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Different Hypothalamic Mechanisms Control Decreased
Circulating Thyroid Hormone Levels in Infection
and Fasting-Induced Non-Thyroidal lliness Syndrome
in Male Thyroid Hormone Action Indicator Mice
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Background: Non-Thyroidal Illness Syndrome (NTIS) caused by infection or fasting is hallmarked by reduced
circulating thyroid hormone (TH) levels. To better understand the role of local TH-action in the development of
NTIS, we assessed tissue-specific changes of TH signaling in Thyroid Hormone Action Indicator (THAI) mice.
Methods: NTIS was induced in young adult THAI mice by bacterial lipopolysaccharide (LPS)-administration
or by 24 or 48 hours’ fasting. Tissue-specific TH-action was assessed by the detection of changes of the
Luciferase reporter of THAI mice with quantitative polymerase chain reaction along with tissue-specific ex-
amination of regulators of TH metabolism and signaling. Age dependence of revealed alterations of hypo-
thalamic TH-action was also studied in 1-year-old male THAI mice.

Results: LPS-treatment increased TH-action in the hypothalamic arcuate nucleus-median eminence (ARC-ME)
region preceded by an increase of type 2 deiodinase (D2) expression in the same region and followed by the
suppression of proTrh expression in the hypothalamic paraventricular nucleus (PVN). In contrast, LPS de-
creased both TH-action and D2 activity in the pituitary at both ages. Tshff expression and serum free thyroxine
(fT4) and free triiodothyronine (fT3) levels decreased in LPS-treated young adults. Tshf; expression and serum
fT4 levels were not significantly affected by LPS treatment in aged animals. In contrast to LPS treatment, TH-
action remained unchanged in the ARC-ME of 24 and 48 hours fasted animals accompanied with a modest
decrease of proTrh expression in the PVN in the 24-hour group. Tshff expression and fT3 level were decreased
in both fasted groups, but the fT4 decreased only in the 48 hours fasted animals.

Conclusions: Although the hypothalamo-pituitary-thyroid (HPT) axis is inhibited both in LPS and fasting-
induced NTIS, LPS achieves this by centrally inducing local hyperthyroidism in the ARC-ME region, while
fasting acts without affecting hypothalamic TH signaling. Lack of downregulation of T'shff and fT4 in LPS-
treated aged THAI mice suggests age-dependent alterations in the responsiveness of the HPT axis. The LPS-
induced tissue-specific hypo-, eu-, and hyperthyroidism in different tissues of the same animal indicate that
under certain conditions TH levels alone could be a poor marker of tissue TH signaling. In conclusion,
decreased circulating TH levels in these two forms of NTIS are associated with different patterns of hypo-
thalamic TH signaling.
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Introduction

THE NON-THYROIDAL ILLNESS SYNDROME (NTIS) is
caused by fasting or serious disease conditions such as
infection and hallmarked by central inhibition of the
hypothalamo-pituitary-thyroid (HPT) axis.' Similar to hu-
mans, fasting and bacterial lipopolysaccharide (LPS) ad-
ministration, a model of infection, also causes NTIS in
rodents.*”’

Despite decreased circulating thyroid hormone (TH) lev-
els, we have suggested that LPS-induced increase of the ac-
tivity of the TH activating type 2 deiodinase (D2) enzyme in
tanycytes of the mediobasal hypothalamus (MBH) may
cause local hyperthyroidism in the MBH and therefore may
be a key mediator of the effect of LPS on HPT axis sup-
pression.* This hypothesis was, however, debated by Mebis
et al based on the absence of increased triiodothyronine (T3)
content in the whole hypothalamus of a rabbit NTIS model.®
As the available methods were not sufficiently sensitive to
determine the T3 content of the very small MBH, our
hypothesis could not be directly proven.

Diano et al observed a twofold increase of D2 activity also
in the MBH of fasted rats and suggested that increased TH
activation in the MBH could contribute to fasting-induced
inhibition of the HPT axis.’

To overcome the challenge of the direct assessment of
tissue-specific TH-action, we generated the Thyroid Hor-
mone Action Indicator (THAI) mouse model that allows
tissue-specific detection of TH-action and gauges TH sig-
naling within a physiological context.'® To better understand
the development of NTIS, we studied in THAI mice whether
local TH-action is changed in the MBH and could contribute
to the development of LPS- and fasting-induced NTIS along
with measuring tissue-specific TH-action and parameters of
the HPT axis. The impact of aging was also studied on the
revealed alterations of hypothalamic TH signaling.

Materials and Methods

Methods are detailed in Supplemental Data.

Animals

We used 3-month-old (young adult) and 1-year-old (aged)
male THAI line #23 FVB/Ant mice that allows tissue-specific
assessment of TH-action.'® In this transgenic mouse model,
the expression of the luciferase reporter is driven by a min-
imal viral promoter that was made TH sensitive by the in-
sertion of three coPies of the TH response element of the
human diol gene.'"® Animals were housed under standard
environmental conditions (light between 06:00 and 18:00
hours, temperature 22+ 1°C, mouse chow, and water ad li-
bitum). All experimental protocols were reviewed and ap-
proved by the Animal Welfare Committee at the Institute of
Experimental Medicine, Hungary (PEI/001/1550-10/2014 -
PE/EA/1490-7/2017).

LPS treatment, fasting, and microdissection
of brain areas

Mice were treated i.p. with LPS (150 ug/animal; Escher-
ichia coli 0127:B8; Sigma) or saline as control and decapi-
tated 6, 8, and 10 hours after injection (animal number is
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given in the legends). Treatment time was optimized based on
preliminary experiments between 4 and 24 hours; 6—10 hours
was found to be appropriate to observe the well-known
hallmarks of acute NTIS. Animals were fasted for 24 or 48
hours followed by tissue collection and microdissection.'!

Tagman real-time PCR

Reverse transcription-quantitative polymerase chain reac-
tion was performed on Viia 7 Real-time PCR instrument
(Applied Biosystems). Accession numbers of used Tagman
probes are listed in Supplementary Table S1. The sequence of
the dCpG Luciferase probe has been previously published.'”

ProTrh messenger RNA in situ hybridization

Hybridization was performed using a 741 base (corre-
sponding to the 106-846 nucleotides of the mouse proTrh
messenger RNA [mRNA]; BC053493) single-stranded
[*>S]UTP labeled cRNA probe for mouse proTrh as previ-
ously described."

Deiodination assay

D2 activity of whole pituitary samples was assayed in the
presence of '*’I-thyroxine (T4) and released iodine was
counted, as previously described.'?

Determination of circulating hormone levels

Serum free T4 (fT4), free T3 (fT3), and serum thyrotropin
(TSH) were determined as provided in Supplementary Data.

Simple Western blot (WES)

Thyrotropin-releasing hormone-degrading ectoenzyme
(TRH-DE) content of microdissected arcuate nucleus-
median eminence (ARC-ME) samples was measured with
WES Simple Western capillary electrophoresis system.

Data analysis

Student’s two-sample two-sided #-test was used to analyze
two groups; one-way analysis of variance followed by Tukey
and Dunnett post hoc test was used to compare more than two
groups.

Results

TH signaling undergoes marked changes in NTIS
in regulatory regions of the HPT axis

In the PVN of young adult THAI mice, the expression of
proTrh mRNA was significantly decreased between 6 and 8
hours (Fig. 1A). The LPS-treatment also reduced the Tshf;
mRNA level in the pituitary (Fig. 1B), and serum TSH level
was also decreased at 10 hours (Supplementary Fig. S1). In
the serum, circulating fT4 and fT3 levels were markedly
decreased (Fig. 1C, D) as expected.*”

Earlier, we showed that LPS-treatment results in a marked
increase of tanycytic D2 activity that is independent from
decreased peripheral TH levels.*'* Based on this, we hy-
pothesized that the increased TH activating capacity of ta-
nycytes induces local hyperthyroidism in the MBH despite
the lower serum fT4 levels, and it inhibits the hypophysio-
tropic TRH neurons by enhancing negative TH feedback.'*
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FIG. 1. Age-dependent responsiveness of the HPT axis in
LPS-induced NTIS. Male THAI mice were treated with
150 pg/animal LPS i.p. (A-D) YA (2-3 months old), (A) PVN
proTrh mRNA levels levels, (B) pituitary Tshff mRNA levels,
(C) serum fT4 levels, (D) serum fT3 levels, (E-H) AG (1 year
old), (E) PVN proTrh mRNA levels, (F) pituitary 7shf mRNA
levels, (G) serum fT4 levels, (H) serum fT3 levels n(YA)=5/
group. n(AG)=6-9/group; figure shows Tukey Box Plots,
o=0.05; *p<0.05, **p<0.01, ***p <0.001. AG, aged adults;
fT3, free triiodothyronine; fT4, free thyroxine; HPT,
hypothalamo-pituitary-thyroid; LPS, lipopolysaccharide;
mRNA, messenger RNA; NTIS, Non-Thyroidal Illness Syn-
drome; PVN, paraventricular nucleus; RQ, relative quantity;
THALI, Thyroid Hormone Action Indicator; YA, young adults.

To determine how LPS-treatment impacts local TH economy
in the MBH, we tested the effect of LPS-treatment on TH-
action in the ARC-ME region using the THAI mouse model.

The LPS-treatment resulted in a time-dependent elevation of
Luciferase expression (marker of TH-action) in the ARC-ME
region that became statistically significant 8 hours after LPS
injection (Fig. 2A). The observed increase of local TH sig-
naling was preceded by a marked increase of D2 expression in
the ARC-ME region (6 hours after LPS-treatment) (Fig. 2B).

In contrast to the hypothalamus, LPS-treatment decreased
Luciferase expression in the pituitary, indicating a reduction
of TH signaling in this tissue (Fig. 3A). This was accompa-
nied with decreased D2-mediated TH activation and de-
creased D3-mediated TH inactivation (Fig. 3B, C,
respectively). Expression of TH transporters Oatplcl
(Slcolc) and Mct8 (Slc16a2) remained unchanged in the pi-
tuitary (Fig. 3D, E).

Responsiveness of the HPT axis is age-dependent
in NTIS

Since TH economy is subjected to age-mediated chan-
ges,'” we also performed studies in aged adult (1 year old)
THALI animals to study whether the revealed changes of TH
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FIG. 2. Thyroid hormone action in the hypothalamus in
LPS-induced NTIS. Male THAI mice were treated with
150 pg/animal LPS i.p.; Luciferase expression represents
local TH-action. (A, B) YA (2-3 months old), (A) ARC-ME
Luciferase mRNA levels, (B) ARC-ME Dio2 mRNA levels,
(C, D) AG (1 year old), (C) ARC-ME Luciferase mRNA
levels, (D) ARC-ME Dio2 mRNA levels. n(YA)=>5/group;
n(AG) = 8-9/group; figure shows Tukey Box Plots, o=0.05;
*p<0.05, **p<0.01, ***p<0.001. ARC-ME, arcuate
nucleus-median eminence; TH, thyroid hormone.
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signaling in NTIS are age-dependent. In 1-year-old mice, a
similar decrease of proTrh mRNA level was observed in the
PVN after LPS-treatment compared with young adults
(Fig. 1E), indicating that the hypothalamic response of the
HPT axis was age-independent.

However, in contrast to young adults, neither the expres-
sion of Tshf in the pituitary nor the circulating fT4 levels was
significantly decreased in aged animals (Fig. 1F, G). Serum
TSH of aged animals was significantly lower in the controls
compared with young adults (1.02 vs. 0.37, p=0.001), and
TSH levels of the LPS-treated aged group were below the
limit of detection. Therefore, the magnitude of the impact of
LPS on serum TSH could not be compared in an age-
dependent manner.

fT3 levels were significantly decreased by LPS-treatment
in both age groups (Fig. 1D, H). Similar to young adults, the
LPS-induced increases of Luciferase and Dio2 expressions
were also observed in the ARC-ME region of aged animals
(Fig. 2C, D). In the pituitary of aged animals, the findings on
Luciferase, D2 activity, Dio3, and Oatplcl (Fig. 3F-I) were
similar to young adults, except that Mct8 expression was
slightly increased in the aged group (Fig. 3J).

To understand the mechanisms underlying the observed
age-related difference in Tshff regulation, we studied factors
with potential to alter central components of the HPT axis.
ProTrh mRNA expression in the PVN of young adults and
aged animals was compared by in situ hybridization, and no
significant difference could be found (p=0.099) (Fig. 4A,
B). The major regulator of TRH peptide degradation, the Trh-
de was also studied. The Trh-de mRNA was significantly
decreased 8 hours after the LPS injection in the ARC-ME
samples of both age groups, and this drop in Trh-de expres-
sion was significantly higher in the aged animals (0.48 vs.
0.60, p=0.021) (Fig. 5A, D).

However, this change was not reflected in the amount of
TRH-DE protein in the ARC-ME region in neither age group,
assessed by Capillary Microwestern (Fig. 5B, E; Supple-
mentary Fig. S2). The expression of pituitary Trh-rl, the
canonical receptor of TRH signaling in the pituitary, was
markedly decreased after LPS-treatment, but no age-related
differences were observed (Fig. 5C, F).

Coexistence of eu- and hypothyroidism in peripheral
tissues after LPS-treatment

Hepatic Luciferase expression was not influenced by LPS-
treatment in young adults, although hepatic Diol expression
was markedly decreased by the treatment (Fig. 6A, B). In
contrast, Luciferase expression of LPS treated mice was

>

FIG. 3. Thyroid hormone action in the pituitary in LPS-
induced NTIS. Male THAI mice were treated with
150 pg/animal LPS i.p.; Luciferase expression represents
local TH-action. (A-E) YA (2-3 months old),
(A) Luciferase mRNA levels, (B) D2 activity, (C) Dio3
mRNA levels, (D) Oatplcl mRNA levels, (E) Mct§ mRNA
levels (F-J) AG (1 year old), (F) Luciferase mRNA levels,
(G) D2 activity, (H) Dio3 mRNA levels, (I) Oatplicl
mRNA levels, (J) Mct8 mRNA levels. n(YA)=>5/group;
n(AG) =7-9/group; figure shows Tukey Box Plots, «=0.05;
*p<0.05, **p<0.01, ***p<0.001. D2, type 2 deiodinase.

A

RQ
(Luc/Gapdh)

Activity

[fmol/min/Mggreqein)

(@)

RQ
(Dio3/Gapdh)

=)

RQ
(Oatp1c1/Gapdh)

RQ
(Mct8/Gapdh)

YA Luciferase mRNA

xx

1.54 ax

1.0-@

0.5

] =
o & 8 10

LPS [h]
YA D2 activity
3: *
10
1 g E
L . L
0 6 10
LPS [h]
YA Dio3 mRNA
2.0
1.5+

RI=P=

0o 6 8 10
LPS [h]

YA Oatp1c1 mRNA

e

0 6 8 10
LPS [h]

YA Mct8 mRNA
2.04

leate

0.5+

T T T T
0 6 B8 10

LPS [h]

F

RQ

(Luc/Gapadh)

Activity
[fmol/min/mgprotein]

RQ RQ
(Dio3/Gapdh)

(Oatpic1/Gapdh)

RQ
(Mct8/Gapdh)

SINKO ET AL.

AG Luciferace mRNA

2.0

1.5+

1.0

D.S-j E

L
0 8

LPS [h]

AG D2 activity

8- *xw

T B

LPS [h]

AG Dio3 mRNA
2.0+

e
=
0 8

LPS [h]

AG Oatp1c1 mRNA
2.0+

1.5+
1.0+
0.5
- T
0 8
LPS [h]

AG Mct8 mRNA

2.5+ .
z.o- T
1.5: *
1‘0-‘ %
0‘5-
0 8
LPS [h]



Downloaded by SEMMELWEIS UNIV OF MEDICINE from www.liebertpub.com at 12/06/22. For personal use only.

REGULATION OF INFECTION AND FASTING-INDUCED NTIS 5

ProTrh mRNA

FIG. 4. proTrh expression in the PVN of
YA and aged THAI mice.
(A) Representative dark-field micrographs

of proTrh in situ hybridization at the mid-
level PVN of YA (3 months old, upper
panel) and AG (1 year old, lower panel)
THAI mice. (B) Quantification of the proTrh

mRNA hybridization signal. n(YA)=4/
group; n(AG)=5/group; figure shows Tukey

o Box Plots, «=0.05; Scale bar: 100 um.

significantly decreased in the small intestine, representing
reduced TH signaling 10 hours after the treatment (Fig. 6C).
Similar changes were observed in aged animals (Fig. 6D-F).

Response of the HPT axis during fasting
is accompanied by unaltered hypothalamic
TH signaling

ProTrh expression was decreased by ~ 15% in the PVN
after 24 hours’ fasting by in situ hybridization, while this
decrease was already absent after 48 hours (Fig. 7A-D). Tshf3
expression in the pituitary was decreased by both 24 and 48
hours’ fasting (Fig. 8A, D). Serum T3 but not fT4 was de-
creased after 24 hours (Fig. 8B, C), while both fT4 and fT3
were decreased after 48 hours’ fasting (Fig. 8E, F). Fasting
was accompanied by unchanged Luciferase expression in the
ARC-ME region after both 24 and 48 hours’ fasting, indi-
cating unaltered hypothalamic TH signaling (Fig. 9A, C)
while Luciferase expression was decreased in the pituitary
(Fig. 9B, D). No changes of TH signaling were revealed that
could be responsible for the response of the HPT axis during
fasting, thus age-dependent studies under this condition were
omitted.

Discussion

The NTIS frequently occurs in hospitalized patients and is
hallmarked by central inhibition of TRH secretion and by
reduced serum TSH and TH levels, yet its pathogenesis is still
only partially understood."'®!” In rodents, infection-induced
NTIS can be mimicked by LPS-treatment. Earlier studies
demonstrated that LPS-treatment also influences local TH
metabolism in certain organs, suggesting both central and
peripheral modulation of the TH-action.*>'®

Data from our and other laboratories indicated that local-
ized hypothalamic increase of D2 activity in tanycytes could
play a role in the development of NTIS in rats and mice.*”
While circulating TH levels has an ~50% decrease 12 hours
after LPS-administration, the D2 activity in the tanycytes
increases fourfold.* Thus, we suggested that the net effect of
these changes could be local hyperthyroidism in the MBH
that can modulate the feedback regulation of hypophysio-

tropic TRH neurons and, therefore, could contribute to the
inhibition of the HPT axis by LPS-treatment.* This hypoth-
esis was also supported by the absence of LPS-induced in-
hibition of the HPT axis in D2 knockout mice.® However, the
concept was questioned by data reporting that T3 concen-
tration in the homogenate of complete hypothalamic blocks
was not influenced by LPS-treatment.®

Therefore, we took advantage of THAI mouse, a trans-
genic mouse model allowing the tissue-specific assessment
of endogenous changes in local TH-action.'” THAI mice
were treated with LPS and TH signaling was measured in
the ARC-ME region where D2 expressing tanycytes and the
axon terminals of the hypophysiotropic TRH neurons are
located.'**°

Our data revealed increased TH-action in the ARC-ME
region despite falling circulating TH levels. The increase of
Luciferase expression in this hypothalamic region is pre-
ceded by the increase of D2 expression in tanycytes, further
supporting that the LPS-induced increase of D2 activity in
these cells can induce local hyperthyroidism in the neuropil
surrounding the tanycytes. The ARC-ME region is critical
in the feedback regulation of the hypophysiotropic TRH
neurons.

The axon terminals of these cells terminate around the
fenestrated capillaries of the external zone of the ME.*! As
the ME is located outside of the blood-brain barrier, circu-
lating T3 can freely enter into the extracellular space of the
ME. The T3 content of this region, however, also depends on
the T3 released from tanycytes after conversion of the pro-
hormone T4 to the active T3. In the external zone of the ME,
the end feet processes of tanycytes and the axon terminals of
the hypophysiotropic TRH neurons are in close contact and
MCTS is also present on the surface of TRH axons.*!

This anatomical relationship suggests that the T3 content
of the ME is monitored by the hypophysiotropic TRH neu-
rons and it plays a critical role in the negative feedback
regulation of the TRH synthesis. The demonstrated local
hyperthyroidism in the hypothalamic ARC-ME was followed
by the decrease of proTrh expression in the PVN. This in-
dicates that local increase of TH-action in the MBH plays a
major role in impaired HPT activity.
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FIG. 5. Regulators of TRH action in the HPT axis in LPS-
induced NTIS. Male THAI mice were treated with
150 pg/animal LPS ip. (A-C) YA (2-3 months old),
(A) ARC-ME Trh-de mRNA levels, (B) ARC-ME TRH-DE
protein levels, (C) pituitary Trh-rI mRNA levels, (D-F) AG
(1 year old), (D) ARC-ME Trh-de mRNA levels, (E) ARC-
ME TRH-DE protein levels, (F) pituitary Trh-ri mRNA
levels. n(YA)=>5/group; n(AG)=7-9/group; figure shows
Tukey Box Plots, «=0.05; **p<0.01, ***p<0.001. TRH,
thyrotropin-releasing hormone; TRH-DE, thyrotropin-
releasing hormone-degrading ectoenzyme.

This is also supported by fact that the TRH expression is
decreased in the PVN at the same time when the Luciferase
expression is increased in the ARC-ME region. Therefore,
the LPS-induced local hyperthyroidism is likely sufficient
to inhibit the hypophysiotropic TRH neurons, despite the
fact that the increased D2 activity of tanycytes is not suffi-
cient to increase the TH-action in the entire hypothalamus
after LPS-treatment.

Intriguingly, TH-action is regulated differently in periph-
eral tissues. In contrast to the ARC-ME, pituitary TH-action
was decreased by LPS that was a net result of lower circu-
lating TH levels and the simultaneous decrease of D2 activity
in this tissue. Since D2 activity is negatively regulated by TH
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FIG. 6. Local thyroid hormone action of peripheral tissues
in LPS-induced NTIS. Male THAI mice were treated with
150 ug/animal LPS i.p.; Luciferase expression represents
local TH-action. (A—C) YA (2-3 months old), (A) hepatic
Luciferase mRNA levels, (B) hepatic Diol mRNA levels,
(C) small intestine Luciferase mRNA levels, (D-F) AG
(1 year old), (D) hepatic luciferase mRNA levels, (E) he-
patic Diol mRNA levels, (F) small intestine Luciferase
mRNA levels. n(YA)=>5/group; n(AG)=7-9/group; figure
shows Tukey Box Plots, «=0.05; *p<0.05, **p<0.01,
*k¥p <0.001.

availability,?* it is likely that the LPS itself or the LPS-
induced cytokines could be responsible for decreased D2
activity of the pituitary.

The direct action of these substances is supported by the
presence of cytokine and toll-like receptors in the pitui-
tary.>* Surprisingly, D2 activity and Dio3 expressions
changed parallel in the pituitary. As Dio3 expression is reg-
ulated positively by TH,** it is likely that the decreased Dio3
expression represents a compensatory mechanism that tries to
preserve pituitary TH-action to suppression of Tsh.

As a hallmark of NTIS, pituitary Tshff expression was
decreased as found earlier in LPS-injected rats and mice*’
accompanied with decreased serum TSH. The revealed
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FIG. 7. proTrh expression in the PVN of fasting THAI mice. (A, B) 24 hours fasting, (C, D) 48 hours’ fasting. (A,
C) Representative dark-field micrographs of proTrh in situ hybridization at the mid-level PVN of fasting YA.
(B) Quantification of the proTrh mRNA hybridization signal of (A), (D) Quantification of the proTrh mRNA hybridization
signal of (C). n(24 hours) = 10-11/group; n(48 hours) = 7-8/group; figure shows Tukey Box Plots, «=0.05; **p <0.01. Scale

bar: 100 ym.

decrease in pituitary TH signaling is interesting, since Tshf} is
negatively regulated by TH.?® This finding reveals that the
decreased Tshff expression in LPS-induced NTIS is not the
consequence of local pituitary TH-action, but it is likely that
the result of the decreased TRH expression and release
overrides the stimulatory effect of local pituitary hypothy-
roidism on Tshf expression.

Accumulating data support the hypothesis of a life-stage
specific optimum of tissue TH signaling. Decreased TH
levels have been associated with longer lifespan in animal
models.'>*>27 In addition, human clinical studies revealed
anegative correlation between longevity and circulating TH
levels.”® We studied how tissue-specific TH-action is
modulated by age during the challenge of LPS-induced
NTIS.

Our findings on Tshf and circulating fT4 of 1-year-old
THAI mice demonstrated an age-evoked impaired respon-
siveness of the HPT axis that hindered to develop the sig-
nificantly decreased Tshfi and circulating fT4 of young
adults, characteristic hallmarks of NTIS. This age-dependent
difference was not reflected in fT3 levels, which is not sur-
prising since peripheral TH metabolism plays an important
role in the regulation of the circulating fT3 levels.> Although
proTrh expression in the PVN decreased similarly in aged
and in young adults, this change could not be translated in
aged animals neither to decreased Tshf; expression nor to the
fall of circulating fT4 levels.

We speculated whether this is caused by an elevated basal
proTrh mRNA expression in the PVN of aged animals; thus,
a similar level of LPS-induced reduction in proTrh expres-
sion could result in higher TsAf levels in aged animals. Since
situ hybridization did not reveal an age-dependent difference
in proTrh expression in the PVN, we rejected this idea. Age-

dependent differences in local pituitary TH-action were ab-
sent, therefore we looked for age-dependent changes of
modulators of TRH levels.

TRH-DE (or pyroglutamil peptidase II) is an exocellular
deactivator of the TRH peptide and is highly expressed by the
tanycytes”” but LPS-treatment did not change TRH-DE
protein level in the MBH. In addition to the lower proTrh
mRNA levels in the PVN, the decreased expression of pitu-
itary Trh-rl also points toward a suppressed TRH signal on
thyrotrophic cells in the pituitary after LPS-treatment. As the
decrease of Trh-rl expression was not age-dependent, it is
likely that the age-dependent regulation of TSH expression is
not due to age-dependent regulation of TRH release, but ra-
ther an intrinsic feature of the thyrotropes.

The set-point of the HPT axis that determines the aimed
range of circulating TH levels is pre-set around birth and
remains unchanged during the entire lifespan.? Since a dif-
ferent optimum of TH homeostasis is suggested for specific
life periods, the fixed set-point represents a potential bottle-
neck in deregulation of TH homeostasis that could lead to
tissue-dysfunctions during aging. Our data demonstrate that
under specific conditions, responsiveness of the HPT axis
undergoes age-dependent changes despite the fixed set-point.

In addition, NTIS also generated an age-independent but a
tissue-specific pattern of TH-action in peripheral organs. Our
finding on unchanged hepatic TH-action up to 10 hours after
LPS injection differs from data showing a ~20% decreased
hepatic T3 content in LPS-treated female mice at this time
point.'® Tt is unclear why this decrease was not reflected in
hepatic TH-action. Since our studies were performed in
males, sex- or strain-specific effects cannot be excluded, but
modulation of TH transport or the TH receptor complex
could be also the reason for this effect.
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FIG. 8. Responsiveness of the HPT axis in fasting ani-
mals. Male THAI mice were fasted for 24 and 48 hours. (A—
C) 24 hours’ fasting, (D-F) 48 hours’ fasting, (A) pituitary
Tshfp mRNA levels, (B) serum fT4 levels, (C) serum fT3
levels, (D) pituitary Tshff mRNA levels, (E) serum fT4
levels, (F) serum fT3 levels. n(24 hours)=4-5/group;
n(48 hours)=3-5/group; figure shows Tukey Box Plots,
a=0.05; *p<0.05, **p<0.01, ***p <0.001.

In addition, our finding on unaltered hepatic TH-action
also underlines that the decrease of Diol, a known TH-
regulated marker gene in the liver, is not the result of de-
creased TH signaling, but likely a direct effect of cytokines
that were shown to interfere with Diol expression.”° This
further substantiates that endogenous TH-responsive genes
face serious limitations when used to monitor changes of
tissue-specific TH-action.

In contrast to LPS-induced NTIS, fasting was not associ-
ated with altered hypothalamic TH signaling although proTrh
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FIG. 9. Thyroid Hormone action in the HPT axis in
fasting animals. Male THAI mice were fasted for 24 and 48
hours, Luciferase expression represents local TH-action. (A,
B) 24 hours’ fasting, (C, D) 48 hours’ fasting, (A) ARC-ME
Luciferase mRNA levels, (B) pituitary Luciferase mRNA
levels, (C) ARC-ME Luciferase mRNA levels, (D) pituitary
Luciferase  mRNA levels; n(24 hours)=4-5/group;
n(48 hours)=>5/group; figure shows Tukey Box Plots,
0=0.05; **p<0.01, ***p<0.001.

expression was decreased in the PVN after 24 hours’ fasting
accompanied with decreased circulating TH levels and pi-
tuitary Tshf$ expression. In rats, proTrh expression is robustly
decreased in the PVN,’ while available data on mice are
limited and controversial.*' * Our studies based on repeated
experiments on 24 and 48 hours’ fasted mice pointed out that
the decrease of proTrh expression in the PVN of mice is
moderate compared with that of rats.

We also ran pilot studies with similar results on fasting
C57Bl/6 mice that indicated that modest response of proTrh
expression in the PVN of fasting mice is not specific for the used
FBV/Ant background. Our findings demonstrate that in contrast
to LPS-induced NTIS, the hypothalamic regulation of proTrh
expression in fasted mice is not associated with a signature of
elevated TH signaling in the MBH. Decreased pituitary TH-
action was found in both LPS and fasting-induced NTIS.

Although this could indicate that TSHf is not regulated
dominantly by local TH-action in the pituitary in either
condition, it should be also considered that thyrotrophs rep-
resent only a subpopulation of the pituitary and our mea-
surement is the net result of the full anterior pituitary, thus the
thyrotroph-specific conditions are unknown.

Our data also demonstrate that THAI mice can reveal local
tissue-specific changes of TH-action independently from
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circulating TH levels. These findings strongly call for the
development of approaches to allow assessment of tissue
TH-action in patients.
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Supplemental Data

Materials and Methods

Tissue collection and microdissection

After decapitation, trunk blood was collected in Eppendorf tubes, stored on ice and the serum
was separated by centrifugation 1 hour later. The sera were stored at -80°C until further
processing. Pituitary, liver and small intestine were removed and immediately frozen in
powered dry ice. Brains were removed from the skull, snap frozen in -40°C isopentane. Coronal,
1 mm thick slice containing the paraventricular nucleus (PVN) and 2 mm thick slice containing
the arcuate nucleus-median eminence (ARC-ME) region were cut with blades in precooled
brain matrix (Electron Microscopy Sciences). ARC-ME and PVN hypothalamic areas were
microdissected with punch needle from frozen sections placed on pre-cooled glass slides using
the Palkovits Punch technique under a Stemi 508 stereomicroscope (Zeiss). The samples were

collected in precooled Eppendorf tubes and stored at —80°C.

Tagman Real-time quantitative PCR

According to manufacturer’s instructions total RNA was isolated from peripheral tissue
samples with RNeasy Mini Kit (Qiagen), while RNeasy Lipid Tissue Mini kit (Qiagen) was
used for RNA isolation from punched brain areas. Qiagen RNase-free DNase set (ref: 79254)
was used to eliminate genomic DNA contamination. Total RNA (1png) was reverse transcribed
with High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). cDNA
concentration was determined with Qubit ssDNA assay kit. 10 ng cDNA was used in each
Tagman reaction. Reactions were assayed on Viia 7 Real-time PCR instrument (Applied
Biosystems), mRNA expression of target genes was detected with Tagman Gene expression

probe sets using Tagman Fast Universal PCR Mastermix (Thermo Fisher Scientific). Gapdh



expression proved to be stable in all used challenge conditions (no significant difference
between groups and low variance in groups) and was used as housekeeping.

5.55 ng of cDNA was used to preamplify the gene of interest and the housekeeping gene in
small intestine samples in aged animals using Tagman Preamp Master Mix (Applied
Biosystems). Reaction product was diluted 1:5 and subjected to Tagman PCR with equal
volumes of diluted preamplification product in each reaction. Hprtl expression was proved to
be stable in all used challenge conditions (no significant difference between groups and low
variance in groups) and was used as housekeeping for preamplified samples. Accession
numbers of used Tagman probes are listed in Supplemental Table 1. The sequence of the dCpG

Luciferase probe has been previously published (12).

ProTrh mRNA in situ hybridization

Under anaesthesia, blood was collected from the caudal vena cava and then, the animals were
decapitated. The brains were removed from the skull and frozen in chilled isopentane (24h
fasting experiment) or on powdered dry ice (48h fasting experiment) Serial 12 pum thick coronal
sections through the rostro-caudal extent of the PVN were cut on a cryostat (Leica CM3050 S,
Leica Microsystems) and adhered to Superfrost Plus glass slides (Fisher Scientific Co.) to
obtain five sets of slides, each set containing every fifth section through the PVN. The tissue

sections were stored at -80°C until prepared for in situ hybridization histochemistry.

Every fifth section of the PVN was hybridized with a 741 base (corresponding to the 106-846
nucleotides of the mouse proTrh mRNA; BC053493) single stranded [**SJUTP labeled cRNA
probe for mouse proTrh following methods as previously described (15). In vitro transcription
was performed using SP6 polymerase (Roche) and [*S] a-UTP (Perkin Elmer).
The hybridization was performed under coverslips in a buffer containing 50% formamide, a 2-

fold concentration of standard sodium citrate (2XSSC), 10% dextran sulfate, 0.5% sodium



dodecyl sulfate, 250 pg/ml denatured salmon sperm DNA, and 3x10° cpm of radiolabeled probe
for 16h at 56°C. Slides were dipped into Kodak NTB autoradiography emulsion (Eastman
Kodak, Rochester, N.Y.) diluted 1:1 in distilled water, and the autoradiograms developed after
4 (24h fasting) or 5 (48h fasting) days of exposure at 4°C. The slides were immersed in 0.005%
cresyl violet acetate (Sigma-Aldrich) for 2 minutes to obtain fluorescent counterstaining of cell
nuclei, dehydrated in ascending ethanol series and xylenes, and coverslipped with DPX
mountant (Sigma-Aldrich). In situ hybridization autoradiograms were visualized under
darkfield illumination using a Zeiss Axioimager M1 microscope equipped with MRc5 digital
camera (Zeiss) and analyzed with Image J software (NIH). The background density points were
removed by thresholding the image. The area covered by proTrh hybridization signal in the
PVN was measured in four sections containing the mid-level of the PVN identified by the

fluorescent counterstaining.

Determination of circulating TH and TSH levels

Serum free T4 (fT4) and free T3 (fT3) levels were measured with AccuLite CLIA Microwells
kit (Monobind Inc., Lake Forest, CA USA) according to the manufacturer’s instructions. Serum
TSH was determined using a MILLIPLEXTM Rat thyroid panel (Millipore Corporation) and

read on a Magpix (Millipore Sigma).

Deiodination assay of pituitary samples

In order to determine D2 activity, whole pituitary samples were homogenized with sonication
in PE buffer (0.1M potassium phosphate, 1 mM EDTA, pH 6.9) containing 0.25M sucrose and
10 mM DTT. Protein content was determined with Bradford’s method. Lysates containing 100

g protein were assayed in the presence of freshly purified 100.000 cpm '2°I-T4, 1nM T4, 100



nM T3, ImM PTU and 20 mM DTT for 180 min at 37 °C in duplicate followed by separation

of released iodine and counting in a gamma counter.

Simple Western Blot (WES)

Microdissected ARC-ME samples were homogenized by sonication in 50 pl lysis buffer (50
mM HEPES, 5 mM MgCl,, | mM EDTA, 0.1 M NaCl) containing 0.05 V/V% Triton, 1 mM
DTT and 1 tablet/10.5 ml Roche complete protease inhibitor cocktail. Total protein content was
determined with Qubit Protein Assay kit (Life Technologies). WES Simple Western capillary
electrophoresis system (Protein Simple) was used to determine TRH-DE levels using the 12-
230 kDa Separation module (ref: SM-WO004). Samples were prepared according to
manufacturer’s instructions, using 1X sample buffer and 10 min heat denaturation on 70 °C.
Samples were loaded onto WES in a concentration of 1,6 mg/ml. TRH-DE (ref: AF2985) and
GAPDH (ref: AF5718) antibodies were obtained from R&D Systems, optimal dilutions were
determined as 1:100 for GAPDH and 1:50 for TRH-DE. WES anti-goat detection module (DM-
006) was used for multiplex detection. Optimal run settings for WES were determined as 32
min separation time, 60 min primary antibody incubation time, other settings were default of

instrument. TRH-DE peak areas were normalized with GAPDH peak areas.

Data Analysis

Microsoft Excel and STATISTICA v13 was used to analyse data. Prism version 8.3 was used
to prepare the graphs. Figures show Tukey Box-Plot; box represents the two middle quartiles,
lower whisker represents lower quartile, upper whisker represents upper quartile, line represents
median, dots represent outlier data. Figure legend “n” shows mice used in groups. Null
hypothesis significance tests were conducted with 95 % level of confidence; Student’s two

sample two-sided t-test was used to analyse two groups; one-way analysis of variance



(ANOVA) followed by Tukey and Dunnett post-hoc test was used to compare more than two
groups. Models were deemed adequate based on residual plots and residual normal plots. Used

methods are detailed under each figure.
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Supplemental Figure 2. Raw electropherograms and digital gel image of TRH-DE WES simple western

capillary electrophoresis

Male THAI mice were treated with 150 pug/animal LPS i.p. n= 5-7/group

A: digitally generated gel image of all electropherograms; B-E: raw electropherograms of WES; B-C: young adults
(YA); B: 0 h LPS treatment; C: 8 h LPS treatment; D-E: aged adults (AG); D: 0 h LPS treatment; E: 8 h LPS

treatment



Supplemental Table 1: Tagman probes and gene names

Gene symbol

Gene name

Assay ID

Diol

deiodinase, iodothyronine, type I

MmO00839358_m1

Dio2

deiodinase, iodothyronine, type II

MmO00515664_ml1

Dio3

deiodinase, iodothyronine type 111

Mm00548953_s1

Gapdh

glyceraldehyde-3-phosphate dehydrogenase

Mm99999915_g1

Hprtl

hypoxanthine guanine phosphoribosyl
transferase

MmO01545399_ml

Luc

THAI mouse dCpG luciferase

custom probe, see ref.
[12]

Mct8

monocarboxylate transporter 8

Mm01232724_m1l

Oatplcl

solute carrier organic anion transporter
family member 1cl

Mm00451845_m1

proTrh

Thyrotropin-releasing hormone

Mm01963590_s1

Trh-de

TRH degrading ectoenzyme

Mm00455443_ml

Trh-rl

TRH receptor 1

Mm00443262_ml

Tshp

Thyroid-stimulating hormone

Mm03990915_gl
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Abstract: Thyroid hormone (TH) signaling is a prerequisite of normal tissue function. Environmental
pollutants with the potential to disrupt endocrine functions represent an emerging threat to human
health and agricultural production. We used our Thyroid Hormone Action Indicator (THAI) mouse
model to study the effects of tetrabromobisphenol A (TBBPA; 150 mg/bwkg/day orally for 6 days)
and diclazuril (10.0 mg/bwkg/day orally for 5 days), a known and a potential hormone disruptor,
respectively, on local TH economy. Tissue-specific changes of TH action were assessed in 90-day-old
THAI mice by measuring the expression of a TH-responsive luciferase reporter in tissue samples
and by in vivo imaging (14-day-long treatment accompanied with imaging on day 7, 14 and 21 from
the first day of treatment) in live THAI mice. This was followed by promoter assays to elucidate the
mechanism of the observed effects. TBBPA and diclazuril impacted TH action differently and tissue-
specifically. TBBPA disrupted TH signaling in the bone and small intestine and impaired the global
TH economy by decreasing the circulating free T4 levels. In the promoter assays, TBBPA showed a
direct stimulatory effect on the hdio3 promoter, indicating a potential mechanism for silencing TH
action. In contrast, diclazuril acted as a stimulator of TH action in the liver, skeletal muscle and brown
adipose tissue without affecting the Hypothalamo-Pituitary-Thyroid axis. Our data demonstrate
distinct and tissue-specific effects of TBBPA and diclazuril on local TH action and prove that the
THAI mouse is a novel mammalian model to identify TH disruptors and their tissue-specific effects.

Keywords: TBBPA; diclazuril; endocrine disruption; tissue-specific thyroid hormone action; thyroid
hormone action indicator mouse

1. Introduction

Thyroid hormone (TH) signaling is a well-known, fundamental regulator of cellular
functions. Physiological levels of TH action represent a prerequisite of normal tissue
function during development and adulthood [1]. Tissue TH action is regulated by a complex
machinery that allows the generation and maintenance of tissue-specific signatures of TH
action that can be independent of the relatively stable circulating serum TH levels [2-6].

Environmental pollutants with endocrine disruptor activity represent a growing con-
cern, since these molecules reach the food chain via water and agricultural production and
consequently can seriously impact human and animal health [7-9]. Despite intense efforts
and progress made in the screening of potential endocrine disruptor activities, our knowl-
edge is still limited concerning the impact of these molecules on tissue-specific TH action.
This is also associated with the limitations of the available experimental models [10-12].
While in recent years the number of novel test systems has appeared to be growing, a
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common aspect of most in vivo models is the use of endogenous genes as markers of TH
action. These genes are simultaneously regulated by numerous signaling systems, with
potential interference between direct and indirect effects of the tested disruptor on TH
economy [13,14]. Therefore, the assessment of endocrine disruptor activity in mammalian
tissues remains a major challenge.

We generated the THALI transgenic mouse model, which has been proven suitable to
selectively assess tissue-specific TH action in an unbiased manner using a TH-responsive
luciferase reporter system while all members of the local TH signaling machinery remain
intact [15-17]. We used this model to assess the endocrine disruptor activity of two com-
pounds, tetrabromobisphenol A (TBBPA) and diclazuril.

Tetrabromobisphenol A (TBBPA) is the most common flame retardant used for the
production of printed electronic circuit boards, various plastic products and textiles [18,19].
It is discharged into the environment during manufacturing, use and disposal of electrical
equipment, which results in the contamination of air, water, soil, sediments and sewage
sludge [20,21]. TBBPA was found to be a TH disrupting agent by studying Rana and
Xenopus metamorphosis [10,22].

Alarmingly, TBBPA was also detected in aquatic food samples at concentrations as
high as 207.3 ng/g lipid weight, further increasing human exposure [23]. Consequently,
TBBPA was also found in human tissues, milk and serum, and its concentrations reached
37 ng/g in breast milk and 649 ng/g in umbilical cord serum [8,24,25]. In addition, TBBPA
showed neurotoxic, nephrotoxic and hepatotoxic effects and also impacted reproductive
health in various animal models [10,26,27]. In human studies, it has been shown to affect the
endocrine and immune systems especially during development and pregnancy [12,28,29].
The acute toxicity indicated by the LD50 was determined to be between 5 and 10 g/bwkg
after a single oral dose in mice, rats and rabbits [30].

Diclazuril is widely used as an antiprotozoal agent and acts by targeting the chloro-
phyll a-D1 complex. It is used to prevent and treat coccidiosis in multiple species and is also
applied against equine protozoal myeloencephalitis, and to a lesser extent, toxoplasmosis
and neosporosis [31,32]. Its oral or subcutaneous dosages up to 5000 mg/bwkg caused no
mortality in mice and rats [33].

Coccidiosis poses an especially significant health risk in poultry, with significant
economic consequences. As chickens are often treated with medicated food containing
diclazuril, human exposure is a realistic scenario. Thus, the effect of diclazuril on the
human TH economy needs to be further investigated [34]. Diclazuril is considered to be
safe against toxoplasmosis during pregnancy in a mouse model [35]. However, continuous
exposure leads to stable plasma levels, which raises human concerns and calls for further
studies. Furthermore, its potential to disrupt hormonal signaling is poorly documented,
but its ability to bind androgen receptors was shown, along with data of its potential to
antagonize TH receptors in a high-throughput cell-based reporter gene assay [36,37].

Our data obtained in the THAI mouse demonstrate that TBBPA and diclazuril exert a
tissue-specific impact on mammalian TH action detectable in living animals and in isolated
tissue samples. The obtained data demonstrated the tissue-specific effects of TBBPA and
diclazuril on local and global TH economy. They also proved that the THAI mouse provides
a selective in vivo tissue-specific mammalian model to screen the potential of compounds
to disrupt TH signaling.

2. Results
2.1. Tissue-Specific Effects of TBBPA and Diclazuril on Peripheral TH Action

To assess the effect of TBBPA and diclazuril on TH action in different peripheral
tissues, we used our THAI mouse as an animal model [15]. TH action was assessed in
tissue samples by measuring the mRNA level of the TH-responsive luciferase reporter
system in dissected tissues with Tagman qPCR. We administered 150 mg/bwkg/day of
TBBPA for 6 days and 10.0 mg/bwkg/day of diclazuril for 5 days by oral gavage.
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After the TBBPA treatment, TH action remained unchanged in the heart, interscapular
brown adipose tissue (BAT), skeletal muscle, skin, small intestines and liver (Figure 1A-F).
In contrast, TH action in the bone was strongly decreased (Figure 1G).
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Figure 1. Peripheral thyroid hormone action after tetrabromobisphenol A (TBBPA) treatment. Thy-
roid hormone action quantified with luciferase mRNA levels in male THAI mice after six days of
oral administration of 150 mg/bwkg/day of TBBPA in corn oil containing 2% Et-OH; (A) heart;
(B) brown adipose tissue; (C) skeletal muscle; (D) skin; (E) small intestine; (F) liver; (G) bone.
n = 4-6 mice/group; figure shows Tukey Box Plots, a = 0.05; ***: p < 0.001.

Similarly to TBBPA, diclazuril left TH action unchanged in the heart, BAT, skin and
small intestine (Figure 2A,B,D,E). However, diclazuril increased TH action in the skeletal
muscle and liver (Figure 2C,F) and did not change TH action in the bone (Figure 2G).
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Figure 2. Peripheral thyroid hormone action after diclazuril treatment. Thyroid hormone action
quantified with luciferase mRNA levels in male THAI mice after five days of oral administration of
10 mg/bwkg/day of diclazuril in saline suspension; (A) heart; (B) brown adipose tissue; (C) skeletal
muscle; (D): skin; (E) small intestine; (F) liver; (G) bone. n = 5-6/group; figure shows Tukey Box
Plots, o« = 0.05; *: p < 0.05.

2.2. Distinct Impacts of TBBPA and Diclazuril on Local TH Action in Live THAI Mice

After assessing the impact of the two compounds in various peripheral tissues, we
were interested in whether a less invasive, in vivo method allowing a longer follow-up
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of the same animal would be adequate to assess trending changes that did not reach
significance in tissue homogenates (Figures 1 and 2). Therefore, we subjected the THAI
mice to in vivo imaging according to our established protocol that allows the assessment
of TH signaling in the small intestine and BAT of the THAI mouse [15]. We measured
TH action in these tissues with a longer treatment time than in the previous experiments,
using similar doses of the compounds. A 14-day-long treatment was accompanied with
imaging on day 7, 14 and 21 from the first day of treatment. The animals were subjected
to bioluminescent in vivo imaging before the first treatment, after 1 and 2 weeks of daily
treatment and finally after one week from treatment withdrawal. Each animal served as a
self-control for its own measurements.

In the small intestine, TH action was decreased after 2 weeks of TBBPA treatment
and then recovered after the recovery week (Figure 3A). In contrast, diclazuril induced a
significantly elevated TH action in BAT that also recovered after 1 week (Figure 3B). The
observed changes confirmed the trend obtained in mRNA expression in tissue homogenates
(Figures 1E and 2B).
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Figure 3. Quantitation of local thyroid hormone action after disruptor treatment with in vivo imaging.
Representative images and quantification in male THAI mice treated orally for two weeks with
150 mg/bwkg/day of TBBPA in corn oil containing 2% Et-OH, or 10 mg/bwkg/day of diclazuril
as a saline suspension, followed by one week of recovery; (A) ventral in vivo imaging of TBBPA
treatment; (B) dorsal in vivo imaging of diclazuril treatment. n = 4-6 mice/group; figure shows
Tukey Box Plots, « = 0.05; *: p < 0.05, ***: p < 0.001.
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2.3. TBBPA Impacts the Hypothalamo—Pituitary-Thyroid (HPT) Axis, While Diclazuril Does Not

To assess whether the observed changes were the consequence of a local impact on TH
action or were associated with an altered function of the HPT axis, we measured parameters
that hallmark the activity of the HPT axis in animals treated with TBBPA or diclazuril.

After TBBPA treatment, trh expression in microdissected hypothalamic paraventricular
nucleus (PVN) samples did not change significantly, despite a trend toward an increase
(63% increase, p = 0.064). This was accompanied by unaltered tshb mRNA levels in the
pituitary (Figure 4A,B); in parallel, TH action remained unchanged in the microdissected
hypothalamic arcuate nucleus median eminence (ARC-ME) region and in the pituitary
(Figure 4C,D). Similar results were obtained with diclazuril (Figure 4E-H), except for the
lack of a trend toward an increase in trh expression in the PVN.
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Figure 4. Cont.
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Figure 4. Hypothalamic and pituitary effects of disruptor treatment. Male THAI mice treated orally
for 6 days with 150 mg/bwkg/day of TBBPA in corn oil containing 2% Et-OH or for 5 days with 10
mg/bwkg/day of diclazuril as a saline suspension; thyroid hormone action quantified with luciferase
mRNA levels; (A-D) TBBPA; (E-H) diclazuril; (A) PVN trh mRNA after TBBPA; (B) pituitary tshb
mRNA after TBBPA; (C) ARC-ME luciferase mRNA after TBBPA; (D) pituitary luciferase mRNA after
TBBPA; (E) PVN frh mRNA after diclazuril; (F) pituitary tshb mRNA after diclazuril; (G) ARC-ME
luciferase mRNA after diclazuril; (H) pituitary luciferase mRNA after diclazuril. n = 4-6 mice/group;
figure shows Tukey Box Plots, « = 0.05.

However, despite the unchanged central parameters, massively decreased circulating
free T4 (fT4) levels were detected after TBBPA treatment, while free T3 (fT3) remained
unchanged (Figure 5A,B). Both fT4 and {fT3 remained unchanged after diclazuril treatment
(Figure 5C,D).
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Figure 5. Circulating hormone levels after disruptor treatment. Male THAI mice treated orally for
6 days with 150 mg/bwkg/day of TBBPA in corn oil containing 2% Et-OH or for 5 days with 10
mg/bwkg/day of diclazuril as a saline suspension; (A,B) TBBPA; (C,D) diclazuril; (A) serum free T4
(fT4) after TBBPA,; (B) serum free T3 (fT3) after TBBPA,; (C) serum T4 after diclazuril; (D) serum T3
after diclazuril. n = 4-6 mice/group; figure shows Tukey Box Plots, o = 0.05; **: p < 0.01.

2.4. Diclazuril Does Not Impact the Cerebral Cortex; the Effect of TBBPA on dio3 Expression Is
Counterbalanced by Local Mechanisms

Having studied the impact of TBBPA or diclazuril on the HPT axis, we also investigated
how the cerebral cortex, a region protected by the blood-brain barrier, was affected by
these compounds. Both treatments resulted in unchanged cortical TH action (Figure 6A,C).

Since the cortex is known to be programmed to maintain T3 homeostasis [2], we tried
to characterize local regulators of TH action in the cortex under the present treatment.
Monocarboxylate transporter 8 (MCTS8) is one of the major TH transporters with a critical
function in the brain. Neither TBBPA nor diclazuril had an effect on the mRNA levels of
mct8, suggesting unaltered TH transport (Figure 6B,D).

Neuronal TH action is heavily regulated by type 3 deiodinase (D3), the main TH-
degrading enzyme [38]. To further characterize the cortical effects of TBBPA or diclazuril,
we also studied how dio3 was impacted. TBBPA exerted a tissue-specific effect on dio3
expression; it was decreased in the cortex, increased in the hippocampus and remained
unchanged in the pituitary and liver (Figure 7A).
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Figure 6. Changes in parameters of thyroid hormone action in the cerebral cortex after disruptor
treatment. Male THAI mice treated orally for 6 days with 150 mg/bwkg/day of TBBPA in corn oil
containing 2% Et-OH or for 5 days with 10 mg/bwkg/day of diclazuril as a saline suspension; thyroid
hormone action quantified with luciferase mRNA levels; (A,B) TBBPA; (C,D) diclazuril; (A) luciferase
mRNA after TBBPA; (B) mct8 mRNA after TBBPA; (C) preamplified luciferase mRNA after diclazuril;

(D) mct8 mRNA after diclazuril. n = 5-6 mice/group; figure shows Tukey Box Plots, o = 0.05.
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Figure 7. Regulation of dio3 expression by TBBPA and diclazuril. (A) of dio3 mRNA changes in
different tissues of male THAI mice treated orally for 6 days with 150 mg/bwkg/day of TBBPA in corn
oil containing 2% Et-OH or for 5 days with 10 mg/bwkg/day of diclazuril as a saline suspension;
(B,C) transfected HEK293T cultures treated with 50 nM T3 and /or 1 uM TBBPA or diclazuril measured

with Dual-Luciferase Reporter Assay. n = 4-6 mice/group for A, oc = 0.05; ***: p < 0.001.
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To understand whether these were indirect, compensatory changes or direct effects
of TBBPA on the dio3 promoter, we performed promoter assays in HEK293T cell cultures
transfected with a luciferase reporter linked to a dio3 promoter, which enabled the biolu-
minescent quantitation of promoter activity. TBBPA increased dio3-luciferase expression in
hormone-free medium and did not have an additive effect in the presence of 50 nM T3,
that, as expected, also induced reporter expression in the presence of TRf3 (Figure 7B). In
contrast, diclazuril did not regulate dio3 promoter activity either in the cerebral cortex or
in the in vitro promoter assay (Figure 7A,C). Interestingly, TBBPA is likely able to impact
the local TH action in various tissues by directly interacting with the dio3 promoter, but
this effect seems to be insufficient to alter cortical TH action, as shown by the unaltered
luciferase mRNA level.

3. Discussion

Environmental pollution is growing due to industrialization and intense arable and
livestock farming. Many of the polluting compounds have been used widely for a long time,
which has led to their accumulation in the environment [9]. As a consequence, chemical
compounds reach the human population, and there is growing evidence suggesting that
this interaction is associated with the development of human diseases [39-41]. Therefore, it
has become critically important to uncover the potential hazards these molecules could
exert on the population.

Endogenous, non-peptide hormones that control sexual functions, growth, cellular
metabolism and differentiation often contain aromatic rings as a molecular backbone.
Unsurprisingly, many cyclic and aromatic chemicals can interact with these molecules, thus
interfering with various hormonal actions. Hormones of the thyroid gland represent no
exceptions due to their aromatic amino acids that are critical for tissue function.

Impairments of TH action result in tissue disfunction, with documented consequences
on human health [1,6]. TH economy is regulated by two major regulatory systems. Cir-
culating TH levels are maintained centrally by the HPT axis, yet the target tissues have a
striking autonomy to develop their own TH action by a cell-type specific local, intracellular
regulatory system that involves TH activation and inactivation by deiodination, TH uptake
by specific transporters and the TH receptor complex [4,5]. Due to this complex regulation,
compounds like endocrine disruptors can affect TH economy also without affecting the
circulating TH levels [42]. Therefore, it is of increasing interest to study the impact of
endocrine disruptors on TH economy in a tissue-specific context.

In order to assess TH action in specific tissues of mice in the most unbiased way
possible, we generated the THAI transgenic mouse model that expresses a specifically
TH-responsive luciferase reporter system [15]. This model provides a proven approach
to quantify the local TH action in microdissected brain regions, peripheral tissue samples
and live mice by in vivo imaging [15-17]. Importantly, the assessment of TH signaling
in this model is free from the confounding effects of non-TH-dependent pathways that
are also able to impact the expression of endogenous TH-responsive genes, e.g., enpp2, a
well-known endogenous TH marker gene that is also regulated by estrogen [43]. However,
the reporter system of the THAI mouse overcomes these problems and provides a highly
selective approach to assess TH action. While the THAI mouse provides a model to assess
the disruptor potency of specific compounds in an intact mammalian tissue context, species-
specific differences should be also kept in mind when extrapolating data. The picture could
be further complicated by the species-specific metabolism of specific compounds, giving
rise to bioactive metabolites. However, the THAI mouse can be subjected to in vivo imaging
that allows to perform self-controlled experiments. This provides the advantage of studying
the kinetics of the impact of disruptor exposure even during an extended time period that
could much better model the real-life exposure of humans and animals. In addition, it also
contributes to facilitating the reduction of the number of used experimental animals.

TBBPA and diclazuril treatments were performed according to literature data [27,44].
In comparison to the used dose, TBBPA concentration is significantly lower in human
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tissues (see Introduction), but it is obvious that only a fraction of the orally given dose will
be deposited in tissues; furthermore, our exposure time was considerably shorter compared
to real-life exposure.

TBBPA, a commonly used flame retardant, is known to impact TH economy. It was
shown in an in vitro reporter assay in cultured neural cells that TBBPA can directly interfere
with the response to T3 of TH-regulated genes [45]. It was also shown that TBBPA treatment
decreased the circulating T4 levels in rats, which was accompanied with unchanged T3 and
TSH levels [46].

We observed the same phenomenon in THAI mice. fT4 was decreased along with a
strong trend toward an increase of TRH expression in the PVN that did not reach statis-
tical significance. Based on this, it can be speculated that TBBPA acts at the level of the
thyroid gland, e.g., by interfering with the hormone synthesis; the observed decrease in TH
signaling in the bone and small intestine could be a direct consequence of decreased T4
levels. This hypothesis is supported by data showing that TH signaling in these tissues
are markedly sensitive to the circulating TH levels compared to what observed in other
tissues [15].

Tissue-specific TH action is a net result of TH availability and in certain tissues partially
relies on the local deactivation of TH by the T3-degrading D3 enzyme. In hdio3 promoter
assays, we found that TBBPA stimulated the dio3 promoter. This discovery suggests
that altering the D3-encoding dio3 gene activity can be another checkpoint where TBBPA
potentially interferes with local TH action. This would represent a novel example of how en-
docrine disruptors act via altering hormone metabolism/inactivation, one of the categories
listed by the recent Consensus Statement on the characteristics of endocrine-disrupting
chemicals [47]. Generally, increased net dio3 activity in the periphery could contribute to the
observed lowered fT4 along with a relatively intact HPT axis. However, the tissue-specific
changes of dio3 expression point towards a more complex phenomenon, which makes it
difficult to formulate generalized conclusions about the peripheral TH metabolism.

Importantly, the statistically not significant change in trh expression in the PVN does
not exclude the possibility of the large observed difference being a functional response of the
HPT axis. This seems to be controversial, since another study using hypothalamic in vivo
transfection of a trh-luc construct into the mouse hypothalamus found either an increase or
a decrease in trh transcription depending on the TBBPA treatment regime [27]. However,
it is difficult to compare these findings with our data, since we measured endogenous
trh expression in microdissected PVN samples in contrast to the mentioned study in
which the transcriptional activity of a ~500-bp trh 5'FR-luc was assessed in the whole
hypothalamus [27]. It can be speculated that the impact of TBBPA on the HPT axis is a
net effect of various minor effects resulting in the partial downregulation of the global
TH economy.

The veterinary drug diclazuril is used as a coccidiostatic agent [31,32]. Our data also
provided evidence that in addition to TBBPA, diclazuril acts as a modulator of tissue-
specific TH signaling. In contrast to TBBPA, all effects of diclazuril we observed in the
THAI mice were stimulatory of TH action. Interestingly, these changes were accompanied
with unchanged circulating TH levels and unchanged HPT axis parameters and a lack of a
direct effect on the dio3 promoter.

Considering that muscle, liver and fat have been reported to accumulate diclazuril [48],
it is not surprising that the largest effects observed in the THAI mouse were found in
these tissues. A longer exposure also allowed us to visualize the effect on BAT with
in vivo imaging. Based on this, it is likely that the prolonged exposure increased the
stimulatory capabilities of the drug on local TH action. However, after the recovery
week, the observed effect disappeared, indicating a fast clearance in vivo. While these
remarks suggest that diclazuril is rather an endocrine modulator than a disruptor, our
data hint towards diclazuril being able to substantially modify the local TH action under
continuous exposure.
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In the case that the observed stimulatory effect of diclazuril occurred in treated poul-
try, this could result in elevated tissue energy expenditure and metabolism by increasing
TH-dependent gene expression in the muscle and liver. While it has been thought that
BAT-dependent thermogenesis is absent in the chicken, this has been recently questioned
by demonstrating the emergence of beige-like fat as a physiological adaptation to cold [49].
This induction of BAT TH signaling by diclazuril could contribute to non-shivering ther-
mogenesis and energy loss also in the chicken, but further studies are required to directly
prove this hypothesis. Additionally, an effect of diclazuril on the growth performance
and feed conversion of the chicken was studied, although the topic has not been widely
investigated yet, and the results are controversial [50].

Medication may have a direct influence on growth performance, which might origi-
nate either from the direct modulation of tissue-specific TH signaling by a drug or from
its inhibitory effect on subclinical or clinical coccidiosis, which of course per se negatively
influences growth performance and body weight gain. In order to reveal a direct modula-
tory effect, studies on further target species are needed in the absence of coccidial infection.
Would such effect truly exist, its connection to altered TH action would be plausible.

In summary, our data provide evidence of a tissue specific disruption of TH signaling
by TBBPA in the mouse, while also revealing the stimulatory effect of diclazuril on TH
signaling without affecting the HPT axis. The current experiments also prove that THAI
mouse can be used as an in vivo model to assess the potential of specific compounds
to disrupt TH economy. In the BAT and small intestine, THAI mouse also provides a
tool to perform self-controlled longitudinal studies on live mice to assess modulation of
TH signaling.

4. Materials and Methods
4.1. Animals

The experiments were performed on ~90-day-old male THAI#4 mice; in vivo imaging
experiments were performed on white furred THAI mice. Animals had food and water
ad libitum and were housed under standard conditions. The experimental protocol was
reviewed and approved by the Animal Welfare Committee at the Institute of Experimental
Medicine (PE/EA/106-2/2021).

4.2. Animal Treatment and Sample Collection

TBBPA (Sigma) was delivered by oral gavage in corn oil containing 2% Et-OH as a
saline suspension, in a dose of 150 mg/bwkg/day as described [27]. The treatment lasted
6 days, and control animals received the vehicle. Diclazuril (Sigma-Aldrich, St. Louis, MO,
USA) was delivered by oral gavage in a dose of 10.0 mg/bwkg/day as a saline suspension
as described [44]. Diclazuril treatment lasted 5 days, and control animals received the
vehicle. Following the last treatment, the animals were sacrificed by decapitation, and trunk
blood was collected. Peripheral tissues and brain regions were harvested and flash-frozen
in dry ice. The PVN and ARC-ME regions were microdissected with the Palkovits punch
technique; bone was collected from the distal part of the tibia and skeletal muscle was
collected from musculus gastrocnemius. Treatment for in vivo imaging was continued for
14 days, followed by a 7-day-long withdrawal.

4.3. In Vivo Imaging

In vivo imaging was performed on anesthetized animals according to our estab-
lished protocol, as previously described [15]. In short, THAI mice were anesthetized
with ketamine—xylazine (50 and 10 pug/bwkg, respectively) i.p. Hair covering the abdomi-
nal or scapular regions was removed by a commercial depilatory cream, and D-luciferin
(sodium salt, Gold Biotechnology, St. Louis, MO, USA) was introduced i.p. (150 ng/bwg).
Images were taken after 15 min of incubation with 3 min acquisition time. Measurements
were taken after 7, 14 and 21 days after the first day of treatment.
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4.4. Serum Hormone Measurements

FT4 and fT3 levels were measured with the AccuLite CLIA Microwells kit (cat. no.
1275-300B and 1375-300B, respectively, Monobind Inc., Lake Forest, CA, USA) according
to the manufacturer’s instructions in a Luminoskan Ascent (Thermo Fisher Scientific,
Waltham, MA, USA) machine. However, TBBPA being a structural analogue, we were
curious about whether it directly distorted the results. Spiked samples were used to
elucidate this; control and treated animal sera were spiked with TBBPA in excess and
resulted in the same concentrations as the unspiked samples. We concluded that the CLIA
method was fit for our analytical purpose.

4.5. Tagman qPCR

Total RNA from tissues was isolated with the NucleoSpin RNA kit (Macherey-Nagel,
Diiren, Germany) according to the manufacturer’s instructions, with the following modifi-
cations. Non-brain samples were first homogenized with 1 mL Trizol reagent, extracted
with 200 uL of chloroform and separated by centrifugation (15 min, 12,000 x g on 4 °C). The
supernatant was processed using the kit, as instructed. Then, 1 ug of total RNA was tran-
scribed with the High-Capacity Reverse Transcription kit (Applied Biosystems, Waltham,
MA, USA), as instructed. The product cDNA content was measured with the Qubit ssDNA
assay (Invitrogen, Waltham, MA, USA), using 10 ng of cDNA in all Tagman reactions (Viia7,
Applied Biosystems). The Tagman gene expressions assays are detailed in Table 1 (Thermo
Fisher Scientific, Waltham, MA, USA). qPCR on microdissected brain regions of the THAI
mouse was performed as described [17]. If a gene of interest was measured above 34 cycles,
preamplification was performed with 5.55 ng of cDNA /reaction (Applied Biosystems).
The preamplified DNA was not normalized for DNA content but only with respect to
preamplified hprt. The details of qPCR are shown in the figure legends when relevant.

Table 1. Tagman gene expression assays.

Gene Symbol Gene Name Assay ID
actinb B actin Mm02619580_g1
dCpG luciferase dCpG luciferase reporter (custom made) AIY9ZTZ
dio3 deiodinase, iodothyronine type III Mm00548953_s1
gapdh glyceraldehyde-3-phosphate dehydrogenase Mm99999915_g1
hprt1 hypoxanthine guanine phosphoribosyl transferase MmO01545399_m1
slc16a?2 MCTS8, monocarboxylate transporter 8 Mm01232724_m1
trh Thyrotropin releasing hormone Mm01963590_s1
tshb thyroid stimulating hormone, beta subunit Mm03990915_g1

4.6. Cell Transfection and Luciferase Assay

The hdio3 promoter-reporter construct contains 4327 bp of the 5'-flanking region plus
224 bp of the 5'-untranslated region of the human dio3 gene. It was a gift of Prof. M.
Dentice (University of Naples Federico II Italy) and was prepared as earlier described [51].
HEK293T cells were plated on 24-well plates in normal medium (89% DMEM, 10% FBS,
1% penicillin-streptomycin). Before transfection, the medium was changed to a hormone-
free medium containing charcoaled FBS. The cells were transfected with the dio3-luciferase
reporter, Renilla luciferase reporter and TR with X-tremeGene HP DNA transfection reagent
(cat. no. 06366236001, Roche Basel, Switzerland) overnight. Then, the medium was replaced
with hormone-free medium containing 50 nM T3 and/or 1 pM of TBBPA /diclazuril. The
cells were harvested after 24 h of treatment. Luciferase and Renilla activity were measured
with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) according
to the manufacturer’s instructions in a Luminoskan Ascent (Thermo Scientific, Waltham,
MA, USA) machine as previously described [52].
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4.7. Data Analysis

Data were analyzed with STATISTICA v13 software (Tibco Software, Palo Alto, CA,
USA). Figures were prepared with Prism 9.3 (GraphPad Software Inc., San Diego, CA,
USA). The figures show Tukey Box Plots; the box represents the two middle quartiles,
the lower whisker represents the lower quartile, the upper whisker represents the upper
quartile, the line represents the median, the dots represent outlier data. The number of used
animals is indicated in figure legends. Null-hypothesis significance tests were conducted
with a 95% level of confidence. The Student’s two sample two-sided t test was used to
analyze two groups; one-way analysis of variance (ANOVA) followed by Tukey post-hoc
test was used to compare more than two groups; ANOVA was applied as within-subjects
ANOVA for in vivo imaging data. The models were deemed adequate based on residual
plots and residual normal plots.
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A Transgenic Mouse Model for Detection of
Tissue-Specific Thyroid Hormone Action
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Thyroid hormone (TH) is present in the systemic circulation and thus should affect all cells similarly in
the body. However, tissues have a complex machinery that allows tissue-specific optimization of local
TH action that calls for the assessment of TH action in a tissue-specific manner. Here, we report the
creation of a TH action indicator (THAI) mouse model to study tissue-specific TH action. The model
uses a firefly luciferase reporter readout in the context of an intact transcriptional apparatus and all
elements of TH metabolism and transport and signaling. The THAI mouse allows the assessment of the
changes of TH signaling in tissue samples or in live animals using bioluminescence, both in hypo-
thyroidism and hyperthyroidism. Beyond pharmacologically manipulated TH levels, the THAI mouse is
sufficiently sensitive to detect deiodinase-mediated changes of TH action in the interscapular brown
adipose tissue (BAT) that preserves thermal homeostasis during cold stress. The model revealed that in
contrast to the cold-induced changes of TH action in the BAT, the TH action in this tissue, at room
temperature, is independent of noradrenergic signaling. Our data demonstrate that the THAl mouse
can also be used to test TH receptor isoform-specific TH action. Thus, THAI mouse constitutes a unique
model to study tissue-specific TH action within a physiological/pathophysiological context and test the
performance of thyromimetics. In conclusion, THAI mouse provides an in vivo model to assess a high
degree of tissue specificity of TH signaling, allowing alteration of tissue function in health and disease,
independently of changes in circulating levels of TH. (Endocrinology 159: 1159-1171, 2018)

hyroid hormones (THs) orchestrate a wide variety of of TH-dependent genes. Specific regulatory elements
biological processes, including development, growth, within these genes [TH response element (TRE)] attract
and metabolism via transcriptional control of hundreds two isoforms of the TH receptor (TRa and TRB) and their

ISSN Online 1945-7170
Copyright © 2018 Endocrine Society

Abbreviations: ANOVA, analysis of variance; BAT, brown adipose tissue; bw, body weight;
cDNA, complementary DNA; D2, type 2 deiodinase; DR-4, direct repeat 4; FISH, fluo-

Received 23 June 2017. Accepted 8 December 2017. rescence in situ hybridization; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HEK,

First Published Online 14 December 2017

doi: 10.1210/en.2017-00582

human embryonic kidney; iBAT, interscapular brown adipose tissue; IP, intraperitoneal(ly);
LXR, liver X receptor; mRNA, messenger RNA; NE, norepinephrine; PCR, polymerase chain reaction;
RLU, relative light unit; RXR, retinoid X receptor; SEM, standard error of the mean; TH,
thyroid hormone; THAI, thyroid hormone action indicator; THAIC, thyroid hormone action indicator
construct; TR, thyroid hormone receptor; TRE, thyroid hormone response element.

Endocrinology, February 2018, 159(2):1159-1171 https://academic.oup.com/endo 1159

Downloaded from https://academic.oup.com/endo/article-abstract/159/2/1159/4742647

by Hungary EISZ Consortium user
on 13 February 2018



http://dx.doi.org/10.1210/en.2017-00582
https://academic.oup.com/endo

1160 Mohécsik et al

coregulators, thus allowing for transcriptional control
(1-5). An unoccupied TR remains bound to the gene and is
associated with corepressors—silencing genes that are
positively regulated by TH. Upon TH binding, corepressors
associated with the TRs are replaced by coactivators, re-
lieving repression and promoting gene transactivation.
Therefore, TH availability within the nuclear environment
defines a switch between TH-dependent gene repression
and activation.

Two THs exist: the prohormone T4 that can be con-
verted to the TR-binding molecule T3 via deiodination.
Relatively steady circulating levels of TH are maintained
by the hypothalamus-pituitary-thyroid axis that is tightly
regulated by the negative-feedback effects of TH. How-
ever, the existence of multiple mechanisms that cus-
tomize TH availability at the cellular level provides tissue
specificity to TH action. These mechanisms include TH
transmembrane transporters, enzymes that can activate or
inactivate TH within the target cells, i.e., the deiodinases,
and differential expression of TR subtypes (6-8). The
coordinated actions of TH-activating or -inactivating
deiodinases (6) allow for quick modification of T3 levels
within the target cells, rapidly affecting the expression
of TH-responsive genes without antecedent changes in
circulating T3 levels.

A corollary is that measurement of plasma TH levels
under physiological and pathological conditions does not
uniformly reflect TH actions in all tissues. This is suggested
by conditions, such as the syndrome of resistance to TH
(mutant TRa or TRB) (2, 9), the X-linked mental re-
tardation Allan-Herndon-Dudley syndrome caused by
impaired transmembrane TH transport (mutant mono-
carboxylate transporter 8) (10, 11), and the commonly
observed nonthyroidal illness syndrome, where circulating
TH levels are uncoupled from local TH action in specific
tissues (7, 12). In addition, there is evidence that TH
signaling is specifically downregulated in the liver of obese
subjects and in mice placed on a high-fat diet (13). Tissue
specificity of TH action could also explain why some
hypothyroid patients remain symptomatic despite exhib-
iting normal plasma thyroid-stimulating hormone levels
(14, 15).

The discovery of cellular mechanisms that allow for
tissue specificity of TH action inspired the development of
TR isoform- and tissue-specific TH analogs (16, 17). For
example, TRB-selective TH analogs act predominantly in
the liver and can be useful in treatment of hypercholes-
terolemia and obesity. However, progress in this field
has been empirical, given current inability to assess
tissue-specific TH action (15) within a physiological or
pathophysiological context. Here, we developed and
characterized a mammalian model: the TH action indicator
(THAI) mouse, to assess tissue-specific TH signaling.

Specificity of Thyroid Hormone Action in THAI Mice

Endocrinology, February 2018, 159(2):1159-1171

Materials and Methods

The transgenic THAI construct

Three copies of a direct repeat 4 (DR-4) TRE (of the human
DIO1 5'-flanking region) (18) were cloned upstream to the
Herpes simplex virus thymidine kinase minimal promoter (19).
This DNA segment was linked upstream of the luciferase coding
region, containing a codon-optimized and methylation-resistant
dCpG luciferase-ShBle fusion protein upstream of an EF1 pAn
polyadenylation cassette. The use of the dCpG luciferase re-
porter that is resistant to T3-induced promoter-independent
downregulation avoids a phenomenon that can interfere with
TH-mediated changes of the classical firefly luciferase reporter
protein (19). The cassette was then assembled in a pWHERE
vector (InvivoGen, San Diego, CA) that flanked the insert with
H19 insulators, followed by subcloning between the half-sites of
the blunted EcoRlI site of the pt2-BH transposon-cloning vector
(Addgene, Cambridge, MA) containing multiple cloning sites
flanked by indirect repeats. This resulted in the generation of the
THAI expression vector (Fig. 1a). Next, human embryonic
kidney (HEK)293T cells stably expressing the THAI construct
(THAIC) and transiently expressing TRa were incubated
with T3 for 24 hours. There was readily measurable baseline
luciferase activity that was 3.7-fold stimulated after T3 expo-
sure, whereas no stimulation was observed in the absence of
TRa coexpression, indicating that induction was TR dependent
(Fig. 1b).

Generation of the THAIC-HEK293T cell line

HEK293T cells were cultured in Dulbecco’s modified Eagle
medium + 10% fetal bovine serum and transfected with the
targeting THAIC (Fig. 1a) along with the pcGlobinSB100
transposase-encoding vector (20) (provided by Zsuzsanna
Izsvak and Lajos Mates) to allow Sleeping Beauty transposase-
assisted genomic integration. Clone selection was performed in
the presence of 150 pg/mL zeocin. Clones were cultured for
24 hours in charcoal-stripped fetal bovine serum (21), followed
by the induction with 100 nM T3 for 24 hours in the presence of
transiently coexpressed mouse TRa. Cells were lysed in passive
lysis buffer of the dual luciferase assay system (Promega,
Madison, WI) before luciferase assay.

Generation of transgenic mouse lines by
transposon-mediated technology

Genomic insertion of the transgenic cassette was performed
with the Sleeping Beauty transposase (22). The pronucleus of
fertilized FVB/Ant (FVB.129P2-Pde6b* Tyrc-ch/Ant]) (23)
oocytes was injected with a mixture containing the plasmid
harboring the targeting transposon cassette (Fig. 1a; 1 ng/nL)
and the i1 vitro-transcribed messenger RNA (mRNA) encoding
the Sleeping Beauty transposase (24) (5 ng/nL). Four females
were identified as founders using TagMan assay on tail DNA
with a luciferase probe and crossed with wild-type FVB/Ant
(FVB.129P2-Pde6b* Tyrc-ch/Ant]) male mice, followed with
inbred coupling of F1 generation. Indirect evidence obtained
with luciferase TagMan polymerase chain reaction (PCR) on
different lines and generations suggests that a single copy of the
transgenic cassette was inserted into the genome of all lines. All
animal experiments were conducted in compliance with the
European Communities Council Directive (2010/63/EU) and
approved by the Animal Care and Use Committee of the
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Figure 1. (a) The recombinant THAIC. (Lower) The structure of the targeting construct generated in the pt2-BH vector. The coding sequence
encodes luciferase (62 kDa) fused to ShBle (14 kDa), allowing selection based on resistance to zeocin. (b) THAIC responds to T3 in a TR-
dependent manner. The THAIC was stably expressed in human embryonic kidney (HEK)293T cells using Sleeping Beauty—-mediated recombination
followed by zeocin selection. TRa was transiently transfected, and THAIC-HEK293T cells were treated with 100 nM T3 for 24 hours. Means =
SEM; (n = 3). *P < 0.05, ***P < 0.001 by one-way analysis of variance (ANOVA), followed by Tukey post hoc test. (c) Fluorescence in situ
hybridization (FISH) on homozygote THAI mouse, lines 4, 23, and 18. Hybridization with the green-colored dCpG luciferase-specific probe shows
two equal-sized signals in interphase cells of homozygous animals, demonstrating the presence of two copies of the transgene in lymphocyte
cultures of all three lines, indicating that a single copy was inserted into the genome of founders. C, control; EEC, expression enhancer cassette;
luciferase reporter-zeocin sequences encoding a luciferase/zeocin resistance fusion protein, IR/DR (L) and (R), inverted repeat left and right; TK

promoter, thymidine kinase minimal promoter.

Institute of Experimental Medicine (Hungarian Academy of
Sciences, Budapest).

Characterization of transgenic lines

The F2 generation was screened for tissue luciferase activity.
To characterize basal and TH-induced luciferase activity of
peripheral tissues and brain regions, 60- to 70-day-old males
were injected intraperitoneally (IP) with 5 pg/day/mouse of
L-T4 or vehicle control for 3 days or 1 pg/g body weight (bw) of
L-T3 for 1 day. Hypothyroid mice were generated by adding
0.1% sodium perchlorate and 0.5% methimazole in drinking
water for 3 weeks combined with low-iodine diet (Research
Diets, New Brunswick, NJ). After decapitation, tissues were
removed, snap frozen on dry ice, and stored at —80°C for lu-
ciferase activity measurement. White blood cells were isolated as
described (25). Bone and muscle samples originated from Tibia
and musculus gastrocnemius, respectively. Three of the four
lines (4, 18, and 23) were found to be TH responsive. Ho-
mozygous mice showed a twofold higher luciferase activity
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compared with heterozygous animals, demonstrating that ac-
tivity of the reporter correlates directly with gene dosage (not
shown), and were born following a Mendelian distribution.
In accordance, the animals did not exhibit any identifiable
phenotype.

Mouse lymphocyte cell culture and fluorescence in
situ hybridization

Lymphocytes derived from the spleen of homozygote
THAI mouse lines #4, 18, and 23 were cultured as described
(26, 27). Individual spleens were homogenized to release
the lymphocytes, and erythrocytes were lysed briefly (2 to
3 minutes) in sterile, distilled water, followed by the addition of
physiological saline. Cell suspensions was centrifuged 5 min-
utes, 500 g at room temperature. After removing the super-
natant, cells were transferred into ready-to-use LymphoChrome
Karyotyping Media (Lonza Verviers, Belgium). The cells were
incubated at 37°C for 24 hours, and 0.05 pg/mL Colcemid
(Gibco/Thermo Fisher,) was added, 3 hours before harvest.
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Chromosomal preparations were performed according to a
standard Rothfels-Siminovich procedure using 0.067 M KClI,
followed by fixation in methanol/acetic acid. Chromosome
analysis was performed on metaphase cells G-banded with
trypsin and Wright Giemsa stain. A 1045-base pair fragment of
the dCpG luciferase coding sequence (nucleotides 599 to 1644)
was labeled with digoxigenin using Dig-Nick translation mix
(Roche, Mannheim, Germany) and precipitated with mouse
COT-1 DNA (Invitrogen), according to the manufacturer’s
instructions. The precipitated probe was mixed with an equal
volume of hybridization buffer. Fluorescence in situ hybrid-
ization (FISH) was performed on methanol/acetic acid-fixed cell
suspensions. Slidess/DNA preparation and hybridization were
carried out according to standard techniques. Hybridized sec-
tions were incubated overnight at room temperature with
antidigoxigenin-POD (1:100) antibody (Roche) in 1% bovine
serum albumin solution. The immunoreaction signal was am-
plified using the tyramide signal amplification kit (Perkin Elmer
Life and Analytical Sciences, Waltham, MA), according to
the manufacturer’s instructions. The deposited reaction prod-
uct was detected with fluorescein isothiocyanate/dichloro-
triazinylamino fluorescein-streptavidin antibody (Jackson
ImmunoResearch, West Grove, PA). The analysis was done in at
least 100 interphase nuclei and in a few metaphases, if present
on the hybridization area. The interphase or metaphase cells
were evaluated for each sample with an Axioskop 2 Mot Plus
Microscope (Carl Zeiss GmbH, Oberkochen, Germany) and
Cytovision 3.6 computer analysis system (Applied Imaging
International Ltd., Newcastle, United Kingdom).

Splinkerette PCR

Splinkerette PCR was performed, as described (28). In brief,
genomic DNA was digested with BstYI. A universal Splinkerette
oligonucleotide was used to amplify the region between the 5’
end of the cassette and the first BstYT site. The cassette-specific
oligonucleotide was specific for the multiple cloning site of the
PT/2BH vector, located 3’ to the 5 inverted terminal repeat
sequence. Nested PCR was performed to reamplify the PCR
product, followed by sequencing. The reporter cassette was
found inserted into a region of repeat family L1 into the ge-
nome of THAI mouse line 4, as shown by Splinkerette PCR,
indicating that the cassette did not alter the structure of any
endogenous gene.

GC24 treatment

Seventy-day-old male THAI #4 mice were treated, as de-
scribed previously, for 2 weeks to inhibit endogenous TH
production. Hypothyroid mice were treated with a single, IP
injection of 1.53 nM/g bw GC24 (a kind gift of Dr. Tom
Scanlan; equimolar to 1 pg/g bw T3) or dimethyl sulfoxide as
vehicle, 24 hours before tissue sampling. After decapitation,
liver (TRB-dominant tissue) and heart (TRa-dominant tissue)
(16) were removed and snap frozen on dry ice.

GW3965 treatment

GW3965 treatment was performed IP, as described with
modifications, as follows (29). Sixty-five-day-old male THAI #4
mice were subject to two IP injections of 20 pg/g bw GW3965
HCI (homogenous suspension in 10% dimethyl sulfoxide-90%
saline; Adooq Bioscience, Irvine, CA) or with solvent, 3.5 and
7 hours before tissue sampling. After decapitation, the liver was
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removed and snap frozen on dry ice. Samples were subjected to
TagMan real-time quantitative PCR.

Luciferase assay

Tissue samples were milled to powder in liquid nitrogen and
sonicated in luciferase lysis buffer (100 mM KPO4, 4 mM
EGTA, 4 mM EDTA, pH 7.8), freshly prepared with 0.7 mM
phenylmethylsulfonyl fluoride and 0.1 mM dithiothreitol. Brain
tissue was lysed in one step, with brief sonication in lysis buffer.
After a 10-minute centrifugation at 14,000 g at 4°C, super-
natant was removed for luciferase activity measurement. Assay
on tissue samples or THAIC-HEK293T cells was performed
with luciferase assay system reagent (Promega, Madison, WI)
on a Luminoskan Ascent (Thermo Electron Corp. Labsystems,
Vantaa, Finland) luminometer. Detected relative light unit
(RLU) was normalized to protein content of the sample.

Sympathetic denervation of interscapular brown
adipose tissue and cold stress

Interscapular brown adipose tissue (iBAT) was unilaterally
denervated with surgical transection of its sympathetic nerves
(30). Cold stress was applied 3 days after surgery. During
cold stress, single housed animals were kept under standard
light conditions at 4°C; water and food were available ad
libitum. Control animals were kept at room temperature (22°C)
under same conditions. After decapitation, samples from
the iBAT were collected on dry ice and stored at —80°C for
norepinephrine (NE) measurement, deiodination assay, and
TagMan analysis.

Analysis of NE content of iBAT samples

NE concentrations of mouse iBAT were measured using
surfactant-assisted online solid-phase extraction sample prep-
aration, followed by column-switching liquid chromatographic
separation with electrochemical detection, as described (31). To
prevent fat precipitation in the aqueous extraction solvent
phase, the nonionic surfactant Triton X-100 was used. The
native tissue was homogenized by sonication in 300 pl, 0.1 M,
ice-cold perchloric acid, which contained 10 mM theophylline
as an internal standard, 0.1% sodium metabisulfite as an an-
tioxidant, and 0.01% (volume-to-volume ratio) Triton X-100
as an emulsifier. The NE content was expressed as picomoles per
milligram protein.

Deiodination assay

iBAT tissue samples were homogenized with sonication in
0.1 M potassium phosphate, 1 mM EDTA, pH 6.9, buffer
containing 0.25 M sucrose and 10 mM dithiothreitol. iBAT
tissue lysates (100 pg protein) were assayed for 120 minutes at
37°C in duplicate to determine type 2 deiodination activity, as
previously described (32).

TagMan real-time quantitative PCR

Total RNA was isolated from iBAT tissue samples with the
RNeasy Lipid Tissue Mini kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions, whereas for liver
samples, the Qiazol Lysis Reagent was used, followed by iso-
lation with the Macherey-Nagel (Diiren, Germany) Nucleospin
RNA kit. Total RNA (1 pg) was reverse transcribed with
the High-Capacity cDNA Reverse Transcription Kit (Thermo
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Fisher Scientific, Waltham, MA). Complementary DNA (cDNA)
concentration was determined with the Qubit single-stranded
DNA assay kit. cDNA (10 ng) was used in each TagMan re-
action. mRNA expression of target genes was detected with
TagMan Gene expression probe sets using TagMan Fast Universal
PCR Mastermix (Thermo Fisher Scientific) and compared with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) house-
keeping gene expression. Expression of GAPDH was also analyzed
under all challenge conditions used. Cold stress had no effect on
GAPDH expression, either in intact or in denervated iBAT lobes.
Sympathetic denervation, however, consistently downregulated
GAPDH expression twofold; thus, this was taken into account
when calculating results of the denervation experiments by di-
viding fold changes of luciferase/GAPDH and type 2 deiodinase
(D2)/GAPDH rations by two. Accession numbers of used
TagMan probes are listed in Supplemental Table 1. Reactions
were assayed on a Viia 7 Real-Time PCR instrument (Applied
Biosystems, Waltham, MA).

iBAT measurements

All measurements, including NE concentration, D2 activity,
and mRNA expression of the luciferase reporter and D2, were
performed from the same iBAT samples obtained from animals
undergoing cold stress and unilateral sympathetic denervation,
whereas the nondenervated, intact iBAT lobe, obtained from the
same animal, was used for comparison.

In vivo imaging of luciferase activity

In vivo imaging of iBAT of T3-treated and cold-stressed
animals was performed 24 hours after 1 pg/g bw IP T3 injection
or after 24 hours exposure to 4°C. Live imaging was obtained in
ketamine—xylazine (ketamine 50 wg/g, xylazine 10 pg/g bw, IP)-
anesthetized mice whose fur over the iBAT and abdominal
organs had been removed with depilatory cream. All animals
were moved to room temperature, 30 minutes before imaging.
D-Luciferin (Gold Biotechnology, St. Louis, MO) was dissolved
in PBS and IP injected (150 and 750 pg/g bw for the T3-treated
and cold-stressed animals, respectively), 15 minutes before in
vivo imaging. The animals were placed on the heated plate of the
imager, 5 minutes before imaging. Emitted light was detected
with an IVIS Lumina II In vivo Imaging System (PerkinElmer,
Waltham, MA) and quantitated in all animals using a region of
interest of identical size and shape. Data are reported as emitted
photon/s. T3-treated or cold-stressed animals were studied using
identical imaging parameters (binning and exposure time)
as their corresponding controls in both dorsal and ventral
positions.

Indirect calorimetry measurements

Eleven-week-old old male THAI #4 and wild-type control
mice were analyzed for whole-energy expenditure, oxygen
consumption, and carbon dioxide production using calori-
metric cages (PhenoMaster/LabMaster, TSE Systems GmbH,
Bad Homburg, Germany). Body-composition analyses were
performed using an EchoMRI Whole Body Composition An-
alyzer (EchoMRI, Houston, TX).

TH measurements

Serum-free T4 and T3 levels were measured with AccuLite
CLIA Microwells kit (Monobind, Lake Forest, CA), according
to the manufacturer’s instructions.
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Statistics

Groups were compared with unpaired two-sample Student ¢
test using a 95% level of confidence. For multiple comparison,
one-way analysis of variance (ANOVA) or repeated-measures
ANOVA was used, followed by Newman-Keuls or Tukey post
hoc tests.

Results

The THAI mouse model integrates a highly TH-responsive
reporting system that functions in the setting of endoge-
nous levels of TH transporters, deiodinases, and TRs.
We obtained three THAI mouse founders harboring a
single copy of the transgenic cassette (lines 4,23, and 18;
Fig. 1c). THAI lines exhibit normal serum TH levels and
bw, as well as other TH-dependent parameters, i.e., lean
body mass, fat mass, respiratory exchange ratio, and
oxygen consumption (Supplemental Tables 2 and 3). These
animals were used to study TH action using two general
approaches: (1) measuring luciferase activity and mRNA
in tissue sonicates or (2) measuring bioluminescence in
live animals.

The THAI mouse model reports differences in TH
action caused by altered TH levels or the selective
actions of TH analogs

We first defined tissue-specific baseline values for the
reporting system. Second, we measured the responsive-
ness of this system to a decrease or increase in TH levels.
Within each mouse line, basal luciferase activity varied
among different tissues. For example, there were up to
approximately six orders-of-magnitude differences be-
tween liver and testicle, whereas in most other tissues,
the variability ranged within two orders of magnitude
(Tables 1 and 2). These differences are likely to reflect the
overall level of transcriptional activity of the insertion
site. Furthermore, when using iz vivo bioluminescence,
variable degrees of baseline activity were detected in the
iBAT, anterior and posterior foot pads, tail, intestine,
saccus cecum of the stomach, mandibular salivary gland,
mouth, nose, skin, and testicles (Fig. 2a and 2b). To assess
whether this reporting system detects a reduction in TH
signaling, line 4 animals were rendered hypothyroid, and
the reporter activity was measured. There was an ~50%
to 65% decrease of luciferase activity in different brain
regions (e.g., the hypothalamus and cerebral cortex), the
liver, and white blood cells; 75% in iBAT; 80% in the
pituitary; 85% in the heart and bone; and 90% in the
small intestine (Table 3). Line 4 was also studied via in
vivo bioluminescence imaging, and an ~80% reduction
in signal was observed in the intestine in live hypothyroid
animals (Fig. 2a and 2b).

Next, all three mouse lines were treated with L-T4 for
3 days. Responsiveness to TH varied among mouse lines

Downloaded from https://academic.oup.com/endo/article-abstract/159/2/1159/4742647
by Hungary EISZ Consortium user
on 13 February 2018


http://dx.doi.org/10.1210/en.2017-00582
https://academic.oup.com/endo

1164 Mohécsik et al Specificity of Thyroid Hormone Action in THAI Mice Endocrinology, February 2018, 159(2):1159-1171

Table 1. Responsiveness of THAI #4, 23, and 18 Mouse Lines to T4
THAI #4 (T4) THAI #23 (T4) THAI #18 (T4)
Eu Hyper Fold Eu Hyper Fold Eu Hyper Fold

(RLU/mg (RLU/mg (Means *=
Tissue Protein) Protein) SEM)

(RLU/mg (RLU/mg (Means *=
P Value Protein) Protein) SEM)

(RLU/mg (RLU/mg (Means *=

P Value Protein) Protein) SEM) P Value

Pit 0.337 0.791 2.3 +0.16 0.0001*  1.932 16.926 8.8 = 0.62 0.0001°  0.066 0.54 82 *0.36 0.0001°
MBH 0.206 0.368 1.8 020 0.0137 0.142 0.24 1.7 £0.29 0.103 0.372 0.602 2.2 +0.25 0.005°
HC 0.06 0.116 1.9 =0.03 0.0001* 0.035 0.047 15035 0.201 2.308 3756 2.1 +£025 0.013°
HT 0.377 0.488 1.3 +£0.08 0.031° 0.65 0.78 1.2 011 0.176 0.755 1589 2.8 =035 0.004°
CTX 0.194 0359 1.9=*0.30 0.035° 0.179 0253 14=*=0.13 0.017¢ 1.617 258 1.9 +1.18 0.005°
CER 0.938 2162 23 =041 0.019° 0.012 0.023 1.9 =0.28 0.045° 0.045 0.063 1.8+0.31 0.073
Liver 0.002 0.005 1.9 *+0.14 0.0007¢  0.001 0.003 29 *0.86 0.064 No detectable expression

Heart 0.004 0.03 8.5+ 0.31 0.0001°  0.001 0.001 1.0 £0.25 - No detectable expression

BAT 0.028 1.82 64.6 £ 8.1 0.0002° 0.005 0.038 7.2 =154 0.007° No detectable expression

Bone 0.031 0.066 2.2 =0.18 0.0015% 0.01 0.011 0.7 £0.11 0.057 No detectable expression

Muscle 0.025 0276 11.2 £57 0.0041*  0.004 0.003 0.7 =£0.18 0.115 No detectable expression

MSG 0.052 0399 7.6 =260 0.044° 0.004 0.011 2.7 £0.77 0.072 Not determined

Thyroid 0.115 0.176 1.5+ 0.07 0.002° 0.026 0.03 0.8 +0.18 0.734 Not determined

Testicle 4876 4086 0.8 *=0.06 0.108 2909 2509 09 =*=0.11 0.253 Not determined

52 *16 0.029°
0.8 £0.17 0.544

Intestine  4.571 9.48 2.1 =030 0.0127 0.041 0.212
Skin 0.696 2.798 4.0 £0.76 0.001° 2.358 1.878

Not determined
Not determined

Euthyroid animals were treated with L-T4 (IP 5 w.g/d per animal for 3 days). Luciferase activity was assessed in tissue samples with luciferase assay and
expressed as RLU per milligram protein. Luciferase activity of corresponding tissues of TH vs vehicle-treated animals was performed by Student t test (n =
4).

Abbreviations: CER, cerebellum; CTX, cerebral cortex; Eu, euthyroid; HC, hippocampus; HT, hypothalamus; Hyper, hyperthyroid; MBH, mediobasal
hypothalamus; MSG, mandibular salivary gland; Pit, pituitary.

9P < 0.05.

and among tissues within the same mouse line. For example,
responsiveness in line 4 varied from 0.8-fold in the testes,
1.5-twofold in the brain (hypothalamus, hippocampus,
cerebellum, cortex), to 64-fold in iBAT. Other highly re-
sponsive tissues were skeletal muscle, heart, mandibular
salivary gland, and skin (four- to 11-fold; Table 1). Lines 23
and 18 exhibited marked response to TH in the pituitary,
and line 18 showed the highest brain baseline activity
(Table 1). In this setting, the mouse lines showed greater
responsiveness to L-T3 compared with L-T4; e.g., line 4
responded to L-T3 with a fivefold stimulation of reporter
activity in the liver and 46-fold in the heart, whereas the
mediobasal hypothalamus of line 23 responded to L-T3
with an ~12-fold induction of reporter activity (Table 2). In

line 4 animals, a single L-T3 injection, 24 hours before
imaging, induced luciferase activity in iBAT by approxi-
mately ninefold, in the small intestine by approximately
threefold, and to a lesser extent, in the mandibular salivary
gland; the footpads and tail showed a tendency to increase
2.2- and 2.5-fold, respectively (euthyroid vs hyperthyroid),
which became important when hypo- and hyperthyroid
animals were compared, showing eight- and 46-fold
changes for footpads and tails, respectively (Fig. 2a and 2b).
The iBAT was confirmed to be the source of the bio-
luminescence of the interscapular region (Supplemental
Fig. 1a), and signal detected in the intestine was pre-
dominantly confined to the small intestine (duodenum and
jejunum; Fig. 2¢). Notably, despite very high basal reporter

Table 2. Responsiveness of THAI #4 and 23 Mouse Lines to T3
THAI #4 (T3)
Tissue Eu (RLU/mg Protein) Hyper (RLU/mg Protein) Fold (Means = SEM) P Value
Liver 0.003 0.017 50+ 06 0.009?
Heart 0.006 0.284 459 = 565 0.002°
#23 (T3)
Tissue Eu (RLU/mg Protein) Hyper (RLU/mg Protein) Fold (Means = SEM) P Value
MBH 0.18 2.222 1231 £ 24 0.003?

Euthyroid animals were treated with L-T3 (IP 1 wg/g bw for 1 day). Luciferase activity was assessed in tissue samples with luciferase assay and expressed as
RLU per milligram protein. Luciferase activity of corresponding tissues of TH vs vehicle-treated animals was performed by Student t test (n = 4).

Abbreviation: MBH, mediobasal hypothalamus.
°p < 0.05.
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Figure 2. Detection of TH action in live animals. (a) /In vivo bioluminescence imaging on
euthyroid, L-T3-treated (1 pg/g bw injected IP, 24 hours before imaging), and hypothyroid
THAI #4 mice, followed by IP luciferin administration. Representative images of hypothyroid
(hypo), euthyroid (eu), and L-T3-treated (T3) mice and light intensity diagram of iBAT

and small intestine. T3 injection increased light intensity in iBAT. In the small intestine,
hypothyroidism decreased, whereas T3 treatment increased light intensity. Dorsal image
arrow: iBAT (arrowhead), saccus cecum of the stomach; ventral image (circles), small
intestine; 4, testicles. (b) Light intensity diagram of luciferase activity [photons/s (p/s)] in iBAT
and small intestine of hypothyroid, euthyroid, and T3-treated THAI #4 mice. Means of p/s =
SEM (n = 3). *P < 0.05; ***P < 0.001 by one-way ANOVA, followed by Newman-Keuls
post hoc test. (c) Bioluminescence of the gastrointestinal tract is confined to the small
intestine. Imaging on an isolated gastrointestinal tract of three euthyroid and three L-T3-
treated (1 wg/g bw injected IP, 24 hours before imaging) THAI #4 animals. T3-mediated light-
intensity upregulation is mainly restricted to the small intestine, whereas the colon shows an
order of magnitude lower luciferase activity. *, cecum; arrowhead, saccus cecum of the
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skeletal muscle, and heart (1, 33). To
test if TR subtype specificity could be
assessed with the THAI mouse, line 4
animals were treated with GC24, a
highly selective TRB agonist (34).
Treatment with GC24 increased lucif-
erase activity by ~2.5-fold in the liver
(Fig. 3a) but did not affect TH signaling
in the heart (Fig. 3b). As TRE is based
on a DR-4 DNA motive, we also tested
whether induction of liver X receptor
(LXR) signaling, representing another
DR-4-dependent pathway, could also
be detected in THAI mouse. Adminis-
tration of the LXR agonist GW3965
to the THAI #4 mouse induced he-
patic luciferase expression by ~2.3-fold
[control: 1 * 0.394; GW3965:2.324 +
0.362; means * standard error of the
mean (SEM); luciferase/GAPDH (n = 5);
*P < 0.05 by Student # test].

iBAT-specific activation of TH
signaling in cold-stimulated
THAI mice

Cold exposure is associated with BAT
sympathetic activation and several-fold
stimulation of the type 2 deiodinase (D2)
activity. This saturates local TR without
affecting systemic levels of circulating T3
(35). However, it has been challenging
to study TH signaling in iBAT under
these conditions, given that virtually all
downstream targets of T3 in this tissue
are equally affected by cyclic adenosine
monophosphate. For example, a mouse

stomach. Original scale bar, 1 cm. C, colon; J, jejunum.

activity, luciferase activity in the testicles was not inducible
by L-T3 injection (Fig. 2a). Live THAI mouse line 23 also
responded to L-T3 injection, with elevated reporter activity
in the iBAT and small intestine (Supplemental Fig. 2). Thus,
THAI mice allow the assessment of TH action both in live
animals and in tissue samples. Line 4 permits the study of
TH action in a wide variety of tissues, whereas the two
other lines hold additional value for specific applications,
represented by high reporter response in the pituitary (lines
18 and 23) and higher basal activity in the brain (18), as a
result of their different insertion sites.

One of the aspects that provide specificity in TH sig-
naling is differential expression of TRa and TRB isoforms
among tissues; e.g., TRB predominates in the liver,
whereas the TRa isoform predominates in the brain,

with disruption of D2-encoding dio2
only provided limited information, given
the compensatory elevation in iBAT sympathetic activity
(36). To approach this problem, line 4 mice were exposed to
cold (4°C) for 9 and 24 hours. The animals exhibited an
~3.4- and 9.3-fold increase in luciferase activity in iBAT at 9
and 24 hours vs control, respectively, whereas the luciferase
mRNA was increased 2.8- and 2.7-fold vs control in the two
time points (Fig. 4a and 4b). TH signaling in iBAT was also
detected in live animals imaged for bioluminescence, with a
3.2-fold increase in signal after 24 hours of cold exposure. At
all times, TH action in footpad skin remained unchanged.
This indicates a highly selective increase in iBAT TH sig-
naling during cold exposure (Fig. 4c and 4d).
That the increase in TH signaling was caused by
sympathetic activation was confirmed in THAI mice
undergoing cold exposure after unilateral iBAT surgical
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Table 3. Responsiveness of Different Tissues and Brain Regions of THAI #4 to Hypothyroidism
THAI #4 (Hypothyroid)

Tissue Eu (RLU/mg Protein) Hypo (RLU/mg Protein) Fold (Means = SEM) P value
Pit 0.347 0.072 0.21 £ 0.02 0.0005°
MBH 0.153 0.076 0.49 £ 0.04 0.0099°
HT 0.315 0.136 0.43 £ 0.05 0.0032°
CTX 0.163 0.056 0.34 = 0.06 0.0003°
Liver 0.003 0.001 0.44 = 0.07 0.0446°
Heart 0.009 0.001 0.16 = 0.06 0.0001°
BAT 0.037 0.008 0.23 = 0.1 0.0051°
Bone 0.031 0.008 0.26 = 0.04 0.0034°
Muscle 0.008 0.007 - 0.776
Thyroid 0.071 0.078 - 0.439
Intestine 1.683 0.166 0.1 = 0.01 0.0001°
WBC 0.013 0.005 0.42 = 0.08 0.0412°

Animals were rendered hypothyroid by adding 0.1% sodium perchlorate and 0.5% methimazole in drinking water for 3 weeks combined with a low-
iodine diet. Luciferase activity was assessed with luciferase assay and expressed as RLU per milligram protein in tissue samples. Luciferase activity of
corresponding tissues of hypothyroid vs euthyroid animals was compared with Student t test (n = 6).

Abbreviations: CTX, cerebral cortex; Eu, euthyroid; HT, hypothalamus; Hypo, hypothyroid; MBH, mediobasal hypothalamus; Pit, pituitary; WBC, white
blood cell.

7P < 0.05.

denervation, which resulted in a strong tendency for a
decrease in NE levels in iBAT (Fig. 5a) and prevented the
9-hour, cold exposure-induced, ~twofold increase in NE
content that was only observed in the intact iBAT lobe.
Furthermore, only the intact iBAT lobe exhibited a
ninefold increase in D2 expression and 18-fold acceler-
ation in D2 activity (Fig. 5b and 5c¢), which then increased
local TH signaling. Indeed, only in the intact lobe did
luciferase mRNA levels increase by ~2.7-fold (Fig. 5d). It
is notable that baseline TH action was not affected by
denervation in the animals kept at room temperature.

Discussion

Under most circumstances, TH levels in the circulation
are relatively stable, suggesting that TH signaling is
homogeneous and steady throughout the body. Although

Liver

A

::
£

0.0031

0.002+

Luciferase activity
(RLU/mg protein)

0.0014

0.000
CTRL GC24

indirect evidence exists that suggests that this is not the
case, as a result of the lack of appropriate tools, direct
measurement of tissue-specific TH action was not pos-
sible. Here, we developed and used a unique transgenic
mouse model to show that TH signaling is tissue specific
and fluctuates rapidly in a tissue-specific manner. These
findings are physiologically relevant given the assessment
of TH action using a reporter cassette that operates in the
context of endogenously expressed levels of TH trans-
porters, TRs, and transcriptional factors (Fig. 6). That
this reporter system reflects physiological levels of TH
signaling is illustrated by the fact that the THAI mouse
model is sufficiently sensitive to detect a reduction of TH
signaling in hypothyroid animals. In addition, the system
can detect rapid, tissue-specific changes in TH signaling,
such as in the cold-stimulated iBAT. Thus, the THAI

model reveals how a studied condition/treatment can

(o)
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Figure 3. Effect of the TH analog GC24 on tissue-specific TH action. (a) Single injection of the TRB agonist GC24 (1.53 nM/g bw IP) significantly
increased luciferase activity after 24 hours in hypothyroid (0.1% sodium perchlorate and 0.5% methimazole in drinking water for 3 weeks
combined with low-iodine diet) THAI #4 mice in the TRB isoform-dominant liver, whereas (b) luciferase activity did not change in the TRa
isoform-dominant heart. Luciferase activity of liver and heart samples was assayed 24 hours after GC24 injection. Means = SEM (n = 10).

*P < 0.0001 by Student t test. CTRL, control.
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Figure 4. Cold-induced TH action in the iBAT of THAI #4 mice. (a) luciferaseiferase activity is significantly elevated in dissected iBAT samples of
the THAI #4 line after 9 hours at 4°C and further increased after 24 hours of cold stress. *P < 0.05; ***P < 0.001 by one-way ANOVA,
followed by Newman-Keuls post hoc test. Means *= SEM (n = 5). (b) Luciferase mRNA increased after 9 hours in dissected iBAT samples of the
THAI #4 line; **P < 0.01 by one-way ANOVA, followed by Newman-Keuls post hoc test. Means + SEM (n = 5). (c) In vivo bioluminescence
imaging on iBAT of THAI #4 subjected to cold stress for 24 hours at 4°C, followed by IP luciferin administration. Representative images of two
control and two cold-exposed mice. Arrows indicate iBAT. (d) Light intensity diagram of luciferase activity in iBAT and foot pads of control and
cold-induced THAI #4 mice. Luciferase activity of skin above the non-BAT-containing region was deducted from iBAT reporter values. Means of

photon/s = SEM (n = 4). **P < 0.001 by Student t test.

change TH action in a specific tissue. However, the model
is not meant to establish and compare absolute levels of
TH signaling in various tissues of the same or different
THALI lines.

Invivo, the DR-4 element does not work exclusively as
TRE but can also represent a binding site for other nu-
clear receptors; e.g., it can be also bind to LXR, a
cholesterol-mediated nuclear receptor retinoid X receptor
(RXR), farnesoid X receptor, pregnane X receptor, and
constitute-androstane receptor (37-39). Our finding, that
GW3965, an LXR agonist, could induce hepatic lucif-
erase expression approximately twofold in THAI #4
mice, indicates that similar to the endogenous situation,
the inserted DR-4 elements can respond to other DR-4-
dependent pathways upon pharmacological induction.
Thus, TH specificity of the THAI system should be
viewed the same way as that of endogenous TREs that do
not exclusively respond to TH but might also be affected
by other DR-4-dependent, but not/or not directly TH-
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dependent, pathways. Therefore, under specific condi-
tions, the biological output of a DR-4 response could be
the net result of different DR-4-related signals.

Studies of deiodinase-mediated changes in TH sig-
naling have been hindered by the lack of a sufficiently
specific and sensitive reporter system, a problem that is
now resolved with the development of this mouse model.
Up until now, one could only assess tissue-specific TH
signaling by measuring mRNA levels of TH-responsive
genes (32). However, this approach has limited value, as
multiple factors affect the expression of endogenously
expressed, TH-responsive genes. Well-known TH-
responsive genes, such as spot-14, malic enzyme, and
ectonucleotide pyrophosphatase/phosphodiesterase 2,
are also regulated by many other factors, including in-
sulin and 17B-estradiol, for example (40, 41). Therefore,
expression of these genes could authentically report on
TH signaling only in atypical cases, when exclusively, TH
levels are altered in the animal. However, typically, it
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Figure 5. Sympathetic regulation of TH action in iBAT of THAI #4 mice. (a) Nine-hour cold stress increased NE levels by twofold in intact (Int)
BAT lobe, whereas the NE level was not influenced in the denervated (Den) lobe. (b) D2 enzymatic activity and (c) mRNA levels were increased by
cold stress in dissected, intact iBAT, whereas the denervated side remained unresponsive. (d) Luciferase mRNA level increased 2.7-fold in the
intact lobe in response to cold, but TH action was not influenced by cold on the denervated side. Despite sympathetic denervation, luciferase
expression did not decrease at room temperature in the denervated lobe compared with the intact lobe. ***P < 0.001; **P < 0.01 by repeated-
measures ANOVA, followed by Tukey post hoc test. Data are shown as means *= SEM (n = 6).

cannot be determined to what extent these genes were
regulated by changes of local TH levels and by other
factors. This indicates the need for alternative systems
that monitor TH signaling. To avoid problems associated
with the responsiveness of endogenous TH-regulated
promoters to TH-unrelated signals, we did not perform
knockin-powered, targeted insertion of the reporter, 3’ to
an endogenous promoter, but rather, applied Sleeping
Beauty transposase-mediated delivery of a minimal viral
promoter that was made TH responsive with the addition
of TREs. As in the 5'—flanking region of many endog-
enous, TH-responsive genes, two or three TREs are
present (18, 42, 43), we inserted three TREs in our
transgenic construct. In contrast to our model, the
available FINDT3 mouse model uses an artificial chi-
meric Gal4DNA-binding domain, a TR« ligand-binding
domain fusion protein that works independently of en-
dogenous TR and TRE (44). Thus, this system detects T3
availability but cannot assess the changes of physiolog-
ically relevant TH action that is a far more complex event
and cannot be directly deducted from T3 availability
alone. A 2X TRE B-galactosidase mouse model has been
reported to assess TH action at embryonic stages, but it is
not suitable for studies in the adult brain, and in-
formation in adult peripheral organs is missing (45).
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Furthermore, in contrast to the THAI mouse, neither
model allows for quantification of the tissue-specific
changes of TH signaling in live animals.

As the THAI model uses the endogenous TRs, it also
allows the examination of TH signaling triggered by TH
analogs, such as TR-selective agonists; i.e., the TRB-se-
lective GC24 markedly stimulated activity in the liver but
not in the TRa-predominant heart. The observed reporter
activity represents the net result of effects shaping the in
vivo ability of a compound to act in a specific tissue,
including tissue and cell penetration, local metabolism of
the compound, and interaction with TRs and cofactors.

TRs are distinctive in that even when unoccupied by
their ligands, they remain bound to the regulatory re-
gions of TH-dependent genes, slowing down the
transcriptional process through the recruitment of co-
repressors, a process known as gene repression. The
binding of T3 increases gene expression through de-
repression (uncoupling of TR and corepressors) and
transactivation (coupling of TR with coactivators). It is
remarkable that the THAI mouse exhibits a sufficient
signal-to-noise ratio to assess corepression, i.e., a de-
crease in TH signaling observed during hypothyroidism.
Indeed, in the hypothyroid THAI mouse, there is an
approximate two- to 10-fold decrease in TH signaling in
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Figure 6. TH action and its regulation by TH transporters and
deiodinases. T3 binds the TR/RXR heterodimer attached to a TRE in
the regulatory region of TH-responsive genes. The ability of TR/RXR
to affect gene transcription is modulated by coactivators/corepressors
(CoA/CoR) and factors regulating intracellular TH availability, TH
transporters (THT) and TH deiodinases. As the first step in the
regulation of TH action, D2 activates T4 by converting it to T3. Type
3 deiodinase (D3) catalyses the inactivating pathway by degrading
T3 and converting T4 to the inactive reverse T3. The expression of
the two main deiodinases, D2 and D3, varies according to cell type.

different brain regions, the pituitary, and other peripheral
organs, including liver, heart, bone, iBAT, white blood
cells, and small intestine. The latter is particularly in-
teresting, as it illustrates the high degree of TH re-
sponsiveness exhibited by the intestinal epithelium,
which is consistent with the observation that patients
carrying TRa-inactivating mutations exhibit marked
constipation (46). The measurement of TR-mediated
gene repression with the THAI mouse in a tissue-
specific manner provides an approach to physiological
studies of TH signaling and the impact of the deiodinases
and transporters.

Although the dosage of L-T4 and L-T3, as used in the
present studies, is standard across studies of TH signal-
ing, it is certainly well above the physiological range (32).
However, the increase in luciferase activity in cold-
stimulated iBAT provides strong evidence that the
THAI mouse gauges TH signaling within a physiological
context. Protein translation requires time; therefore, an
increase of reporter activity can be slower than that of
its encoding mRNA. This could explain that whereas an
increase of luciferase mRNA reaches its plateau at 9
hours, luciferase activity continues to increase until 24
hours. The model also allowed direct tissue-specific as-
sessment of TH action in iBAT and provided insights into
the crosstalk between TH and noradrenergic signaling by
revealing that in contrast to the cold-induced changes of
TH action, the basal TH action at room temperature is
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independent of noradrenergic signaling in this tissue (35,
47). These data also demonstrate how robustly THAI
mice reveal local tissue-specific up- or downregulation of
TH action, independently from circulating TH levels.

The translatability of the present findings is straight-
forward. Patients with different forms of thyroid disease
suffer from momentary or life-long dysregulation of TH
signaling. Thus, if we are to correct TH signaling in
such patients, we should be able to understand how
major elements of TH metabolism and action affect T3-
dependent biological effects. For example, >300 million
patients with hypothyroidism worldwide are maintained
on levothyroxine-replacement therapy (48). The ratio-
nale for using only levothyroxine is based on the idea that
the deiodinases regulate the amount of T3 required by
individual tissues. It has recently been recognized that
there are limits to the extent that deiodinases normalize
systemic and intracellular T3 during treatment with
levothyroxine (15). As a result, patients on levothyroxine
are ~10 pounds heavier, 30% to 40% less active, and
more likely to be on antidepressives, statins, and beta-
blockers, despite normal thyroid-stimulating hormone
serum levels (49). We are now in a position to understand
why and in which tissues TH signaling is dysregulated
during levothyroxine supplementation.

In conclusion, the generated THAI model can assess
TH action in live animals and tissue samples. The model is
able to capture both increased and decreased levels of
endogenous TH signaling. It can be used to study the
tissue-specific impact of TH analogs and has the potential
to serve as a useful model for testing the impact of en-
docrine disruptors on the TH economy. Whereas the
THAI model overcomes the interfering effect of numer-
ous signals modulating the expression of endogenous,
TH-responsive marker genes via various promoter-binding
sites, its reporter activity can certainly be affected under
specific conditions by DR-4-dependent, but not/or not
directly TH-related, signals, the same way as endogenous
DR-4 works in vivo. The THAI mouse reveals that during
the preservation of thermal homeostasis, the activation of
the sympathetic nervous system induced elevation of TH
action in the iBAT of mice in a cold environment, but the
sympathetic nervous system has no effect on TH action
in the iBAT of mice at room temperature, indicating
highly different regulation of TH action under these two
conditions.
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Table S1.

Tagman probes used for real-time PCR

Gene Name Accession Nr.
Luciferase Firefly luciferase enzyme AIY9ZTZ
dio2 Type 2 deiodinase Mm00515664 m1
GAPDH glyceraldehyde-3-phosphate dehydrogenase Mm99999915 g1




Table S2.

Serum free thyroid hormone levels and body weight of THAI mice

WT THAI #4 P value THAI #23 P value THAI #18 P value
fT4 (pmol/lL) 13.44 + 1.81 10.57 £ 1.96 0.325 12.86+1.44 0.811 12.89+2.03 0.846
fT3 (pmol/L) 5.33+0.74 4.26 + 0.41 0.249 4.27+0.36 0.247 4.40+0.39 0.309
body weight (g) 29.83+1.27 | 32.93+1.31 0.14 28.33+0.42 0.223 27.5+1.51 0.344

Results are expressed as means + SEM (n=4). No significant difference was found (wt vs. THAI) by Student’s t-test.




Table S3.

Metabolic phenotyping and body composition of THAI mice

WT THAI #4 P value
lean body mass % 80.51 +2.03 81.92+1.53 0.6
fat mass % 13.07 £ 2.27 12.79 + 1.77 0.92
daily average RER VCO2/VO2 0.86 + 0.03 0.86 + 0.01 0.91
daily average VO2 (ml/kg lean body/h) 3746.49 + 328 4072.59 + 184 0.42

Results are expressed as means + SEM (n=4). No significant difference was found (wt vs.
THAI) by Student’s t-test.




Fig. S1.
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Bioluminescence in #4 THAI mice. Bioluminescence of the interscapular region of live THAI #4 mice
originates from the iBAT. Animals were injected with L-T3 (1 pg/g bw i.p. 24h before imaging). The
animals were anesthetised before imaging. Intact animal (left) and direct imaging of iBAT after removal
of skin of the interscapular region (right).
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Detection of TH action in live #23 animals. (a) In vivo bioluminescence imaging on euthyroid and L-T3-treated (1 pg/g bw injected i.p.
24h before imaging) THAI #23 mice followed by i.p. luciferin administration. Representative images of euthyroid (eu) and L-T3 treated
(T3) mice and light intensity diagram of iBAT and small intestine. L-T3 injection increased light intensity in iBAT and small intestine.
Dorsal image arrow: iBAT; Ventral image circle: intestine; #: testicles (b) Light intensity diagram (photon/sec) of luciferase activity in
iBAT and small intestine of euthyroid and L-T3-treated THAI #23 mice. Mean of photon/sec + SEM (n=5) ** P<0.01 by Student’s t-test.
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