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Lack of thyroid hormone receptor beta
is not detrimental for non-alcoholic
steatohepatitis progression

Nuria Lopez-Alcantara,’ Rebecca Oelkrug,” Sarah Christine Sentis,’ Henriette Kirchner,” and Jens Mittag’-3*

SUMMARY

Agonists for thyroid hormone receptor B (TRB) show promise in preclinical studies and clinical trials to
improve non-alcoholic fatty liver disease. A recent study on human livers, however, revealed reduced
TRp expression in non-alcoholic steatohepatitis (NASH), indicating a developing thyroid hormone resis-
tance, which could constitute a major obstacle for those agonists.

Using a rapid NASH paradigm combining choline-deficient high-fat diet and thermoneutrality, we
confirm that TRB declines during disease progression in mice similar to humans. Contrary to expecta-
tions, mice lacking TR showed less liver fibrosis, and NASH marker genes were not elevated.
Conversely, increasing TRB expression in wild-type NASH mice using liver-targeted gene therapy did
not improve histology, gene expression, or metabolic parameters, indicating that TRB receptor levels
are of minor relevance for NASH development and progression in our model, and suggest that
liver—rather than isoform—specificity might be more relevant for NASH treatment with thyroid hor-
mone receptor agonists.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver disease in Western countries, affecting around 30% of all adults." NAFLD
encompasses a wide spectrum of different stages, ranging from steatosis with normal hepatic function to non-alcoholic steatohepatitis
(NASH) and further to cirrhosis and hepatocellular carcinoma.”? Several external factors such as dietary choices are known to facilitate
NAFLD development, but also endocrine alterations contribute to the development and progression of the disease.” Among those, thyroid
hormones (THs) are most prominent, showing a strong correlation between lower circulating THs and NAFLD in humans.* Given the well-
established beneficial effects of THs on cholesterol metabolism and hepatic lipid content,” activating hepatic TH signaling to improve liver
health has been a holy grail in the field. However, while a therapy with thyroxine (T4) does in fact reduce hepatic lipid content,” it carries the
risk of undesired side effects including cardiovascular complications.'” Therefore, strategies have been developed to specifically aim at tar-
geting hepatic TH receptor B (TRB), which delivered promising metabolic results,''~'® but were either discontinued or have not reached clin-
ical practice yet (NCT03900429)."'

Recently, studies have shown that the local hepatic TH action might indeed be of greater relevance for disease pathogenesis than the
systemic TH levels: a previous study on a small cohort in patients with NAFLD has found increased expression of the TH-inactivating enzyme
deiodinase type 3 in human liver biopsies,'” while another large cross-sectional study identified reduced expression of TRp in livers of indi-
viduals with NASH.? Both studies suggest that with disease progression, the human liver might have reduced intracellular thyroid hormone
action. Especially, the role of TRB in this process might be crucial, as this isoform is the major regulator of hepatic lipid metabolism,”*' and a
decline in the expression of this isoform might constitute a major obstacle in the current therapeutic strategies.

To characterize the role of available TRB for NASH development, we established a novel rapid NASH induction protocol in mice and moni-
tored disease progression in controls and animals lacking TRP as loss-of-function model.”>** Most importantly, we performed our studies at
thermoneutrality, which eliminates the cold stress on mice and makes them metabolically more comparable to humans. In addition, the
endogenous hyperthyroidism of these TRB knockout mice is normalized at this temperature, thus removing the high circulating TH levels
acting on the intact TRa as confounding factor. Finally, as gain-of-function experiment, we restored TR expression using an adeno-associ-
ated virus (AAV)-based gene therapy in wild-type mice with NASH to test for metabolic benefits.
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Figure 1. Effects of NASH diet on TR knockout mice

(A) Experimental overview.

(B) Effects of CD-HFD on Thrb1 expression in wild-type mice.

(C-E) Body weight differences, food intake and body composition as assessed by NMR at 4, 8, and 16 weeks of age. Values are mean + SD, *: p < 0.05;
**: p < 0.01;, *** p < 0.001 for control vs. CD-HFD; #: p < 0.05; ##: p < 0.01 for wild-type vs. TRB knockout (two-way ANOVA with Tukey's multiple
comparison test, see Table S1).

RESULTS

To test whether impaired TRp expression, as observed in human NASH liver,”® would affect NASH development and progression, we put wild-
type and TRB knockout mice on a choline-deficient high-fat diet (CD-HFD). We chose to keep the animals at thermoneutrality for the duration
of the experiment (Figure 1A), as this eliminates the elevated metabolism resulting from the permanent cold challenge at room tempera-
2=2% and makes the animals more susceptible to metabolic challenges as demonstrated previously for NAFLD.”” The animals were
analyzed after 4, 8, and 16 weeks of diet. Similar to what observed in humans,”® wild-type mice on CD-HFD showed lower Thrb expression
than controls already at 4 weeks of diet, which became less pronounced at 8 and 16 weeks due to a general decline with increasing age
(Figure 1B). Most remarkably, at thermoneutrality, the endogenously 2- to 3-fold elevated 3,3',5-triiodothyronine (T3) and thyroxine (T4) levels
of TR knockout mice””?* were almost normalized: Only a mild increase remained in total T4 at 8 weeks and 16 weeks (difference between
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wild-type and TRB knockout 26% at 8 weeks and 38% at 16 weeks, average of both diets), which however failed to reach significance in post
hoc tests with the exception of the 16 weeks CD-HFD animals. T3 levels were not significantly different in any condition (difference between
wild-type and TR knockout 40% at 4 weeks, 14% at 8 weeks, and 34% at 16 weeks, average of both diets). The diet itself had no significant
effect on T3 or T4 serum levels (Figure STA and Table S1). Similarly, there was little effect of the lack of TRB on hepatic T3 or T4 levels, with the
exception of a mild elevation in hepatic T4 at 4 weeks (difference between wild-type and TRB knockout 47% at 4 weeks, 32% at 8 weeks, and
12% at 16 weeks, average of both diets). CD-HFD generally lowered hepatic T4 but not T3 levels (Figure S1B and Table S1). Nevertheless, the
liver of TRB knockout mice is still in a functionally hypothyroid state as evidenced by the lower deiodinase type | (Dio) mRNA expression in
these mice at 16 weeks, independent of the diet (Figure S1C).

After 4 weeks, a lower body weight gain was observed in CD-HFD animals as compared to control diet irrespective of the genotype,
despite increased caloric intake. This difference was likely due to lower body fat mass as assessed by NMR (Figure 1C and Table S1), which
however was still higher than the 17%—-19% fat mass usually observed in wild-type males on chow diet at room temperature.”® Over time, the
initial differences in body weight and composition between the diets disappeared, while caloric intake remained higher (Figures 1D, 1E, and
Table S1). After 16 weeks of diet, however, TRB knockout mice exhibited higher fat and lower lean mass (Figure 1E, right panel), but normal
C-peptide levels (Figure S1D).

When liver histology in those animals was studied using H&E staining, we observed moderate lipid deposition over the duration of the
experiment in the control diet in both genotypes, while the animals on CD-HFD already had high lipid deposition at 4 weeks on the diet (Fig-
ure 2A). Overall, there was no obvious difference between the genotypes, which was additionally confirmed by oil red O quantification or
direct measurement of hepatic lipid content (Figure S1E and S2A)—with the exception of more pronounced lipid deposition around the cen-
tral vein in wild types at 4 weeks, which was not observed in TRB knockout mice (Figure 2A). Serum levels of alanine transaminase and aspartate
transaminase as indicators of hepatocyte damage were significantly elevated by the CD-HFD (Figure 2B), but again not different between the
genotypes.

We then checked for signs of fibrosis using Sirius Red staining in these animals (Figure 3A). While mice on control diet show no obvious
signs of fibrosis irrespective of the genotype, first signs of perisinusoidal collagen deposition were noticed at 8 weeks on CD-HFD in both
genotypes. After 16 weeks of CD-HFD, there was marked pericellular and periportal fibrosis, indicative of full NASH; however, the fibrosis
was less pronounced in TRB knockout animals as compared to controls, which was confirmed by subsequent scoring (Figures 3B-3D first
panel; Table S1). To further quantify NASH fibrosis and inflammation, we performed gene expression on Colla, Elf3, and Glis2
(Figures 3B-3D and Table S1) as well as Tnfa, IL18, and IL6 (Figure S2B) as established markers,”” which revealed a significant induction of
all genes except IL18 by the CD-HFD. While we did not find any effect of the genotype on Glis2, Tnfa, IL6, and IL18 mRNA expression,
the lack of TRB led to lower levels of Coll1al at 4 and 16 weeks as well as EIf3 at 8 weeks (Figures 3B-3D and Table S1). Taken together, these
data suggest that the lack of TRB does not advance the progression of NASH in mice, and might even be protective against fibrosis
development.

To test whether preventing the reduced Thrb 1 expression would elicit beneficial effects, we applied a gene therapy strategy in wild types
on CD-HFD at thermoneutrality using tail-vein injection of an AAV8-expressing Thrb1 or mCherry as control under the human TBG promoter
to achieve liver specificity (Figure 4A). The AAV reached the liver as evidenced by the detection of the viral woodchuck hepatitis virus post-
transcriptional regulatory element in genomic hepatic DNA (Figure S3A) and the prominent and widespread mCherry fluorescence in liver
sections of the control animals (Figure S3B). The targeting approach successfully led to a 2-fold higher expression of Thrb1 in the liver as
compared to controls 4 weeks after AAV injection, while no increase was found in other organs such as the kidney (Figure 4B). When the an-
imals with increased hepatic Thrb1 expression were analyzed, we did not observe any change in T3/T4 ratio (Figure 4C), body weight, food
intake or body composition (Figure 4D), or energy expenditure (Figure S3C). The liver histology revealed collagen deposition in the extracel-
lular matrix indicative of NASH in both groups, which seemed more prominent in the Thrb1 expression group, but did not reach significance
(Figure 4E). Likewise, no significant changes were detected in gene expression of TH target genes or inflammation markers (Figures 4F and
S3D) or hepatic T3 or T4 content (Figure S3E). The data therefore suggest that restoring Thrb1 expression in NASH does not elicit beneficial
effects for disease progression.

DISCUSSION

Our data show that the lack of TRB does not facilitate NASH development and might even protect against fibrosis. Conversely, increasing
Thrb expression in the livers of CD-HFD animals did not prevent disease progression. The data seem counterintuitive, given that TR agonists
are clearly beneficial for hepatic parameters;”® however, there are distinct molecular differences between altering ligand or receptor
availability.

Benefits of thermoneutrality in our experimental paradigm

A decisive advantage of our NASH study is the use of thermoneutrality as experimental condition. It eliminates the constant cold challenge of
small rodents at room temperature, which usually strongly induces metabolic rate,”* and more closely mimics the human condition in several
parameters including autonomic innervation.”*® Consequently, mice are more susceptible to metabolic challenges, which was shown pre-
viously for NAFLD development”” and now demonstrated in our study for NASH. Given that some established NASH models can take up to a
year of dietary intervention to develop fully at room temperature or are associated with weight loss as in methionine- and choline-deficient
diets,”'*? our novel experimental approach allows testing of therapeutical interventions in a reasonable time period. More importantly,
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Figure 2. Histological effects of NASH diet on TRB knockout mice
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(A) Hepatic hematoxylin and eosin staining of wild types and TRB knockout mice at 4, 8, and 16 weeks of CD-HFD or control diet. Central vein (CV); Portal vein (PV).

Arrows indicate the difference in zonal lipid deposition between the genotypes. Arrowheads indicate invading immune cells. Unicorn heads indicate ballooning.
Scale bar reflects 200 pm.

(B) Serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) in these animals. Values are mean + SD, *: p < 0.05; ***: p < 0.001;
**xk: p < 0.0001 for control vs. CD-HFD. (two-way ANOVA with Tukey's multiple comparison test, see Table S1).

thermoneutrality strongly alleviated the hyperthyroidism of TR knockout animals observed at room temperature,””** which allowed studying
the lack of TRB without the confounding effects of a strong TRa.1 activation in these animals. However, the lack of TRB still confers a local he-
patic hypothyroidism as can be seen from the repressed Dio1 expression. Therefore, the experimental paradigm presented in this study pro-
vides interesting advantages for the fields of metabolic and thyroid research.

Differences between lower Thrb expression and thyroid hormone resistance in fatty liver disease

Most importantly, we were able to detect a reduced expression of Thrb in the livers of CD-HFD-treated wild-type mice, which progressed over
time. This closely reflects the conditions found in human individuals with NASH in our previous study,”” thus enabling us to use this model for
molecular studies. Given the prominent effects of TRB agonists for hepatic health,” our initial hypothesis was that reduced Thrb expression
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Figure 3. Signs of fibrosis and inflammation caused by NASH diet on TR knockout mice

(A) Hepatic Sirius red staining of wild types and TRB knockout mice at 4, 8, and 16 weeks of CD-HFD or control diet. Scale bar reflects 200 um.

(B-D) Quantification of Sirius red staining and hepatic gene expression of CollaT, EIf3, and Glis2 in these animals as assessed by gPCR. Values are mean + SD,
* p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001 for diet effect; #: p < 0.05; ##: p < 0.01 for genotype effect (two-way ANOVA with Tukey's multiple
comparison test, see Table S1).

could cause hepatic thyroid hormone resistance, which would be detrimental for metabolic disorders. This is supported by findings in patients
with resistance to thyroid hormone B (RTHP) due to mutations in THRB, which present with increased hepatic lipid content®, and animal
models with a similar mutation that exhibit fatty liver due to elevated lipogenesis and reduced B-oxidation.>* However, in these conditions,
the TRB is incapable of binding TH due to a mutation and remains in a permanently unliganded apo-receptor state, which can actively sup-
press gene expression and usually results in stronger phenotype than the lack of the receptor.’>** Moreover, it can be speculated that a
mutant TRB might interfere with the intact TRa1, e.g., by dimerization, while this would not occur in the absence or reduction of TRB. There-
fore, RTHPB due to THRB mutations cannot be directly compared to a condition of reduced TRB as in NASH, as in the latter a compensation by
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Figure 4. Reexpression of Thrb1 in wild-type mice exposed to NASH diet
(A) Experimental paradigm depicting the time course of AAV8 tail-vein injection and analysis.

(B) Gene expression levels of Thrb 1 in liver and kidney of wild-type mice on CD-HFD injected with a control (black) or Thrb1 expression construct (gray) under the
TBG promoter.

(C) Serum total T3 to T4 ratio in these animals 6 weeks after starting the CD-HFD.
(D) Difference in body weight, food intake, or body composition in the animals.
(E) Hepatic hematoxylin and eosin as well as Sirius Red staining with quantification of fibrosis in these animals. Scale bar reflects 200 um.

(F) Hepatic gene expression of Glis2, EIf3, and TNFa in the animals as assessed by gPCR. Values are mean + SD, *: p < 0.05; **: p < 0.01; ***: p < 0.001 (unpaired
Student's t test, see Table S1).

TRa1 is conceivable. Therefore, the use of a TRB knockout instead of a model carrying a dominant-negative mutation to study NASH devel-
opment is preferable, as it better reflects the conditions found in human NASH.?°

Can TRa1 compensate TR in liver metabolism?

An absolute prerequisite for a compensation of TRB by the other TR isoform TRa1 would be a co-expression of both receptors within the same
cell. However, there is limited information available on the cellular distribution of TRs in the liver, given the problems of finding suitable
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antibodies.”” An initial study on protein level showed that both receptors are expressed in the liver, with higher levels around the central vein
but a broader gradient for TRa..***” A more recent study using single-cell RNA sequencing technology supported the presence of both TR
isoforms in hepatocytes with only minor differences between perivenous and periportal areas and Thrb expression exceeding Thra.*® A high-
fat diet generally elevated the expression, but primarily increased the levels of Thra in immune cells.”” This suggests that a reduction in Thrb
expression could generally be compensated by the available TRa1 present in the same cell; however, given the perivenous-periportal expres-
sion gradient, this might not work equally well in all zones. In fact, when we investigated the liver histology in wild-type and TRB knockout mice,
we observed a striking difference in the zonation of lipid deposition in the early NAFLD, i.e., 4 weeks of control diet, which could result from
altered B-oxidation, mitochondrial biogenesis, or autophagy—all established targets of hepatic TH action in mice.*' This zonation effect,
however, disappeared at later stages and under CD-HFD, suggesting that once the metabolic challenges build up, the liver is overwhelmed
by lipids that are deposited without regard for localization. Given that the hepatic phenotype of TRB knockout mice is not worse than in wild-
type controls, this suggests that a compensation by TRa1 is generally possible in some aspects with minor region-specific differences in the
early stages of NAFLD.

Conclusions

Given the plethora of results using TRB-selective ligands,'®*" it is undisputed that hepatic TH action is beneficial for liver metabolism. This is

further supported by recent studies revealing that the initial increase in hepatic TH production through induction of Dio 7 inhibits NAFLD pro-
gression.”” However, increasing hepatic TH action not only requires more ligand but also an available receptor. Our data now surprisingly
demonstrate that the precise levels of Thrb are of minor importance: elevating Thrb expression is by itself not sufficient to provide metabolic
benefits and vice versa a lack of TRB in mouse NASH does not by itself promote disease progression, possibly by partial compensation
through TRa1. Consequently, our findings suggest that it may be more relevant to focus on liver specificity for artificial TR ligands rather
than TR selectivity—an aspect that is supported by recent studies highlighting the importance of TH transporters for directing these agonists

to the liver.”>*

Limitations of the study

One of the limitations of our study is certainly the use of a global TRB knockout, which allows the possibility that indirect consequences of TRB
deficiency in other organ systems, i.e., the autonomic nervous system or adipose tissue,””*® might affect the phenotype in our paradigm.
Therefore, future studies could employ a hepatocyte-specific knockout or a liver targeting AAV-based approach, similar to what we used
in the gain-of-function experiment. Here, it should be mentioned that, as we only provided gPCR data to show increased Thrb expression
upon AAV transfection, we cannot quantify the resulting increase in protein, since we could not confirm the specificity of commercially avail-
able antibodies’” using TRP knockouts (see data availability for further information). Future studies should therefore include a tagged THRB to
precisely quantify the levels of expression, identify the location of this receptor in the liver, and allow chromatin immunoprecipitation studies.
Furthermore, given the zonation effects observed in the TRB knockout animals, studies with greater cellular resolution by single-cell RNA
sequencing will be required to pinpoint the precise contributions on the cellular level and to decipher the precise roles of the TR isoforms
in NAFLD and NASH development and progression. Finally, while the NASH model developed in this study recapitulates histopathology
and transcriptional characteristics of human NASH, it is not characterized by massive weight gain over the course of the diet and the choline
deficiency of the diet could affect insulin sensitivity due to non-NASH-related effects.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
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O AAV gene therapy
o METHOD DETAILS
O Glucose and insulin tolerance test
O Indirect calorimetry
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O T3/T4 and C-peptide ELISA
O Clinical chemistry parameters
O Histology
o QUANTIFICATION AND STATISTICAL DETAILS
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Donkey anti-Goat antibody, Alexa Fluor™ 594 Invitrogen Cat#A11058; RRID: AB_2534105

Goat polyclonal anti-mCherry antibody

OriGene Technologies GmbH

Cat#AB0040; RRID: AB_2333093

Bacterial and virus strains

AAV8-TBG-mCherry VectorBuilder GmbH N/A
AAV8-TBG-mThrb1 VectorBuilder GmbH N/A

Chemicals, peptides, and recombinant proteins

2-propanol Carl Roth GmbH&Co KG Cat#CP41.3
Acetic acid Carl Roth GmbH&Co KG Cat#3738.4
cOmplete Protease Inhibitor Cocktail Roche Cat#5892970001
D-(+)-Glucose Sigma-Aldrich Cat#G7021
Direct Red 80 Sigma-Aldrich Cat#365548
FastStart Universal SYBR Green Master Roche Cat# 04913914001
Mix (+ROX)

Histoplast Paraffin Wax Thermo Fisher Scientific (Thermo Scientific) Cat#6774060
Insulin (NovoRapid Penfill 100E/ml) Novo Nordisk Cat#00558713
Mounting medium, Aqueous, BioAssay USBiological Cat#M4679-01
Oil Red O Sigma-Aldrich Cat#00625
Paraformaldehyde 4% Thermo Fisher Scientific (Thermo Scientific) Cat#J19943-K2
Picric aqueous solution 1.2% AppliChem GmbH Cat#A2520
ProLong TM Diamond Antifade Mountant with DAPI Invitrogen Cat#P36971
Qiazol Lysis Reagent QIAGEN Cat#74704

Xylol Carl Roth GmbH&Co KG Cat#9713.3
Critical commercial assays

Alanine Aminotransferase (ALT) Activity Assay Sigma-Aldrich Cat#MAKO052
Aspartate Aminotransferase (AST) Activity Assay Sigma-Aldrich Cat#MAKO55
Eosin Y solution 0.5% aqueous Carl Roth GmbH&Co KG Cat#Xx883.2
Mayer's hemalum solution Sigma-Aldrich Cat#1.09249
miRNeasy Mini Kit QIAGEN CAT#217084
Molecular Biology RevertAid Strand cDNA Kit Thermo Fisher Scientific (Thermo Scientific) Cat# K1622
Rat/Mouse C-Peptide 2 ELISA Sigma-Aldrich Cat#EZRMCP2-21K
Serum total T3 NovaTec Immundiagnostica GmbH Cat#DNOV053
Serum total T4 DRG Diagnostics Cat#EIA-1781
Triglyceride Quantification Kit Sigma-Aldrich Cat#MAK266

Experimental models: Organisms/strains

C57BL/6NCrl mice

Choline-deficient high fat diet (CD-HFD)
Control diet (CSAA)
B6.12951-Thrbtm1Df/J (TRB ko)

Charles River Laboratories
(breeding colony in Germany)
ssniff Spezialdidten GmbH
ssniff Spezialdidten GmbH
Forrest et al., 1996

RRID:MGI:2160593

Cat#S0585-E010
Cat#E15668-043
RRID:IMSR_JAX:003462

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Primer: Col1a1 Integrated DNA Technologies N/A
Forward: GCTCCTCTTAGGGGCCACT Germany GmbH

Reverse: CCACGTCTCACCATTGGGG

Primer: Dio1 Integrated DNA Technologies N/A
Forward: GCTGAAGCGGCTTGTGATATT Germany GmbH

Reverse: GTTGTCAGGGGCGAATCGG

Primer: EIf3 Integrated DNA Technologies N/A
Forward: GCTGCCACCTGTGAGATCAG Germany GmbH

Reverse: GTGCCAAAGGTAGTCGGAGG

Primer: Glis2 Integrated DNA Technologies N/A
Forward: GACGAGCCCCTCGACCTAA Germany GmbH

Reverse: AGCTCTCGATGCAAAGCATGA

Primer: Hprt Integrated DNA Technologies N/A
Forward: GCAGTACAGCCCCAAAATGG Germany GmbH

Reverse: AACAAAGTCTGGCCTGTATCCAA

Primer: IL1B Integrated DNA Technologies N/A
Forward: TATCACTCATTGTGGCTGTGGA Germany GmbH

Reverse: CATCTCGGAGCCTGTAGTGC

Primer: IL6 Integrated DNA Technologies N/A
Forward: GCTACCAAACTGGATATAATCAGGA Germany GmbH

Reverse: CCAGGTAGCTATGGTACTCCAGA

Primer: Rplp0 Integrated DNA Technologies N/A
Forward: TCGGGTCCTAGACCAGTGTTC< Germany GmbH

Reverse: AGATTCGGGATATGCTGTTGGC

Primer: Thrb1 Integrated DNA Technologies N/A
Forward: ACACCTTATCCAGGCCACTT Germany GmbH

Reverse: GTGGTACCCTGTGGCTTTGT

Primer: TNFa. Integrated DNA Technologies N/A
Forward: TCTCATCAGTTCTATGGCCC Germany GmbH

Reverse: GGGAGTAGACAAGGTACAAC

Software and algorithms

GraphPad Prism 8.0 and 9.0 GraphPad N/A
ImageJ 1.54b ImageJ N/A
Microsoft Excel 365 Microsoft N/A
Minispec Plus Software 6.0 Bruker Corporation N/A
NIS Elements Imaging Software 4.30 Nikon N/A
NormFinder MOMA https://www.moma.dk/software/normfinder

QuantStudio Design & Analysis Software 1.5.1

Thermo Fisher Scientific

www.thermofisher.com/de/de/home/
global/forms/life-science/quantstudio-
3-5-software.html

SPECTROstar Nano - Data Analysis 3.01 R2 BMG Labtech N/A
TSE PhenoMaster software V5.8.1, V6.2.0 and V6.5.3 TSE Systems N/A
GraphPad Prism 8.0 and 9.0 GraphPad N/A
Other

AccuCheck Aviva Roche N/A
minispec Live Mice Analyzer (LF110) Bruker Corporation N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
NanoDrop™ Thermo Fisher Scientific Cat#ND-ONE-W
QuantStudio™ 3 Real-Time PCR System Thermo Fisher Scientific Cat#A28567
UNIPROTECT NG cabinet Zoonlab GmbH N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jens Mittag (jens.
mittag@uni-luebeck.de).

Materials availability

The Thrb knockout mouse line in this study has been made available previously from jax.org as strain #003462. The AAV8-TBG-mCherry or
AAV8-TBG-mThrb1 are available at VectorBuilder with the catalog numbers AAV8M(VB220215-103%yuh) or AAV8L(VB211123-1086ztk).

Data and code availability

No code has been produced in this study. Data are available from the lead contact, Jens Mittag (jens.mittag@uni-luebeck.de). The data on
non-specificity of thyroid hormone receptor antibodies mentioned in the limitations section of the study are available from FigShare: https://
doi.org/10.6084/m9.figshare.24145185.v1.

EXPERIMENTAL MODEL

Animals

TRB knockout mice,””?* lacking both TR isoforms, and controls were bred on the C57BI/6NCrl background in the Gemeinsame Tierhaltung
(GTH) University of Libeck. Male animals at the age of 4-6 months were single housed at 30° + 2°C with free access to food and water in a
climate chamber (Zoonlab GmbH, Germany) with a constant 12-hour-light/12-hour-dark cycle for three weeks before receiving control diet
(#E15668-043; Ssniff Spezialdidten GmbH, Germany) with calories provided by carbohydrates (72%), fat (16%) and protein (12%) or choline-
deficient high fat diet (CD-HFD) (#S0585-E010; Ssniff Spezialdidten GmbH, Germany) with a composition of carbohydrates (31%), fat (60%),
protein (9%). Body composition was studied by nuclear magnetic resonance spectroscopy (NMR) (minispec LF110, Bruker Corporation, Ger-
many). All animal experiments were carried out according to EU guideline regulations (210/63/EU) and approved by the MEKUN Schleswig-
Holstein (Germany).

AAYV gene therapy

Wild-type C57BI/6NCrl mice were purchased from Charles River Laboratories (Charles River, Germany) and experiments were conducted at
the age of 7 months. Animals were single housed at 30°C with food and water ad libitum and after one week received CD-HFD (#50585-E010;
Ssniff Spezialdidten GmbH, Germany). For AAV, serotype 8 was used in combination with the human thyroxine binding globulin (TBG) pro-
motor to ensure hepatocyte specificity. Animals were anesthetized by isoflurane and kept on a homeothermic monitoring system to maintain
core body temperature, while 100 pL of AAV8-TBG-mCherry or AAV8-TBG-mThrb1 (VectorBuilder GmbH, Germany) with a final concentra-
tion of 1.33x10"" and 3.44x10"" viral particles per animal were administered via lateral tail vein injection, respectively. For mCherry detection,
liver sections from unfixed OCT-coated frozen tissue were cut at 7 um, fixed in 4% PFA for 20 min, then washed in PBS prior to antigen retrieval
with sodium citrate buffer at 80°C. Primary antibody goat mCherry 1:500 (AB0040; OriGene Technologies GmbH, Germany) was left overnight
at 4°C. Alexa 594 conjugated donkey anti-goat 1:400 (A11058; Invitrogen, Germany) was used as secondary antibody. All sections were
stained with mounting medium with DAPI (Invitrogen, Germany).

METHOD DETAILS
Glucose and insulin tolerance test

Mice were fasted for 6 h with free access to water before intraperitoneal injection of D-(+)-Glucose (Sigma-Aldrich, Germany) 1.5 g/kg body
weight in sterile 0.9% saline. Blood glucose was measured in tail blood before and 15, 30, 60, and 120 min post injection using a glucometer
(AccuCheck, Aviva). Animals recovered for 2 days until an intraperitoneal injection of insulin (NovoRapid Penfill 100E/mL, Novo Nordisk) of
0.75 U/kg body weight for recording insulin tolerance, and blood glucose was recorded before and 15, 30, 60, 90, and 120 min post injection.

Indirect calorimetry

Oxygen consumption and carbon dioxide production were measured via indirect calorimetry using an open respirometry system (TSE
PhenoMaster, TSE Systems). Mice were transferred to a climate chamber and provided with food and water ad libitum. Energy expenditure,
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food and water intake, respiratory quotient (RQ = carbon dioxide produced/oxygen consumed) and activity were measured at 20-minute-in-
tervals. Daily energy expenditure (DEE, kJ/day) was calculated using the RQ and the caloric equivalents given by*® with (heat production (HP,
mW) = (4.44 + 1.43* RQ) * VO, (mL O,/h)) of a 24 h interval. Analysis of the data was done using Microsoft Office Excel and TSE PhenoMaster
software V6.5.3 (TSE Systems, Germany).

qPCR

RNA was isolated following the manufacturer's instructions using the miRNeasy mini kit including a DNase digestion (QIAGEN,
Germany) step. cDNA synthesis was performed using the Molecular Biology ReserAid ¢cDNA Kit (Thermo Fisher Scientific, Germany) from
1 ng of RNA. QuantStudio Applied Biosystems (Thermo Fisher Scientific, Germany) and GoTag gPCR Master Mix (Promega, Germany)
were used for gPCR analysis. Efficiency of gPCR primers was determined using standard curves and NormFinder (https://moma.dk/
normfindersoftware, Denmark) was used to select the best combination of reference genes. Gene expression was normalized with hypoxan-
thine phosphoribosyltransferase (Hprt) and ribosomal protein lateral stalk subunit PO (Rplp0) for liver tissue and Hprt and peptidylprolyl isom-
erase A (Ppia) for kidney using the AACT method.

T3/T4 and C-peptide ELISA

Serum total triiodothyronine (T3) (DNOV053, NovaTec Immundiagnostica GmbH, Germany) and total thyroxine (T4) (EIA-1781, DRG Diagnos-
tics, Germany) concentrations were determined with an ELISA according to manufacturer's instructions. Although the assays are certified for
human total T3 and T4, they provide accurate results for mice as well.”"*” Intrahepatic TH levels were determined as described previously by
the Endocrine Laboratory Amsterdam UMC.>* Serum C-peptide 2 (EZRMCP2-21K, Sigma-Aldrich, Germany) was determined with an ELISA
according to manufacturer’s instructions.

Clinical chemistry parameters

Serum activity of AST, ALT and intrahepatic triglycerides (Sigma-Aldrich, Germany) were determined according to the manufacturer’s
instructions.

Histology

Tissues were fixed in 4% paraformaldehyde (PFA) for 48 h and then dehydrated in increased concentrations of ethanol and xylol prior to
paraffin embedding. For cryosections, tissues were fixed in 4% PFA overnight with subsequent cryoprotection in 15% sucrose overnight
and 20% sucrose. 5 um paraffin sections were stained for Hematoxylin and Eosin (H&E) using Mayer’s hemalum solution (Sigma-Aldrich, Ger-
many) and eosin Y solution 0.5% aqueous (Carl Roth GmbH&Co KG, Germany) according to manufacturer’s instructions (X883.1, Carl Roth
GmbH&Co KG, Germany). Sirius red 5 um paraffin slides were stained for 60 min in Picrosirius solution, consisting of 0.1% of Direct Red
80 (Sigma-Aldrich, Germany) in picric aqueous solution 1.2% (AppliChem GmbH, Germany) post tissue rehydration, and then washed for
4 min in 0.5% acetic acid, dehydrated, cleared, and mounted. All sections were mounted with xylene-based mounting media (Leica Mikro-
systeme Vertrieb GmbH, Germany). 7 um thick cryosections were stained with Oil Red O (Sigma-Aldrich, Germany) according to manufac-
turer’s instructions. Samples were frozen in optimal cutting temperature compound (Sakura Finetek Germany GmbH, Germany). Quantifica-
tion of percentage of positive area was done using ImageJ 1.54b.

QUANTIFICATION AND STATISTICAL DETAILS

Microsoft Office Excel and GraphPad Prism 9 software were used (GraphPad Software, San Diego, USA). Data were analyzed using two-way
ANOVA followed by post hoc tests or Student’s t test. Values are represented as mean + SD and the levels of significance are *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical details such as test type, p values and sample sizes are provided in Table S1.
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