% perchlorate
and 0.02 % methimazole in the drinking water (Lol/MMI/CIO,,).
After 3 wk, another blood sample was obtained, and separate
groups of animals were given ip two different doses of L-T , (4 and
10 ug/100 g body weight (BW) - d) each for 7 d and three dif-
ferent doses of DITPA (0.3, 0.6, and 1.0 mg/100 g BW - d) each
for 4 d. Blood samples were obtained again after the termination
of treatment with each dose of L-T, and DITPA. Changes in body
weight after the period of treatment with DITPA were not sig-
nificant. In particular, compared with weights (grams) before the
administration of 0.6 mg DITPA/100 g BW - d: WT, 28.1 = 1.2
and 27.1 = 1.0; Mct8KO, 28.1 = 0.8 and 27.3 % 0.7. Weights
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for mice given 1.0 mg DITPA/100 g BW - d were: WT,28.6 = 0.9
and 27.9 * 0.7; Mct8KO, 27.6 = 1.2 and 26.5 = 0.5. In a
separate but similarly designed experiment, L-T5 (0.8,2.0,and 5
1g/100 g BW - d) was given, each dose for 4 d. All ip-injected
substances were dissolved in PBS containing 0.002% albumin.

Ten and 11 Wz and Mct8KO male littermates, respectively,
were used in the baseline groups and five to seven animals in the
various treatment groups. The experiment was terminated 16 h
after the last injection of L-T, and 1-T; and 6 h after the last
injection of DITPA. Timing coincided with the maximal sup-
pressive effect of each compound on serum TSH determined in
a preliminary study. Mice were anesthetized and after obtaining
the last blood sample were perfused with heparinized saline to
remove blood from tissues before their collection. Mct8KO mice
have no increased prenatal or postnatal mortality (6), and no
deaths occurred during the course of the experiments. All ani-
mals were humanely euthanized.

For the treatment with DITPA without prior suppression of
endogenous TH, separate groups of untreated mice were given
two doses of DITPA (0.6 and 1.0 mg/100 g BW - d). Five Wt and
five Mct8 KO male mice for each group were bled at baseline and
after 4 d of DITPA administration and tissues were collected, as
described above.

L-T,, L-T; were obtained from Sigma (St. Louis, MO). DITPA
was a gift from Dr. Eugene Morkin (University of Arizona, Tuc-
zon, AZ).

Measurements in serum

Serum total T, and T; concentration were measured by
coated tube RIAs (Diagnostic Products, Los Angeles, CA)
adapted for mouse serum using 25 and 50 ul serum, respectively.
TSH was measured in 50 ul serum using a sensitive, heterolo-
gous, disequilibrium, double-antibody precipitation RIA (30).
Cholesterol was measured on 10 ul serum using a clinical chem-
istry autoanalyzer.

Measurement of serum and tissue DITPA content

We exploited the cross-reactivity of T antibody with DITPA
to measure the latter in the serum of animals deprived of endog-
enous TH by treatment with LoI/MMI/CIO, and then treated
with DITPA. The serum of those animals with no T, or T was
set to zero and was used as diluent to construct a standard curve
with addition of incremental amount of DITPA. The amount of
DITPA measured in serum of TH-deprived mice was confirmed
by HPLC. A serum pool from mice injected with DITPA deter-
mined to have 2.01 pg/ml of DITPA in the T; RIA, measured
1.85 and 2.37 pg/ml by HPLC.

Measurement of specific mRNA content in tissues
Total RNA was extracted using phenol/guanidine isothio-
cyanate (TRIZOL; Invitrogen, Carlsbad, CA), and 2 ug 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 real-time quantitative PCR were performed in an ABI Prism
7000 sequence detection system (Applied Biosystems, Foster
City, CA), using SYBR Green I as detector dye. The oligonucle-
otide primers were designed to cross introns. Primers used for the
quantitative PCR of Gsta2, iodothyronine deiodinases (Dio;
Diol and Dio3) and hairless (Hr) mRNAs are available on re-
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quest. Amplification of the housekeeping gene RNA polymerase
IT was used as internal control (31).

D2 and D1 enzymatic activities

D2 enzymatic activity was performed as described (32) with the
following modifications: 100 g tissue homogenates in 100 ul re-
action mixture containing 0.1 M phosphate buffer (pH 7), 1 mm
EDTA, 20 mm dithiothreitol, 1 mm propylthiouracil, 100,000 cpm
['*° I|T,, and 2 nm unlabeled T, were incubated at 37 C for 1 h.
Saturating levels of unlabeled T (1 um) were added to the reaction
mixture to inhibit the D3 enzyme. D1 enzymatic activity in liver was
measured using ['>° I|T, as previously described (33). It was mod-
ified as described above for D2 except 20 ug tissue and 10 mm
dithiothreitol, 1 puM unlabeled T, were used; no propylthiouracil
was added and incubation time was 30 min. The enzymatic activ-
ities were expressed in femtomoles (for D2) and picomoles (for D1)
per hour and milligram of protein and were corrected for nonen-
zymatic deiodination observed in the tissue-free controls.

Statistics

Statistic analysis was performed using ANOVA with
Fisher’s protected least significant differences. Significant
differences were confirmed by the Tukey-Kramer method
of single-step multiple comparison. Data are represented as
mean * sk. Logarithmic transformation of data were per-
formed when sps for different groups varied by more than
20-fold and sometimes by 1000-fold (see TSH). P> 0.05 was
considered not to be significant (NS).

Results

Effects of TH and treatments with DITPA on serum
TSH concentrations (Fig. 1)

The suppression of endogenous TH after 3 wk of Lol/
MMI/CIO, (serum T, < 0.2 pg/dl in all groups of mice)
increased the serum TSH levels to the same extent in all
animal groups, irrespective of their genotype. Mean serum
TSH concentrations ranged from 6500 to 7350 mU/liter
and were not significantly different.

Compared with Wz mice, physiological dose of L-T, (4
pg/100 g BW - d) and 1-T5 (0.8 pg/100 g BW - d) failed to
normalize the TSH in Mct8KO animals. However, 2.5-
fold more 1-T, (10 pg/100 g BW - d) did normalize the
serum TSH concentration of Mct8KO mice, and for this
reason a third incremental dose was not given. In contrast,
a third incremental dose of L-T; or 6-fold the physiological
dose (5 ng/100 g BW - d) was required to reduce the ele-
vated serum TSH level of Mct8KO animals. These results
demonstrate the relatively more severe resistance of the
hypothalamo-pituitary axis to L-T; than 1-T,. Although a
DITPA dose of 0.3 mg/100 g BW - d had only modest
effect on the suppression of serum TSH in both genotypes,
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FIG. 1. Comparison of the effect of T,, T5 and DITPA on serum TSH
of Wt and Mct8KO mice. Doses are indicated in the abscissae. Data are
expressed as mean = se. The shaded area represents the normal range
for Wt animals. Statistical differences between Wt and Mct8KO mice
for each treatment group are indicated above the Mct8KO bars. Bars
just below the range of normal and not showing st indicate TSH values
suppressed bellow limits of the assay sensitivity. Treatment with Lol/
MMI/CIO, is simply indicated as methimazole (MMI) on the abscissa.

the mean TSH level of the Wz mice was significantly lower.
In contrast, serum TSH was normalized in both genotypes
with the same dose of DITPA (0.6 mg/100 g BW - d). It
declined further to the same extent in both genotypes, and
without being fully suppressed, with 1 mg DITPA/100 g
BW - d. These results indicate that Mct8 plays a lesser role
on the feedback regulation of TSH by DITPA.

Because of these results on serum TSH and those of
recent studies showing that systemic administration of T,
to Mct8KO mice has a less restrictive passage into neuro-
nal target cells (34), we compared DITPA to the more
accessible T, rather than T5. The doses of 1-T, and DITPA
that normalized the TSH levels in the Wz and Mct8KO
animals were used in the more detailed tissue analyses.

Effects of DITPA on brain (Fig. 2)

The thyromimetic activity of DITPA on brain (cere-
brum) was assessed by its suppressive effect on D2 enzy-
matic activity and stimulation of Hr and Dio3 mRNAs
(35, 36). At baseline, compatible with reduced TH in brain
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FIG. 2. Brain D2, Hr, and Dio3 at baseline and during treatment with -T,
and DITPA. Data are expressed as mean = st. Statistical differences
between Wt and Mct8KO mice for each treatment group are indicated
above the Mct8KO bars. Lack of statistical difference from the values in
Wt mice at baseline are indicated below each value bar as NS (not
significant). Treatment with Lo/MMI/CIO, is simply indicated as
methimazole (MMI) on the abscissa.

of Mct8KO mice (6), D2 enzymatic activity was 10.6-fold
higher, whereas Hr and Dio3 mRNAs were lower by 47
and 36%, respectively, compared with the W animals.
Lol/MMI/CIO-induced TH deprivation produced the ex-
pected stimulation of brain D2 enzymatic activity and de-
creased Hr mRNA in the Wz mice. Although the decline in
Dio3 mRNA was not significant compared with baseline
the differences between genotypes for all three markers of
TH action observed at baseline were obliterated. Whereas
treatment with both 1-T, doses reversed the D2 and Hr
changes induced by TH deprivation in Wz mice, only the
high 1-T, dose normalized these two parameters in the
Mct8KO mice. The effect was overshot (below baseline for
D2 and above for Hr; P < 0.0001) in the Wz mice, indicating
that the high 1-T, dose was thyrotoxic to these animals. Both
doses of DITPA brought the D2 enzymatic activity of
Mct8KO and Wi mice to those observed in the Wt at base-
line. This was achieved for Hr mRNA of the Mct8KO mice
only with the high DITPA dose. It is of note that whereas
treatment with either 1.-T, dose failed to normalize the Dio3
expression in the Mct8KO mice, both DITPA doses did so.
In the case of the W mice, the high dose of DITPA increased
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Dio3 mRNA above baseline. This suggests a different distri-
bution of DITPA in brain cells or an uncharacterized effect of
this TH agonist that may be distinct of that of TH.

Effects of DITPA on liver (Fig. 3)

As markers of thyromimetic activity on liver, we mea-
sured D1 enzymatic activity and mRNA, Gsta2 mRNA
and serum cholesterol (25, 29). The relative TH excess in
liver of Mct8KO mice, due to lesser dependence on MCT$8
for TH transport (6), was confirmed by the significantly
higher D1 and lower Gsta2 mRNA content and serum
cholesterol concentration compared with the Wt animals
mice at baseline. As expected, TH deprivation reduced
significantly the enzymaticactivity of D1 (P < 0.0001) and
increased the Gsta2 mRNA (P < 0.0001) and serum cho-
lesterol (P < 0.001) concentrations to the same extent in
both genotypes. Whereas treatment with the lower dose of

D1 ti tivit: wi
5 250 enzymatic activity - Mct8KO
S 200
a * P<001
2 150 = P<0.001
= 100 *** P <0.0001
3 ¥
£ 0
g 1200 Gsta2 mRNA
% 1000
[
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2 300
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o)
2 100 -
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baseline MMI MMI  MMI  MMI  MMI
0 +4uyg +10pg +0.6mg +1mg
LT, LT, DITPA DITPA

FIG. 3. Liver D1 and Gsta2 and serum cholesterol at baseline and
during treatment with 1-T, and DITPA. Data are expressed as mean =+
se. Statistical differences between Wt and Mct8KO mice for each
treatment group are indicated above the Mct8KO bars. Lack of
statistical difference from the values in Wt mice at baseline are
indicated below each value bar as NS (not significant). Treatment with
Lol/MMI/CIO, is simply indicated as minimum maintenance dose of
thiamazole (MMI) on the abscissa. Serum cholesterol was measured
only in animals that received the higher dose of L-T, and DITPA. Note
that the higher dose of L-T,, which partially corrected the TH
deprivation of brain in Mct8KO mice, caused thyrotoxic effects in the
liver of mice of both genotypes. DITPA, however, corrected the effects
of TH deprivation in brain of Mct8KO mice without causing thyrotoxicity.
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L-T, nearly corrected (D1 and to lesser degree Gsta2
mRNA) the changes induced by TH deprivation in the W
mice, it did not do so in the Mct8KO animals. In contrast,
the high L-T, dose increases the D1 activity by 2.8-fold
(P <0.0001) and reduced cholesterol concentrations (P <
0.001) relative to the Wz baseline in both mouse geno-
types, compatible with the induction of thyrotoxicosis in
liver. Gsta2 mRNA returned only to the baseline value of
Wt mice probably because of longer half-life of Gsta2
mRNA. These results show that the dose of L-T required
to partially improve the TH deprivation in brain, pro-
duced thyrotoxic effects in liver.

Both DITPA doses increased by 150- to 300-fold the D1
activities observed in both mouse genotypes during TH de-
privation and brought them to near Wt baseline levels. Serum
cholesterol and Gsta2 mRNA values in mice of both geno-
types also reached those of the W baseline on the high dose
of DITPA. Results of Diol mRNA liver content were in
agreement with the enzymatic activity and are thus not
shown. From these results it can be concluded that DITPA
was able to correct in the brains of Mct8KO mice all the
tested parameters of TH action that indicated hormone de-
privation without producing toxic effects in liver. The ap-
parent lower potency of DITPA on the liver compared with
cerebrum and pituitary may be due to a different mode of
action.

DITPA concentration in serum and content in liver
and brain (Table 1)

Because T; antibodies were used for the measurement
of DITPA, the latter could be only assessed in serum and
tissues deprived of endogenous iodothyronines, that is
only in experiments using Lol/MMI/CIO,-treated ani-
mals. Their serum, before treatment with DITPA, was set
as zero and used as diluent in the construction of the stan-
dard curve (for details see Materials and Methods). As
shown in Table 1, increasing amounts of DITPA were
detected in serum with the higher doses of the compound
given. Whereas the concentration on the average doubled
(from 67 to 144 ug/dl, mean for both genotypes) when the
DITPA dose was increased from 0.3 to 0.6 mg/100 g
BW - d, a much smaller further increase (mean 180 ug/dl)
was observed with the administration of 1.0 mg of DITPA/
100 g BW - d. This suggests increase in the metabolism or
excretion, and less likely decreased absorption, of DITPA.
Concentrations were not significantly different between
mouse genotypes at all doses. The content of DITPA in liver
was 6- to 10-fold that of brain when expressed per milligram
tissue protein. Although mean values in Mct8KO and Wi
animals were different by up to 35%, the trend was not in the
same direction with the two DITPA doses and the differences
were not statistically significant.
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TABLE 1. DITPA concentration in serum and tissues of mice receiving Lol/MMI/CIO,
DITPA dose? 0.3 0.6 1.0
Genotype wt MCct8KO wt MCct8KO wt MCct8KO
Serum (ug/dl) 585+ 654)P 760*x75@P 155+ 14(7) 133 £19(7) 163 £ 13 (7) 196 *= 10 (4)°
Brain (ng/mg)? ND ND 266 *+0.39(7) 353*x107(6) 522=*134(5) 3.54=*045(4)
Liver (ng/mg)? ND ND 30.4 = 5.3(6) 19.6 = 3.5(7) 27.7 = 3.5(6) 40.6 = 8.7 (5)¢

Values are mean = se. The number of animals used for each determination is in parentheses. ? DITPA dose is in milligrams DITPA per 100 g BW.
DITPA was measured 6 h after the last injection; © P < 0.001 compared with values on the two higher doses of DITPA; € P < 0.01 compared with
MCct8KO treated with 0.6 mg DITPA; ¢ Tissue concentrations are expressed per milligrams of protein.

Thyromimetic effects of DITPA in untreated mice
(Fig. 4)

Wealso gave DITPA to mice without pretreatment with
Lol/MMI/CIO,. Two doses of DITPA, 0.6 and 1.0 mg/100
gBW - d were given for the same period of time. Responses
of brain and liver were assessed as in experiments de-
scribed above.

With 0.6 mg/100 g BW - d, brain D2 enzymatic ac-
tivity was lower by 55% compared with the baseline
value in the Mct8KO mice, whereas in the Wt there was
no change. With 1.0 mg/100 g BW - d D2 activity nor-
malized in the Mct8 KO mice and decreased below base-
line in the Wt mice.

Inliver, similar to the group of mice treated with DITPA
after Lol/MMI/CIO, (see Fig. 2A), no thyrotoxic effect
was observed in either mouse genotypes. In fact, both
doses failed to increase D1 above the baseline level of W
animals, suggesting a lower thyromimetic activity of the
two doses of DITPA in liver and the partial suppression of
endogenous TH, particularly in the Mct8KO mice (see
below). These results provide further evidence that DITPA
can act in brain without producing thyrotoxic effects in a
peripheral tissue, such as the liver.

Effect of DITPA on suppression of endogenous
TH (Fig. 5)

We measured serum T, concentrations in sera of mice
given DITPA without Lol/MMI/CIO, pretreatment. As
previously shown (6), at baseline serum T, was lower in
Mct8KO than Wr animals. It declined after the adminis-
tration of DITPA. With the highest DITPA dose, this de-
clinewasfrom4.3 =0.31t01.9 = 0.15 ug/dl (56 %) in Wt
miceand from 1.9 = 0.17t0 1.2 = 0.13 pg/dl (37%) in the
Mct8KO mice. Corresponding TSH values for the Wi
mice declined from 43.1 = 7.9 to 11.2 = 1.2 mU/liter
(74%) and for the Mct8KO mice from 153.9 *= 16.0 to
9.8 + 0.0.8 mU/liter (94%). The absolute value of TSH
reached was not statistically different between the two
genotypes, indicating that at these two doses, DITPA has
equipotent effect on the hypothalamo-pituitary axis of
both mouse types. Although on both DITPA doses, T,
levels were not significantly different between the two ge-

notypes, and it is unknown whether a more prolonged
treatment would have brought the TH to lower levels,
maintaining the same lack of difference.

Discussion

This work tests the ability of the TH analog DITPA to
produce a thyromimetic activity in tissues in the absence of
Mct8. We carried out our experiments in Mct8 KO and Wi
control mice. After more than 10 back-crossings in the
C57BL/J6 strain, the Mct8KO mice continued to repro-
duce and express the thyroid phenotype of patients with
MCTS8 mutations already observed early after their gen-
eration by us and another group of investigators (6, 7).
Similarly, baseline differences between the Mct8KO and Wi
animals in tissue D1 and D2 enzymatic activities, abundance
of Diol, Dio3, Gsta2, and Hr mRNA and serum cholesterol
concentrations were as previously reported (6).

One drawback of using such mice as a model to predict
the effect of DITPA in humans could be the lack of a
readily measurable neurological deficit in the Mct8KO
mice. This raises the possibility that the psychomotor de-
fect in humans may not be solely due to the TH deficiency
in brain at a crucial time of development but also to other
factors, such as the transport by MCTS8 of other ligands
essential for the normal human development. However,
studies to date failed to demonstrate that MCTS$ trans-
ports substances other than TH (1, 37). On the other hand,
a recent work suggested that the absence on neurological
abnormalities in Mct8 KO mice is due to the presence of an
alternative TH transporter (14), providing further evi-
dence for the importance of TH availability for the brain
development. This transporter, organic anion-transport-
ing polypeptide 14, expressed in a high level at the blood
brain barrier (cerebral microvessels) of mice, is present at
very low levels in the humans. This alternative route of TH
transport in mice partially correcting the TH deficiency in
animals lacking functional Mct8 might be sufficient to
prevent the manifestations of the neurological phenotype
observed in humans. A species-specific constitutive effect
of Mct8 cannot be excluded (38). Still, the partial TH
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FIG. 4. Effect of DITPA in mice without prior depletion of endogenous
TH assessed by measurement of D2 and D1 enzymatic activity in brain
(A) and liver (B), respectively. Data are expressed as mean = SE. Lack
of statistical difference from the values in Wt mice at baseline are
indicated below each value bar as NS (not significant). The higher dose
corrected the effect of TH deficiency on D2 in brain of Mct8KO mice
and corrected the thyrotoxic effect on D1 in Mct8KO mice.

deficiency in Mct8KO mice, demonstrable by measure-
ment of tissue levels of TH and by markers of TH action in
brain (6, 7), renders this animal model useful to study the
potential usefulness of DITPA in the treatment of humans.

Our results show that the transport of DITPA into the
tissues was less dependent of Mct8, and its levels in brain
and liver of Mct8KO compared with W¢ animals were not
significantly different. This appears to be in contradiction
with in vitro work using cardiomyocytes, which showed
that DITPA partially inhibited T; uptake (39), although
the precise transporter involved is not known. However,
our in vivo study has the advantage of involving other
transporters not present in isolated cell types in culture.
We observed 6- to 10-fold difference in DITPA levels be-
tween brain and liver. This is in agreement with our pre-
vious data showing 4 times higher T content in liver than
brain after L-T5 administration in W# mice (6). This might
due to the differences in specific transporters in these two
tissues.

The same dose of DITPA (0.6 mg/100 g BW per d)
normalized the serum TSH of TH-deprived Mct8KO and
Wtanimals. This was not the case when 1.-T, and L-T; were
used separately. Compared with Wz mice, 2.5-fold more
1-T, and nearly 6-fold more 1-T; were required to reduce
the serum TSH of Mct8KO animals below the upper limit
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FIG. 5. Effect of DITPA on suppression of endogenous T, and TSH in
untreated mice. Data are expressed as mean = st. Statistical
differences between Wt and Mct8KO mice for each treatment group
are indicated above the Mct8KO bars. Lack of statistical difference
from the values in Wt mice at baseline are indicated below each value
bar as NS (not significant). At baseline serum T, was lower in Mct8KO
than Wt mice. T, and TSH declined with the administration of DITPA in
both genotypes. The absolute value of TSH reached was not
statistically different between the two genotypes.

of normal, confirming the relatively more severe resistance
of the hypothalamo-pituitary axis to 1-T5 than -T, (34).
This can be due to the presence of other transporters of TH
in brain that can compensate more easily for the reduced
Mct8-mediated transport of T, thanTs.

The larger dose of 1-T, (10 ug/100 g BW-d), which
normalized the serum TSH of Mct8KO mice, only par-
tially compensated the TH deficiency in brain as evidenced
by the normalization of cerebral D2 activity and Hr but
not Dio3 mRNA. However, that same dose was thyro-
toxic to liver, as shown by the marked increase in D1
activity and reduction in serum cholesterol. Therefore, in
MCT8-deficient humans already having failure to thrive
and nutritional deficiency (12, 13), the administration of
supraphysiological doses of 1-T, is not a viable option
because it will further aggravate their hypermetabolic
state resulting from tissue selective effect of the high serum
T, levels.

DITPA, on the other hand, normalized the basal state
of brain hypothyroidism in the Mct8KO mice, and it did
so with the same doses that corrected the hypothyroidism
in the TH-deprived Wz mice. The one exception was the
Hr mRNA with remained below normal with the 0.6 mg
DITPA dose. It is of note that contrary to L-T,, DITPA
could normalize Dio3 expression in the Mct8KO mice,
indicating that it can enter different brain cell types to
exert its thyromimetic effect. DITPA also normalized the
peripheral tissue hyperthyroidism in the Mct8 KO mice. In
fact, serum cholesterol and Gsta2 mRNA values reached
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those of the Wt baseline on the high dose of DITPA, and
D1 was brought to near Wt baseline levels in mice of both
genotypes. This occurred even when the endogenous TH
was not suppressed by Lol/MMI/CIO,. Evidently the sup-
pressive effect of DITPA on TSH was able to diminish
sufficiently the endogenous TH in Mct8 KO mice so that
T, was reduced to nontoxic levels. Unfortunately, the lat-
ter could not be documented as DITPA interferes with the
T, assay. It should be noted that in intact animals, not
receiving Lol/MMI/CIO,, DITPA reduced but did not sup-
press the serum TSH. Thus, the observed thyromimetic
effects are complex because they represent the action of
DITPA as well as the endogenous T, and Tj.

This study shows that DITPA is less dependent on
MCTS for entering tissues and that the quantitative dif-
ferences in T, and T effects on liver compared with brain
in Mct8KO mice are reduced, resulting in the achievement
of near euthyroidism. Whether this effect could be sustained
without untoward effect during long-term DITPA treatment
needs to be determined. The species differences in DITPA
effect and that on target tissues not studied will help deter-
mine the application of DITPA to MCT8-deficient humans.
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