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Mice expressing the mutant thyroid hormone receptor TRa1R384C, which has a 10-fold reduced
affinity to the ligand T;, exhibit hypermetabolism due to an overactivation of the sympathetic
nervous system. To define the consequences in the liver, we analyzed hepatic metabolism and the
regulation of liver genes in the mutant mice. Our results showed that hepatic phosphoenolpyru-
vate-carboxykinase was up-regulated and pyruvate kinase mRNA down-regulated, contrary to
what observed after T; treatment. In contrast, mice expressing a mutant TRa1L400R specifically in
theliver did notshow a dysregulation of these genes; however, when the TRa1L400R was expressed
ubiquitously, the hepatic phenotype differed from TRa1R384C animals, suggesting that the lo-
calization of the mutation plays an important role for its consequences on glucose metabolism.
Furthermore, we observed that glycogen stores were completely depleted in TRa1R384C animals,
despite increased gluconeogenesis and decreased glycolysis. Exposure of the mutant mice to high
maternal levels of thyroid hormone during fetal development leads to a normal liver phenotype
in the adult. Our results show how genetic and maternal factors interact to determine the met-
abolic setpoint of the offspring and indicate an important role for maternal thyroid hormone in

the susceptibility to metabolic disorders in adulthood. (Endocrinology 150: 2940-2947, 2009)

hyroid hormone (TH) is essential for normal tissue devel-
Topment, differentiation, and energy homeostasis in mam-
mals. It controls a wide variety of regulatory events in metabolic
pathways, which determine overall energy expenditure and basal
metabolicrate (1). The pleiotropic actions of TH are mediated by
the nuclear TH receptor (TR) a1 and TR B, which are encoded by
separate genetic loci (2). TRs bind to TH-responsive elements in
DNA and stimulate the expression of positively regulated target
genes in the presence of the ligand as holoreceptors, although
repressing it in the absence of ligand as aporeceptors. This reg-
ulatory mechanism applies in an opposite manner to negatively
regulated TH target genes.

TRs exert overlapping but also isoform-specific functions.
TRal is most relevant for proper brain development (3-5),
whereas TR plays a major role in the regulation of liver genes
(6), representing more than 85% of T;-binding activity in this
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tissue (7). Mutations in TR are the underlying cause of the
human syndrome resistance to TH (8). Surprisingly, no patients
have been identified harboring a germline mutation in TRa1.
To understand the consequences of such a defect and to define
the physiological role of apo-TR«a1, mice heterozygous for the
TRa1R384C mutation (TRa1+m mice) were generated (9). The
mutant TRa1 has a 10-fold lower affinity to TH, thus acting as
an aporeceptor under physiological TH concentrations. Besides
a prominent neurological phenotype including high anxiety and
locomotor deficiencies (5, 10), the mice have normal TH levels
as adults but exhibit a strong hypermetabolism (11). As conse-
quence, the animals are lean despite being hyperphagic and re-
sistant to diet-induced obesity, and their fat depots are reduced.
However, they maintain euglycemia and do not require addi-
tional ketogenesis to maintain energy homeostasis. Most inter-
estingly, this phenotype resembles hyper- rather than hypothy-

Abbreviations: Acyl-CoA-DH, Acyl-coenzyme A dehydrogenase; BAT, brown adipose tis-
sue; DTT, dithiothreitol; E10.5, embryonicd 10.5; FAS, fatty acid synthetase; nt, nucleotide;
P15, postnatal d 15; PEPCK, phosphoenolpyruvate carboxykinase; PK, pyruvate kinase;
gPCR, quantitative PCR; TH, thyroid hormone; TR, TH receptor.
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roidism, which would be the expected outcome of an apo-TRal.
The apparent discrepancy is explained by a novel central action
of apo-TRal that causes a high sympathetic output leading to a
hypermetabolic brown adipose tissue (BAT). The hypothesis is
supported by the fact that the hypermetabolism is reversed if the
animals are housed at thermoneutrality where BAT gets func-
tionally denervated (11).

The centrally induced hypermetabolism of the BAT at room
temperature has secondary effects on other tissues such as the
liver, the key player in glucose homeostasis. Because it is well
known that TRa1 also interferes directly with enzymes involved
in hepatic glucose metabolism (12, 13), TRal+m mice are a
valuable animal model to study the interactions of hypermetab-
olism and impaired TRa1 signaling in the liver.

Here we show that TRa1+m mice respond to the hyperme-
tabolism by increasing hepatic gluconeogenesis and decreasing
glycolysis. In addition, the expression of the rate-limiting en-
zymes is directly and region-specifically affected by the mutant
TRal, opposite to what is expected from T;-treated wild-type
animals. Moreover, glycogen stores are completely depleted in
the TRa1+m mice. These deficiencies are not observed when the
mutants are exposed to high maternal levels of TH during fetal
development, demonstrating that genetic and maternal factors
interact to determine the metabolic setpoint of the offspring.

Materials and Methods

Experimental animals

The mouse strain carrying the dominant-negative R384C mutation in
TRal and the combination with a TRB-null allele have been described
previously (5, 9). The TRa1R384C mice used for the experiments have
been backcrossed to C57BL6/6NCrl for eight to 10 generations. If not
indicated otherwise, heterozygous male mutants and wild-type litter-
mates were born by wild-type females, and five animals per group were
used for the experiments at the age of 4—7 months. The animals were
housed at 21 C on a 12-h light, 12-h dark cycle. For thermoneutrality
studies, mice were transferred to 30 C at the age of 2 months and kept
at this temperature for 6 wk. T treatment was performed for 12 d via
drinking water containing 0.01% albumin and 0.5 pg/ml T;. Blood
glucose levels were determined using the AccuCheck Sensor glucose de-
tection system (Roche, Mannheim, Germany). For hepatic cultures, liv-
ers were extracted, cut into pieces, washed twice with warm PBS, and
then incubated at 37 C for 6 h in DMEM (Invitrogen, Uppsala, Sweden)
containing 0.1% glucose, 10% stripped fetal calf serum, and 10 nm T;.
Animal care procedures were in accordance with the guidelines set by the
European Community Council Directives (86/609/EEC). Required eth-
ical permissions were obtained from the local ethical committees.

TH levels in the animal models

Serum and tissue TH levels of the different animal models including
the combinations with TRB inactivation have been analyzed in detail
previously (5, 9, 10). Briefly summarized, adult TRal+m mice did not
display significant difference in serum T; and T, levels compared with
wild-type animals. After the oral T; treatment, hepatic T; levels were
10-fold elevated, thus reactivating the mutant TRa1 (10). The inactiva-
tion of TRBin TRa1+m animals caused a 10-fold elevated T, level in the
serum compared with wild-type (3, 9). These animals have been used as
mothers to expose the offspring to high maternal levels of TH during
pregnancy. Exposure to high levels of maternal TH had no effect on the
T, serum levels in the offspring TRa1+m mutant mice (5).
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Mice with a hepatic mutant TRa1

Mice expressing the TRa1L400R mutation in hepatocytes from the
fetal stage were produced by crossing heterozygous AFLP-Cre mice (14)
with TR&eAMI/TRaAMI homozygous mice. These mice carry a THRA
knock-in allele in which the deletion of a floxed cassette enables the
expression of a cDNA carrying the TRa1L400R reading frame (15).
Littermates that did not inherit the CRE gene were used as controls.

In situ hybridization

Digoxigenin-labeled RNA probes were generated from cDNA sub-
clones in pGEM-T easy plasmids (Promega, Mannheim, Germany). In
vitro transcription was carried out according to standard protocols using
a DIG RNA Labeling Kit (Roche). Probes were generated from cDNA
fragments corresponding to nucleotides (nt) 40-1055 of deiodinase type
I (accession no. NM_007860), nt 896-1296 of phosphoenolpyruvate
carboxykinase (PEPCK accession no. NM_011044), nt 1066-1478 of
pyruvate kinase (PK; accession no. BC152327), nt 5789-6189 of fatty
acid synthetase (FAS; accession no. BC046513), nt 236-633 of acyl-
coenzyme A dehydrogenase (Acyl-CoA; accession no. NM_007381),
and nt 1494-1797 of E-cadherin (accession no. NM_009864). cRNA
probes were diluted in hybridization buffer [50% formamide, 10% dex-
tran sulfate, 0.05% tRNA, 0.6 M NaCl, 10 mm TrissHCI (pH 7.4), 1X
Denhardt’s solution, 100 pg/ml sonicated salmon sperm DNA, 1 mm
EDTA, and 10 mm dithiothreitol (DTT)] to a final concentration of
10 ng/ul.

After the animals were decapitated, livers were removed rapidly,
embedded in Tissue-Tek medium (Sakura Finetek, Torrance, CA), and
frozen on dry ice. Sections of 20 wm were cut on a cryostat, thaw-
mounted on silane-treated slides, and stored at —80 C until further pro-
cessing. In situ hybridization was carried out as described previously
(16). Representative fields of 1 X 1.5 mm from cross-sections were cho-
sen and documented with a Nikon Eclipse 50 microscope. For quanti-
fication, the in situ hybridization was performed with radioactive probes
labeled with [3*S]JUTP (25,000 cpm/ul; Hartmann Analytik, Braun-
schweig, Germany), which were visualized on a Biomax MR x-ray film
(Kodak, Sigma Aldrich, Taufkirchen, Germany). Signals were quantified
using NIH Image] software. For colocalization, [**S]UTP-labeled radio-
active probes (50,000 cpm/ul; Hartmann Analytik) for E-cadherin were
generated and mixed with digoxigenin-labeled probes of PEPCK (20
ng/ul). After visualization of PEPCK transcripts as described above, the
sections were dehydrated and exposed to Biomax MR x-ray films
(Kodak, Sigma Aldrich), and corresponding areas on the film and the
section were documented. Sense probes that were used to confirm the
specificity of the hybridization reaction did not show any signal (data not
shown).

Real-time PCR

RNA was isolated from snap-frozen tissues using the RNeasy Mini
Kit (QIAGEN, Uppsala, Sweden) according to the manufacturer’s in-
structions. ¢cDNA was generated using reverse transcription with
Oligo-dT primers and used for real-time PCR with the ABI 7300 system
and the ABI Prism 7000 (Applied Biosystems, Stockholm, Sweden). A
standard curve was used to correct for PCR efficiency, and the results
were normalized using HPRT as reference gene. The quantification was
done over 40 cycles, but all calculated threshold cycles were less than 30.
An additional melting curve was recorded to confirm the specificity of the
reaction. Primer sequences are available on request.

D1 activity

Liver tissue was homogenized in 10 vol 0.1 M phosphate (pH 7.2), 2
mM EDTA (PE buffer) containing 1 mM DTT. For measurement of D1
activity, about 2 ug homogenate protein was incubated for 30 min at 37
C with 0.1 uM (2 X 10° cpm) [3',5'-'>5T|rT5 in a final volume of 100 ul
PE buffer containing 10 mM DTT. The reactions were stopped by addi-
tion of 100 ul ice-cold ethanol, and the mixtures were processed and
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analyzed for production of ['**I]- and [3,3’-'2°I|T, by HPLC as previ-
ously described (17).

Enzyme activity and glycogen content determination

Snap-frozen tissue was homogenized in 4 vol of a potassium phos-
phate buffer (pH 7.0) containing 1 mm DTT. Cytosolic fractions of three
to five animals per group were obtained by centrifugation for 1 h at
100,000 X g and tested for PEPCK activity in a sample buffer containing
65 mM Tris (pH 8.0), 6 mMm MgCl,, 15 um MnCl,, 0.875 mg/ml BSA,
4.65 mMm ATP and ADP, 0.6 mM reduced nicotinamide adenine dinucle-
otide, and 5 U/ml PK and lactate dehydrogenase. Oxaloacetate was
added as substrate in a final concentration of 0.5 mM, and the conversion
of reduced nicotinamide adenine dinucleotide was monitored at 340 nm.
Samples without substrate and samples with water were used to deter-
mine background activity. Activities were normalized against the protein
content of the sample. For PK activity, the same cytosolic fractions and
sample buffer were used, except without MnCl,, ATP, and PK, and 0.5
mM phosphoenolpyruvate was used as substrate.

Glycogen content in the liver was determined as described (18) with
minor modifications. Briefly, 10-20 mg snap-frozen liver tissue of five
animals per group were homogenized in 1 ml 5% trichloroacetic acid and
incubated for 30 min at room temperature. After centrifugation at
20,000 X g for 10 min, glycogen was precipitated from the supernatant
by adding 2 vol of 95% ethanol and centrifugation at 20,000 X g for 30
min. The supernatant was discarded and the precipitate dissolved in a
1:60 dilution of Lugol’s reagent (Sigma-Aldrich) in 25% (wt/vol) potas-
sium chloride containing 30 mm hydrochloric acid. The glycogen content
was determined spectrophotometrically at 600 nm and normalized
against the tissue weight.

Statistical analyses

If not stated otherwise, the values represent mean * SEM. Statistical
comparisons of real-time PCR data were done using two-way ANOVA
to compare the effects of TH treatment on both genotypes (supplemental
Fig. 1A, published as supplemental data on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org). If required,
single groups were subsequently compared using Student’s 7 test. In all
other experiments a two-tailed Student’s ¢ test was applied, and signif-
icant changes have been marked accordingly in the figures.

Results

Expression of TH target genes in livers of TRa1+m mice

To identify impairments caused by the mutant TRa1, we an-
alyzed the expression of known TH target genes in the liver by
quantitative PCR (qPCR) (Fig. 1A and supplemental Fig. 1A).
The expression of spot14 was found to be equal in the two ge-
notypes and similarly up-regulated by T;. Although the qPCR
showed a small, albeit not significant, up-regulation of deiodi-
nase type I transcript levels in the mutant mice, this increase was
more obvious in the corresponding i situ hybridization (Fig. 1B)
and in deiodinase type I activity assays in liver homogenates (Fig.
1C and statistics in supplemental Fig. 1A). However, upon T,
treatment, the mRNA levels in qPCR and i situ hybridization as
well as the enzymatic activities were significantly increased to a
similar level in wild-type and TRa1+m animals.

We then analyzed the mRNA level of B-catenin, an important
factor in liver development and zonation (19) and a direct target
of TRal in the intestine (20). The expression of this gene was not
altered in the mutant mice and did not significantly change upon
T, treatment. Similar results were obtained for the TH trans-
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FIG. 1. A, mRNA expression levels of potential TH target genes in livers of
untreated and Ts-treated wild-type (WT) and mutant (+m) animals, as analyzed
by gPCR and normalized against HPRT as reference gene; B, in situ hybridization
histochemistry showing the expression of deiodinase type | mRNA in liver sections
of untreated and Ts-treated wild-type (WT) and mutant animals (+m); C, enzyme

activity of deiodinase type | (D1) in liver homogenates of untreated and T5-
treated wild-type (WT) and mutant animals (+m). Scale bar in B, 500 um.

porter MCTS8, which was in agreement with previous observa-
tions in the brain (21). Taken together, apo-TRa1 seems to play
only a minor role in D1 mRNA regulation, but no major effect
was observed for the regulation of the other genes analyzed.

Expression of metabolic genes in livers of TRa1+m mice

Mice with a dominant-negative TRa1 exhibit hypermetabo-
lism at room temperature (11). To characterize the consequences
for liver metabolism, we performed in situ hybridization with
marker genes for fatty acid degradation (acyl-CoA-DH) and
fatty acid synthesis (FAS). We observed that acyl-CoA-DH ex-
pression was unaltered in the mutant mice, whereas FAS mRNA
levels were decreased (Fig. 2 and quantification in supplemental
Fig. 1B). T treatment increased Acyl-CoA-DH transcripts to
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FIG. 2. In situ hybridization histochemistry on liver sections of untreated, Ts-
treated, and 30 C acclimated wild-type (WT) mice and animals with a mutant
TRa1 (+m), showing the mRNA expression of acyl-coenzyme A (Acyl-CoA)
dehydrogenase and fatty acid synthetase. Scale bar, 500 um.
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some extent in both genotypes. Similar observations were ob-
tained in mice reared at 30 C, where the hypermetabolic phe-
notype of the mutant mice is reversed. In contrast, the expression
of FAS normalized to wild-type levels upon T treatment and at
thermoneutrality. These results suggest that the FAS expression
is not affected by a mutant TRa1 acting in the liver but instead
responds to the overall metabolic activity, which is high in the
untreated mutants and ameliorated by either treatment (11).

We then analyzed glucose metabolism using iz situ hybrid-
ization for key enzymes in gluconeogenesis (PEPCK) and glyco-
lysis (PK). The expression of PEPCK mRNA was stronger in the
mutant animals compared with wild-type controls, whereas the
expression of PK mRNA was clearly reduced in the TRal+m
mice (Fig. 3 and supplemental Fig. 1B). To verify this, we also
applied real-time PCR (qPCR), which showed a 2.4-fold in-
creased PEPCK and a 2.2-fold reduced PK transcript levels in the
TRal+m animals (Fig. 4B, top panels).

Upon treatment with high doses of T, expression of PEPCK
mRNA was induced in both genotypes, and a more zonated
pattern was observed compared with the ubiquitous expression
in the untreated animals. The corresponding qPCR analysis
showed a 2-fold increase in PEPCK expression in the wild type
upon T treatment but only a slight nonsignificant increase in the
mutant mice. That this increase is not as apparent as in the i situ
hybridization might be due to the limited quantitative capacity of
the in situ hybridization.
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FIG. 3. In situ hybridization histochemistry on liver sections of untreated, Ts-
treated, and 30 C acclimated wild-type (WT) mice and animals with a mutant
TRa1 (+m), showing the mRNA expression of phosphoenolpyruvate (PEP)
carboxykinase and PK. Scale bar, 500 pum.
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With regard to PK mRNA levels, T; treatment caused a de-
creased expression in the wild type but an increase in the mutants
compared with untreated animals (Fig. 3 and supplemental Fig.
1B). Similar to PEPCK, the qPCR confirmed a 2-fold reduction
in PK mRNA levels in T;-treated wild types, whereas transcript
levels were not significantly changed in the mutant animals (Fig.
4A, top panels).

When the mice were reared at thermoneutrality, an even more
pronounced zonation of PEPCK and PK mRNA expression was
observed by in situ hybridization (Fig. 3). Similar to room tem-
perature, the in situ hybridization indicated higher PEPCK and
lower PK expression in the mutants; however, this difference
failed to reach significance when quantified by qPCR (Fig. 4D).

We then analyzed the mRNA expression of other genes in-
volved in glucose handling using qPCR to identify additional
effects of the mutant TRa1 on glucose metabolism. Transcript
levels of lactate dehydrogenase and aldolase B showed no dif-
ferences between the genotypes or upon T treatment (Fig. 4A
and statistics in supplemental Fig. 1A). Moreover, glucose-6-
phosphatase mRNA levels were also not significantly different
between the genotypes but decreased in both animal groups after
T, treatment. Similarly, glucokinase was induced upon T; treat-
ment as expected (22), but the expression levels did not differ
between the genotypes. Thus, the mutant TRa1 had no strong
effects on the expression of these genes, either under euthyroid or
under hyperthyroid conditions.
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FIG. 4. A, mRNA levels of hepatic glucose metabolic genes in untreated and Ts-
treated (+T5) wild-type (WT) and mutant (+m) animals (*, P < 0.05 compared
with untreated WT); B, mRNA levels of phosphoenolpyruvate (PEP) carboxykinase
and PK in isolated liver slices of wild-type (WT) and mutant (+m) animals
cultured for 6 h (to achieve denervation effects) in comparison with intact
organs; C, colocalization of PEPCK and E-cadherin mRNA expression by double in
situ hybridization histochemistry, showing regions expressing both () or neither
(#) mRNA; D, quantification of PEPCK and PK mRNA levels in wild-type and
TRa1+m mutants reared at 30 C using qPCR; E, hepatic mRNA expression of PK
and PEPCK in TReAMI mice, which liver-specifically express a mutant TRa1L400R
upon Cre recombination (ALFP-Cre); F, mRNA levels of PK and PEPCK in P15
mice expressing either the mutant TRa1R384C or TRa1L400R (**, P < 0.005
compared with wild type; #, P = 0.06 compared with wild type).
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To define the hepatic region in which the mutant TRal
caused an up-regulated PEPCK mRNA expression, we applied
double in situ hybridization histochemistry with probes for
E-cadherin mRNA as periportal marker. The analysis revealed
that the expression of PEPCK and E-cadherin mRNA overlapped
in mice of both genotypes reared at 30 C (Fig. 4C). This dem-
onstrates that PEPCK mRNA levels are up-regulated in the pe-
riportal areas of TRa1+m mutants.

Role of TRa1 in the regulation of hepatic PEPCK and PK

To investigate whether the changes in PEPCK and PK mRNA
were caused by a direct hepatic action of the mutant TR, slices
of wild-type and mutant livers were cultured for 6 h, a time
period long enough to mimic a denervated state, because the
mRNA half-life of PEPCK and PK is around 90 min and effects
mediated by changes in cAMP signaling manifest within 20 min
(23,24). Analysis by qPCR (Fig. 4B) revealed that the expression
of PEPCK was unaffected as expected from the literature (25),
whereas the expression of PK mRNA was more than 2-fold in-
duced as a consequence of the denervation (P < 0.05). However,
the differences between wild type and TRal-+m mutants per-
sisted for both genes after denervation (P < 0.05), suggesting a
direct hepatic effect of the mutant TRal.

We then analyzed hepatic PEPCK and PK mRNA levels in
mice, which upon Cre recombination express a mutant
TRa1L400R receptor (15) specifically in hepatocytes (TRaAMI
mice crossbred with ALFP-Cre mice). No difference was ob-
served in the expression of the two genes in these animals (Fig.
4E), even upon propylthiouracil-induced hypothyroidism or af-
ter TH treatment (data not shown). To identify whether the
absence of PEPCK and PK regulation in these animals might be
caused by the different location of the TRal mutation
(TRa1R384C vs. TRa1L400R), we analyzed the expression of
these genes in postnatal d 15 (P15) TRaAMI mice, which express
the mutant TRa1L400R in all tissues (Fig. 4F). In contrast to P15
TRa1R384C mice, where PEPCK and PK transcript levels were
not different from littermate controls, the TRa1L400R mutants
exhibited reduced PK and PEPCK transcript levels, indicating
that the two mutations differ in their consequences for hepatic
metabolism.

Physiological consequences in TRa1+m mice

Because many rate-limiting enzymes are posttranscription-
ally modified, we determined the enzymatic activities of PEPCK
and PK in liver homogenates to corroborate the quantitative data
obtained by gPCR. Our results showed a shift from glycolysis to
gluconeogenesis in TRa1+m mice (Fig. 5A), a situation compa-
rable to the one found in fasted wild-type mice. However, this
ratio was not further altered in the mutants after 24 h fasting.
Similar results were obtained by treatment with T; and by rear-
ing at thermoneutrality; both conditions increased glucose pro-
duction over glucose consumption in the wild-type animals but
had no effect on the mutant mice.

We then determined the hepatic glycogen content in the liver
of these animals. The results showed completely depleted gly-
cogen stores in TRa1+m mice, again comparable to the situation
found in fasted animals (Fig. 5B). Although T; treatment de-
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FIG. 5. Ratio between the enzymatic activities in Units (U) of PEPCK and PK (A)
and hepatic glycogen content (B) in untreated, 24-h fasted (fast), T5-treated
(+T5) wild-type (WT), and TRa1+m (+m) mice and animals that were reared at
thermoneutrality (30 C). *, P < 0.05 compared with untreated WT; **, P <
0.005 compared with untreated WT; ***, P < 0.001 compared with untreated
WT; #, P < 0.05 compared with untreated TRa1+m; arb., Arbitrary.

creased the glycogen content in wild-type mice by half, mutant
mice increased their hepatic glycogen content to T;-treated wild-
type levels. At thermoneutrality, both genotypes exhibited ele-
vated glycogen levels that were significantly higher than in un-
treated wild-type mice.

Despite depleted glycogen, the mutant mice handled a pro-
longed fasting (24 h) as efficiently as wild-type mice (glucose
levels fed wild type 7.28 = 0.30 vs. TRa1+m 8.2 = 0.13; fasted
wild type 5.74 = 0.32 vs. TRal+m 5.42 = 0.28 mmol/liter). We
observed neither upon Tj; treatment nor at thermoneutrality a
significant difference in blood glucose levels between the geno-
types (T;-treated, wild type 7.28 * 0.39 vs. TRal+m 6.36 +
0.27; 30 C acclimation, wild type 7.24 = 0.53 vs. TRal+m
8.5 = 0.35 mmol/liter).

To determine the developmental window at which the de-
ranged setting of glycogen metabolism occurred, we reactivated
the mutant receptor in TRa1+m mice at different time periods
of development and analyzed the glycogen content in the adult
animal. To reactivate the mutant TRa1 postnatally, we crossed
TRa1+m animals with hyperthyroid TRB™ ~ mice, thus obtaining
TRal+m TRB™ ~ double mutants, which exhibit 10-fold elevated
TH levels from birth onward (5). These animals exhibited partial
restoration of glycogen stores, whereas hyperthyroid TRB™ ™ con-
trols had a 50% decreased glycogen content (Fig. 6).

Then we reactivated the mutant receptor during fetal develop-
ment using the hyperthyroid TRB™ ~ dams. These dams expose the
TRal+m embryos to high levels of TH throughout gestation, thus
restoring TRa1 signaling in utero (5). Strikingly, the high levels of
maternal TH during embryogenesis normalized the glycogen
deficiency in adult TRa1l+m mice. Furthermore, the glycogen
content was also restored in TR~ ~ and TRal+m TRB™ ~ double-
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FIG. 6. Hepatic glycogen content in wild-type (WT) and TRa1+m mice (+m),
wild-type and TRa1+m mice that were born from dams with high maternal TH,
wild-type and TRa1+m animals that have been exposed to high levels of TH
postnatally by the inactivation of TRB (8——), combinations of the latter two
treatments and wild-type and TRa1+m mice born from dams that were exposed
orally to high levels of T during E10.5-E13.5 of the pregnancy. ***, P < 0.001
compared with untreated WT; ##, P < 0.005 compared with untreated
TRal+m; ###, P < 0.001 compared with untreated TRa1+m; arb., Arbitrary.

mutant animals. To avoid potential effects of the maternal TRB
inactivation, we also treated pregnant dams orally with T5 from
embryonicd 10.5 (E10.5) until E13.5. Also, this treatment restored
the glycogen deficiency in the adult offspring mice, indicating that
the TRa1 aporeceptor affects the metabolic setpoint in the offspring
during this developmental windows.

Discussion

Effects of TH on hepatic glucose metabolism

The livers of TRa1+m mice are affected by two factors: an
impaired hepatic TRa1 signaling and a centrally induced hyper-
metabolism. Our analysis revealed that the mutant animals ex-
hibited depleted glycogen stores despite increased gluconeogen-
esis and decreased glycolysis. This phenotype was mainly
caused by the hypermetabolic state of the animals, only a
slight difference in the mRNA expression of the rate-limiting
gene PEPCK remained at thermoneutrality, when the metab-
olism was normalized.

Because the TRa1+m animals represent a receptor-mediated
hypothyroidism, an increased hepatic glucose production is un-
expected. Hypothyroidism is associated with decreased glucone-
ogenesis (25, 26), whereas hyperthyroidism causes increased
PEPCK expression and decreased PK mRNA (27), as also found
in our T;-treated wild-type mice.

Given the prominent role of TRal in the brain, a central effect
could be inferred, because alterations in the hypothalamus-liver
circuit can contribute to hyperglycemia through the elevation of
gluconeogenesis, e.g. in diabetes (28). Moreover, electrical stim-
ulation of the sympathetic nervous system via the ventromedial
hypothalamus is known to increase PEPCK activity and suppress
PK (29) while emptying glycogen stores (30). Accordingly, when
livers of wild-type and mutant animals were cultured as dener-
vated slices for 6 h, PK mRNA was 2-fold induced in both ge-
notypes, probably as a consequence of an abolished central in-
hibition. However, neither PK nor PEPCK mRNA expression
normalized in the mutant explant tissues. This correlates with
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studies on surgically denervated rat livers, which suggested that
any central contributions on PEPCK mRNA regulation are neg-
ligible under eu- and hyperthyroid conditions (25).

A direct hepatic effect of the mutant TRa1 is supported by the
observation that the stimulation of PEPCK mRNA occurred spe-
cifically in the periportal zone, where gluconeogenesis is higher
than around the central veins (31) and where TRal1 is the only
expressed TR isoform (32, 33).

In contrast, mutant mice expressing the TRa1L400R muta-
tion exclusively in the liver did not show any abnormalities in
PEPCK and PK mRNA expression; however, animals expressing
TRa1L400R in all tissues showed a different expression of
PEPCK and PK than TRa1R384C mice. The different conse-
quences of the two mutations for hepatic metabolism are most
likely caused by their location, which may affect the interac-
tions of the receptors with nuclear cofactors (34). Therefore, the
absence of a hepatic phenotype in liver-specific TRa1R400L ani-
mals does not exclude a liver-specific action of TRa1R384C. How-
ever, a possible transcriptional effect of a mutant TRa1R384C on
PEPCK or PK seems of minor physiological relevance, regarding the
fact that the ratio of enzymatic activity between PEPCK and PK
normalized in the mutant animals at thermoneutrality.

Consequences for glycogen storage

Together with the enzymatic activities of PEPCK and PK, the
glycogen content of the liver is a valuable metabolic readout for
hepatic glucose flux. In wild-type mice, T treatment up-regu-
lated gluconeogenesis but decreased glycogen content by half,
reflecting an increased systemic glucose demand. The situation in
the mutant mice with low glycogen despite high gluconeogenesis
is remarkable, because glucose produced from gluconeogenesis
is usually exclusively used to fuel the glycogen production, a
condition termed the glucose paradox (35, 36). This paradox
could be observed in animals of both genotypes reared at ther-
moneutrality, where increased PEPCK and suppressed PK lead to
large amounts of stored glycogen. In the mutant animals reared
at room temperature, glucose was not stored as glycogen but
exported into the bloodstream. However, it cannot be excluded
that there is a constant flux in and out of glycogen as suggested
by the glucose paradox (35) because only steady-state levels of
glycogen have been determined.

TRa1+m mice are in a chronically fasted state

The physiological condition of increased gluconeogenesis
over glycolysis and depleted glycogen stores indicated that
TRa1+m mice were in a chronically fasted state, comparable to
the situation found in wild-type mice after 24 h food deprivation
(27). In fasting wild-type mice, the hepatic glycogen stores were
rapidly mobilized to maintain euglycemia; however, glycogen-
olysis accounts for only 50% of the glucose demand in the first
24 h fasting, whereas the remaining half is covered by glucone-
ogenesis (37). It was thus not surprising that increased glucone-
ogenesis in the mutant animals was also sufficient to meet the
glucose demand built up by the 24-h fast. It remains, however,
uncertain whether this system is flexible enough to cope with
longer starvation periods or an immediate glucose demand by,
for example, insulin stimulation.

Glucose Metabolism in Mice with Mutant TRa1
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The chronically fasted state of TRal+m mice partially re-
flected the situation found in human metabolic disorders such as
cancer cachexia (38) or glycogen storage disease type 0, a con-
dition in which a defective glycogen synthetase prevents accu-
mulation of glycogen (39). Thus, TRa1+m mice provide a valu-
able animal model to identify therapeutic approaches enhancing
the treatment of similar metabolic disorders using TRa1 specific
pathways.

The glycogen deficiency is programmed during
embryonal development

The observation that the hypermetabolic phenotype can be
reversed at thermoneutrality, which functionally deinnervates
the BAT, strongly suggests a central origin of the dysregulations
caused by the mutant TRal (11). Because the glycogen defi-
ciency was normalized in TRal+m mice at thermoneutrality
and when the animals were exposed to high levels of maternal
TH during pregnancy, the developmental defect seemed to be
caused by the aporeceptor state of TRal in early brain devel-
opment. Moreover, the 50% reduction of hepatic glycogen con-
tent observed in TRB™~ mice was also restored by exposure to
high TH levels during fetal development. However, because T,
serum levels are somewhat lower in TRB™ ™ mice born by dams
with high levels of TH compared with TRB™~ animals from
euthyroid dams (5), different mechanisms from those in
TRa1+m mice could contribute to this effect.

That the glycogen deficiency is restored by embryonal reac-
tivation of the mutant receptor was not surprising, because it is
well known that impaired TRa1 signaling during pregnancy
causes suboptimal neuronal development, a situation also oc-
curring during maternal hypothyroxinemia (40). This condition
can lead to various irreversible central nervous system distur-
bances (41), different setpoints of endocrine circuits such as the
hypothalamic-pituitary-thyroid axis (42) and an impaired de-
velopment of several tissues such as the heart and the lungs (43).
All these deficiencies persist into adulthood and occur even if the
maternal hypothyroxinemia was only mild or moderate (40).
Because insulin sensitivity is negatively associated with TH status
inintrauterine retarded newborns (44), it was not surprising that
impaired TRa1 signaling during pregnancy also affected the met-
abolic setpoint of the offspring.

In summary, our results demonstrate that impairments in TH
metabolism during embryonic development can cause metabolic
aberrations in the offspring. These findings add another aspect to
the growing evidence that proper maternal TH supply is of con-
siderable importance for the well-being of the child and under-
line the necessity for adequate control of TH levels during
pregnancy.
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