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Comparative effects of 3,5-
diiodo-L-thyronine and 3,5,3'-
trilodo-L-thyronine on
mitochondrial damage and
cGAS/STING-driven
inflammation in liver of
hypothyroid rats
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Department of Science and Technologies, University of Sannio, Benevento, Italy, ?2Department of
Environmental, Biological and Pharmaceutical Sciences and Technologies, University of Campania
“L. Vanvitelli”, Caserta, Italy, *Department of Biology, University of Naples Federico Il, Napoli, Italy

Maintaining a well-functioning mitochondrial network through the mitochondria
quality control (MQC) mechanisms, including biogenesis, dynamics and
mitophagy, is crucial for overall health. Mitochondrial dysfunction caused by
oxidative stress and further exacerbated by impaired quality control can trigger
inflammation through the release of the damage-associated molecular patterns
(MtDAMPs). mtDAMPs act by stimulating the cyclic GMP-AMP synthase (cGAS)
stimulator of interferon genes (STING) pathway. Recently, aberrant signalling of
the cGAS-STING axis has been recognised to be closely associated with several
sterile inflammatory diseases (e.g. non-alcoholic fatty liver disease, obesity). This
may fit the pathophysiology of hypothyroidism, an endocrine disorder
characterised by the reduction of thyroid hormone production associated with
impaired metabolic fluxes, oxidative balance and inflammatory status. Both
3,5,3'-triiodo-L-tyronine (T3) and its derivative 3,5-diiodo-L-thyronine (3,5-T2),
are known to mitigate processes targeting mitochondria, albeit the underlying
mechanisms are not yet fully understood. Therefore, we used a chemically
induced hypothyroidism rat model to investigate the effect of 3,5-T2 or T3
administration on inflammation-related factors (inflammatory cytokines, hepatic
cGAS-STING pathway), oxidative stress, antioxidant defence enzymes,
mitochondrial DNA (mtDNA) damage, release and repair, and the MQC system
in the liver. Hypothyroid rats showed: i) increased oxidative stress,
ii) accumulation of mMtDNA damage, iii) high levels of circulating cytokines,
iv) hepatic activation of cGAS-STING pathways and v) impairment of MQC
mechanisms and autophagy. Both iodothyronines restored oxidative balance
by enhancing antioxidant defence, preventing mtDNA damage through the
activation of mtDNA repair mechanisms (OGG1, APE1l, and POLy) and
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promoting autophagy progression. Concerning MQC, both iodothyronines
stimulated mitophagy and dynamics, with 3,5-T2 activating fusion and T3
modulating both fusion and fission processes. Moreover, only T3 enhanced
mitochondrial biogenesis. Notably, 3,5-T2, but not T3, reversed the
hypothyroidism-induced activation of the cGAS-STING inflammatory cascade.
In addition, it is noteworthy that 3,5-T2 seems more effective than T3 in reducing
circulating pro-inflammatory cytokines IL-6 and IL-1B and in stimulating the
release of IL-10, a known anti-inflammatory cytokine. These findings reveal novel
molecular mechanisms of hepatic signalling pathways involved in
hypothyroidism, which could be targeted by natural iodothyronines,
particularly 3,5-T2, paving the way for the development of new treatment
strategies for inflammatory diseases.

KEYWORDS

mtDAMPs, oxidative stress, mitochondrial quality control, iodothyronines, hepatic
dysfunction, hypothyroidism, inflammation

1 Introduction

Thyroid hormones, including 3,5,3’-triiodo-L-tyronine (T3) and
its derivative 3,5-diiodo-L-thyronine (3,5-T2), play crucial roles in the
regulation of metabolic processes within the body (1, 2). 3,5-T2,
though less powerful than T3, has gained considerable attention in
recent years for its biological activity (3, 4). Like T3, it primarily exerts
its effects by influencing energy metabolism (5, 6). It has been shown
to enhance mitochondrial activity (7-9), leading to increased energy
expenditure (10), and thermogenesis (11, 12). This effect is
particularly interesting for its potential in promoting weight loss
and addressing obesity-related conditions (13, 14).

The liver, a primary target organ for thyroid hormones, including
3,5-T2, is integral to metabolic regulation. Recent studies suggest that
3,5-T2 is able to affect hepatic lipid metabolism, leading to a
reduction in fat accumulation in the liver, a finding of significant
importance in addressing non-alcoholic fatty liver disease (NAFLD)
(13, 15). In addition, studies have attributed antioxidant and anti-
inflammatory properties to 3,5-T2 (16, 17), suggesting its protective
role against oxidative stress and inflammation-induced liver damage,
both pivotal in various liver diseases.

Liver hypothyroidism, resulting from thyroid hormone
imbalance, can significantly disrupt lipid metabolism, impair energy
homeostasis, and compromise liver health (18, 19). The exact
mechanisms by which 3,5-T2 affects liver physiology in the context
of hypothyroidism warrant further investigation, given the profound
implications for metabolic regulation (20-24).

Energy homeostasis is intricately tied to mitochondrial function,
as mitochondria are central to energy production and regulation in
the body. Given their dynamic nature and susceptibility to stress,
maintaining mitochondrial integrity is essential. Mitochondria quality
control (MQC) mechanisms, including maintenance of mtDNA to
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protect against oxidative stress, mitochondrial biogenesis to generate
new mitochondria, dynamics to regulate shape and distribution of
mitochondria and mitophagy to remove damaged mitochondria, are
crucial for optimal cellular function (for review see 25, 26). In
addition, defective mitochondria can release mitochondrial damage-
associated molecular patterns (mtDAMPs), molecules that can signal
cellular stress or damage and trigger an inflammatory response (27,
28). mtDAMPs include various mitochondrial components such as
mitochondrial DNA (mtDNA), ATP, and formyl peptides (29).
When mitochondria are damaged or stressed, these components
can be released into the cytoplasm or extracellular space, where
they can be recognized by pattern recognition receptors on the
cells. Cytosolic mtDNA can be detected by the cytosolic DNA
sensor cyclic GMP-AMP synthase (cGAS), which then activates the
interferon genes (STING) pathway, triggering inflammatory and
immune responses (30, 31). It has been demonstrated that
hypothyroidism can lead to a pro-inflammatory state (32). Chronic
low-grade inflammation associated with hypothyroidism can
exacerbate the development of atherosclerosis, NAFLD, and other
inflammatory conditions (19, 33). Inflammatory cytokines are often
elevated in hypothyroid patients, highlighting the significant interplay
between hypothyroidism and systemic inflammation (34). Studying
the association between hypothyroidism and mtDAMPs is of great
importance, as it may provide new insights into the mechanism
driving inflammation in the state of hypothyroidism.

This study primarily aims to investigate the effects of 3,5-T2 and T3
administered to hypothyroid rats on liver oxidative stress, modulation
of hepatocyte MQC, including DNA repair, dynamics, biogenesis and
mitophagy and, for the first time, their response to mtDAMPs activated
pathways. Since the effects of hypothyroidism on such processes are not
well understood, it is an additional and interesting goal to investigate
how hypothyroidism affects these mitochondrial processes.
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2 Materials and methods

2.1 Animals

Male Wistar rats (Rattus Norvegicus, 250-300 g, from Charles
Rivers) were kept one per cage in a temperature-controlled room at
28°C (thermoneutrality for rats) under a 12:12 h dark/light cycle
and provided with standard diet (Mucedola) and tap water ad
libitum. All animal protocols were approved by the Committee on
the Ethics of Animal Experiments of the University of Campania “L.
Vanvitelli” (Italy) and the Italian Ministry of Health (permit
number: 704/2016-PR of the 15 July 2016; project number:
83700.1 of the 3 May 2015).

The minimum sample size was calculated based on a G* Power
Test that was performed using software obtained from the University
of Dusseldorf: http://www.gpower.hhu.de/. The power was 0.90, the
effect size (f) was 1.2249, and the o was 0.05. Rats were divided in 6
groups, each consisting of 6 animals as described below. “Eu” group
consisted of euthyroid animals injected with vehicle. “Hypo” group
consisted of rats made hypothyroid by daily intraperitoneal (ip)
administration of propylthiouracil, PTU (1 mg/100 g body weight)
together with a weekly ip injection of iopanoic acid, IOP (6 mg/100
g body weight), for 4 weeks as previously reported (11, 35, 36). The
combined administration of PTU and IOP results in a severe
hypothyroidism and a powerful inhibition of all three types of
deiodinase enzymes (3). The “Hypo +T2” and “Hypo+T3” groups
were treated like the Hypo group, but in the last week the first group
received an additional daily injection of 3,5-T2 at the dose of 25ug/
100 g body weight, while the second one received a daily injection of
T3 at the dose of 15ug/100 g body weight (Supplementary Figure
S1). Thus, the effects we observed are the individual contributions of
the two iodothyronines. The treatment doses of the two
iodothyronines were selected for their ability to induce clear
effects on whole body metabolism and on the liver and skeletal
muscle mitochondrial respiration rate, without inducing significant
changes in the animals’ body weight (36, 37). At the end of the
experimental period, rats were anesthetized (ip injection of chloral
hydrate at the dose of 40 mg/100 body weight) and euthanized.
Organs were collected, weighted, and frozen by liquid nitrogen and
stored at —80°C for further processing. Blood was collected via the
inferior cava vein in tubes and centrifuged at 5000 g for 5 min.
Obtained serum was immediately frozen.

2.2 Serum hormones and
metabolites detection

Serum total T4 (TT4), total T3 (TT3) levels were determined by
specific ELISA tests from Dia.Metra s.rl. (Perugia, Italy) according to
the manufacturer’s instructions. On serum samples 8-hydroxy-2’-
deoxyguanosine (8-OHdAG), index of oxidative stress, was quantified
using a DNA/RNA Oxidative Damage ELISA kit from Cayman
Chemical Company (Ann Arbor, MI, USA). Finally, serum AST
levels were measured by ELISA Kits from Abcam (Cambridge, UK).
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2.3 Serum cytokines detection

Serum levels of interleukins IL-1B and IL-6, IL-10 and TNFo
were performed using quantitative MILLIPLEX® assays platform
based on Luminex® xMAP®, furnished from Prodotti Gianni
(Milan, Italy).

2.4 Determination of H,O, and MDA in
liver samples

Liver endogenous H,0, levels were measured by using the
hydrogen peroxide colorimetric assay kit (Abcam), according to the
manufacturer’s instructions. Values were normalised on total
protein amount, quantified by Bradford methods (38).

Liver lipid peroxidation products [thiobarbituric acid reactive
substances (TBARS) also known as malondialdehyde-equivalents
(MDA -equivalents)]were measured by Lipid peroxidation kit from
Sigma. Briefly, liver samples were homogenized on ice in MDA lysis
buffer, containing BHT, incubated for 5 minutes at RT and then
centrifuge at 13000g for 3 minutes. To form MDA-TBA adduct,
solution containing TBA was added to sample and incubated at 95°
for 60 minutes, and cooled on ice for 10 minutes. Samples were
pipetted onto 96-well plate and absorbance measured at 532 nm.
Data were analysed through a calibration curve, obtained by
plotting standards of MDA solutions at concentration of 2, 4, 6, 8
and 10 mM and respective absorbances.

2.5 Genomic DNA isolation and
quantitative polymerase chain reaction

Total DNA was extracted from liver samples (from 20 mg of
frozen tissues) using the Genomic-tip 20/G kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions. Quality and
quantity of extracted DNA was determined spectrophotometrically
at 260 and 280 nm using NanoDrop One C (Thermo Fisher scientific,
USA). QPCR was performed on 15 ng of liver DNA extracts as
reported by Santos (39), with minor modifications already described
by us (40). Primers sequences: mtDNA long fragment (13.4 Kbp) 5*-
AAAATCCCCGCAAACAATGACCACCC-3’ (sense)/5-GGCA
ATTAAGAGTGGGATGGAGCCAA-3 (anti-sense); mtDNA short
fragment (235 bp) 5-CCTCCCATTCATTATCGCCGCCCTGC-3’
(sense)/5-GTCTGGGTCTCCTAGTAGGTCTGGGAA-3’ (anti-
sense). QPCR amplificates were measured using PicoGreen dye
(Invitrogen, Milan, Italy) through fluorescence plate reader (Tecan,
infinite pro 200, Austria). DNA damage was quantified by comparing
the relative efficiency of amplification of the long mtDNA fragment
normalized to the amplification of the small mtDNA fragment.
Specifically, relative lesion frequencies per 10 Kbp DNA was
calculated by applying the Poisson distribution according to the
formula:

Lesion frequency = —In Ad/ Ao,
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where Ad means amplification of treated samples, and Ao
represents amplification of controls.

2.6 Quantification of mtDNA copy number
by RT-gPCR

Mitochondrial DNA content, also known as mtDNA copy
numbers, was assessed by amplifying through real-time quantitative
PCR (RT-qPCR), mitochondrial cytochrome ¢ oxidase subunit II
(COIL, mitochondrial-encoded gene) and B-actin (nuclear-encoded
gene) genes on 50 ng of liver DNA extracts already described (40). The
primer sequences used were: COILl: 5-TGAGCCATCCCTTCAC
TAGG-3" (sense)/5-TGAGCCGCAAATTTCAGAG-3’ (anti-sense);
B-actin: 5>-CTGCTCTTTCCCAGATGAGG-3" (sense)/5’-
CCACAGCACTGTAGGGG TTT-3’ (anti-sense). The average Ct
values of nuclear DNA and mtDNA were obtained for each sample,
performed in triplicate. The mtDNA content was calculated using ACt
= average Ct nuclear DNA—average Ct mtDNA and then by applying
the formula mtDNA content = 2*AY,

2.7 Isolation of DNA from cytosolic,
mitochondrial and nuclear fractions and
RT-gPCR

Liver samples (50 mg) were homogenized using Potter-Elvehjem
homogenizer in fresh isolation buffer (220 mM mannitol, 70 mM
sucrose, 20 mM Tris-HCl, 1 mM EDTA, 5 mM EGTA and 0.1% fatty
acid-free BSA pH 7.4). The homogenate was centrifuged at 1000 g for
10 minutes. The resulting pellet was used for the preparation of the
nuclear fraction. The supernatant was used to prepare the cytosolic
and mitochondrial fractions. The cytosolic, nuclear and mitochondrial
fractions were then obtained and enriched by differential
centrifugations as described by Dias (41). DNA was isolated from
subcellular fractions obtained using Trizol reagent (Thermo Fisher)
according to the experimental protocol for DNA isolation. The quality
and quantity of each DNA sample were determined using the
NanoDrop One C (Thermo Fisher). For RT-qPCR, 50ng of DNA
were incubated in a reaction volume of 25 pL containing iTAq
Universal SYBR Green Supermix and appropriate primers at a final
concentration of 6pM. Amplification was performed using Quant
Studio 5 (Thermo Fisher). Results were normalized to nuclear B-actin
expression levels and the cytosolic/mitochondrial ratio of mtDNA-
encoded genes (COII) was determined (42). The following primers
were used: COIL: 5-TGAGCCATCCCTTCACTAGG-3’ (sense)/5-
TGAGCCGCAAATTTCAGAG-3’ (anti-sense); B-actin: 5’-
CTGCTCTTTCCCAGATGAGG-3" (sense)/5-CCACAGCACT
GTAGGG TTT-3 (anti-sense).

2.8 Total RNA isolation from liver and
qRT-PCR

Total RNA liver was isolated using TRIzol reagent (Invitrogen)
as previously described (43). 1 pg of RNA was used to synthesize
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cDNA strands, according to the Quanti Tect Reverse Transcription
Kit instructions (Qiagen, Hilden, Germany). The qRT-PCR was
carried out in appropriate volume of 20 pL containing cDNA
samples (2 pL), 50 nM gene-specific primers, SensiFAST' ™' SYBR
No-ROX Kit (Meridian Bioscience, USA). Gene expression levels
were measured using standard cycle parameters on a QuantStudio 5
System (Thermo Fisher Scientific), calculated by the 2784CT Hethod
and normalized to the housekeeping gene B-actin. The following
gene targets were evaluated: apel, diol, dio3, mctl0, mct8, oggl,
pgcla, polY, thra, thrB. PCR primers were designed by using the
Primer 3 program (relative sequences were reported in
Supplementary Table S1) and furnished by Eurofins Genomics
(Ebersberg, Germany).

2.9 Liver protein extraction and
western blotting

Liver Proteins extraction and quantification were performed as
already reported (43). Briefly, rat liver tissue was homogenized in
lysis buffer containing 20 mmol Tris-HCI (pH 7.5), 150 mmol NaCl,
1 mmol EDTA, 1 mmol EGTA, 2.5 mmol Na2H2P207, 1 mmol b-
CH3H706PNa2, 1 mmol Na3VO4, 1 mmol PMSF 1 mgmL-1
leupeptin, and 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO,
USA) using an Ultra Turrax homogenizer and then centrifuged at
15,000 g for 15 min at 4°C. Protein concentration was assayed in the
resulting supernatants using Bio-Rad Protein Assay kit based on the
Bradford methods (Bio-rad Laboratories, USA). Liver lysates
containing 30 ug protein were used for western blot analysis.
Primary antibodies used were: AMBRA1, APE1, ATGL16L1,
ATGS5, CATALASE, cGAS, DIOI1, DIO3, GPX1, GPX4, IKBo,
LC3IIb, MCTS8, OGG1, OMA1, OPA1, P62, P65, PARKIN,
PRDX3, PGCla, P-IKBa, P-TBK1, P-ULK17%”, PINK1, POLy,
SOD2, STING, TBK1, THRB, TOM20, ULK1(reference numbers
and manufacturers are listed in Supplementary Table S2).
Membranes were incubated with horseradish-peroxidase anti-rabbit
IgG or anti-mouse IgG secondary antibodies (Abcam), as appropriate.
Proteins expression was detected by a chemiluminescence protein
detection method using a commercially available kit (Millipore).
Chemioluminescence accumulation signals were quantified on a
Bio-Rad ChemiDoc' " XRS, using dedicated software (Imagelab,
Bio-Rad Laboratories). Protein levels were normalized to [3-actin.

2.10 Citrate synthase activity

Citrate synthase (CS) activity was assessed on whole liver
homogenates using Citrate Synthase Assay Kit from Sigma,
according to the manufacturer’s instructions. Liver fragments were
homogenized (Potter-Elvehjem homogenizer) in isolation buffer (220
mM mannitol, 70 mM sucrose, 20 mM Tris-HCl, 1 mM EDTA, 5
mM EGTA, and 0.1% fatty acid-free BSA pH 7.4). Obtained
homogenate was centrifuged at 500 g for 10 min at 4°C and 10 pg
of protein extract for each sample were used for the assay. Reaction
kinetic was monitored by reading Absorbance at 412 nm each 10
seconds, for 1,5 minutes.
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2.11 Statistical analysis

Results are expressed as means + SEM. For multiple
comparisons, one-way ANOVA (post hoc test: Student-Newman-
Keuls) was performed, while, Two-tailed, unpaired Student’s ¢-test
was used for the comparison between two groups (Graph Pad Prism
5 software, GraphPad). Differences were considered statistically
significant at p<0.05.

3 Results

3.1 Establishment of the hypothyroid
phenotype: body weight gain, metabolic
parameters and hepatic thyroid
hormone signalling

Compared to euthyroid condition, Hypo rats showed
significantly reduced body weight (BW) gain by 57% during the
whole experimental period, concomitant to a reduced food intake
(FI) by 17%, in accordance to previous work (36). This trend
persisted in the hypothyroid rats receiving 3,5-T2 or T3 compared
to the healthy group (Eu) at the end of the 4-weeks treatment.
However, when we analysed only the last week of treatment, we
found a differential effect of both iodothyronines on BW gain
compared to Hypo. In absence of significant differences of FI
between all the Hypo groups, T3 reduced BW gain, while 3,5-T2
caused a significant increase (-4,4 + 2 g and +9,8 + 1.3 g vs. Hypo,
respectively) (Table 1).

When compared to the Eu group, Hypo showed a significant
reduction of visceral white adipose tissue/BW ratio by 12,7%.
Compared to Hypo, both 3,5-T2 and T3 further reduced it by
26% (Table 1). Liver weight/BW ratio did not change between all
the experimental groups.

To test the hypothyroid phenotype and efficacy of
iodothyronine treatment, total serum levels of T4 (TT4) and T3
(TT3) were measured. Both TT4 and TT3 were significantly
reduced in the Hypo group (-86,1% and -76% vs. Eu,
respectively). Compared to Hypo, administration of 3,5-T2 did
not alter either TT4 or TT3 levels. On the other hand, Hypo+T3 rats
showed significantly increased circulating TT3 levels after
administration of exogenous T3, a condition that can be defined
as a hyper-T3 state (+117% vs. Eu and + 825% vs. Hypo,
Table 2).The maintenance of circulating levels of thyroid
hormones and their action depend on gland secretion as well as
their peripheral metabolism. Hepatic gene expression of the major
thyroid hormone transporters (mct8 and mctl0), iodothyronine
deiodinases (diol and dio3) and nuclear receptors (throtl and
thrf31) were evaluated.

Hypo rats displayed a significantly increased expression level of
mct8 transporter (+46% vs. Eu), while no changes were observed in
mctl0 expression. Both Hypo+T2 and Hypo+T3 rats showed
reduced expression of mct8 (-23% and -76% vs. Hypo,
respectively) and mctl0 (-38% and -46% vs. Hypo,
respectively) (Figure 1).
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TABLE 1 Metabolic phenotype of Eu, Hypo, Hypo+T2 and Hypo+T3 rats.

Eu Hypo Hypo Hypo
+T2 +T3
Body Weight gain 105+ 6 455 + 3* 445 + 2% 45.7 + 2%
(BWg), g
BWyg during the last | 18.9 + 1,4 0.56 9.8+ 1.3 | 44 +2"
week, g + 0.45*
Food intake (FI), g 488 + 12 402 + 7* 395 + 12% 412 + 6*
FI during the last 130 +5 88 + 5% 80 + 7% 82 + 52%
week, g
Visceral adipose 0.047 0,041 0.030 0.031
tissue/BW +0.003 +0.0014* +0.002*" +0.24
Liver weight/BW 0.029 0.027 0.027 0.029
+0.0012 +0.001 + 0.0006 + 0.0007

Data represent mean + SEM of five independent measurements (n = 5). One-way Anova,
Student-Newman-Keuls post test was performed, *p<0.05 vs Eu, *p<0.05 vs Hypo, "p<0.05 vs
Hypo+T2.

The expression levels of the major hepatic deiodinases, type 1
(diol) and type 3 (dio3), were profoundly modulated under
hypothyroid conditions, and even more so when iodothyronines
were administered. Hypo rats showed a significantly reduced
expression level of diol by 63%, paralleled by an increased
expression of dio3 by 214%, compared to Eu. Diol expression was
induced by 3,5-T2 and strongly increased by T3 (+186% and +836%
vs. Hypo, respectively). Conversely, dio3 expression was significantly
reduced by both iodothyronine treatment (-39% and -55% vs. Hypo,
respectively) (Figure 1).

Compared to all experimental groups, thrf3 expression was
significantly enhanced in the Hypo+T3 rats (+85% vs. Eu, +60%
vs. Hypo, +32% vs. Hypo+T2). There were no changes in the throw
expression across the experimental groups (Figure 1). In parallel,
the protein expression of DIO1, DIO3, MCT8 and THRJ followed
the same pattern as the gene expression (Supplementary Figure S2).

Liver gene expression analysis underpinned the efficacy of the
chemical treatment used to induce hypothyroidism. Hypo rats
exhibited decreased liver bioavailability of thyroid hormones as
shown by decreased expression of diol and increased levels of dio3.
Moreover, the increased expression of mct8 is likely a compensatory
mechanism to increase tissue T3 levels while its circulating
concentrations are low. This is consistent with the phenotype of
chronic thyroid illness, in which patients with low serum T3 levels

TABLE 2 Hormonal and biochemical parameters measured in serum of
Eu, Hypo, Hypo+T2 and Hypo+T3.

Eu Hypo Hypo+T2 Hypo
+T3
Serum TT4 nM ‘ 57+4 ‘ 7.9 + 2% 7.2 +0.9* 7.1+ 1.1*
Serum TT3nM | 0.89 £0.01 | 020 £0.04*  0.19 + 0.03* 1.85
+0.08
Serum AST, 5136 7082 3948.5 8305
pg/mL +353.6 + 852.6* +384.3% +283.94"

Data represent mean + SEM of five independent measurements (n = 5). One-way Anova,
Student-Newman-Keuls post test was performed, *p<0.05 vs Eu, “p<0.05 vs Hypo, “*p<0.01 vs
Hypo, "p<0.05 vs Hypo+T2.
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Hepatic gene expression of TH transporters (mct8 and mct10), iodothyronine deiodinases (diol and dio3) and TH receptors (thra. and thrf) in Eu,
Hypo, Hypo+T2 and Hypo+T3 groups. Values are presented as the means + SEM from 5 rats in each group. One-way Anova, Student-Newman-
Keuls post-test was performed, *p<0.05 vs Eu, **p<0,01 vs Eu, ***p<0,001 vs Eu; #¥p<0.05 vs Hypo, *#p<0.01 vs Hypo, *##p<0,001 vs Hypo;
"p<0.001 vs Hypo+T2. For ThrB1 Student's t-test was performed, *p<0.05 vs Eu and #5<0.05 vs Hypo.

have the highest upregulation of MCT8 mRNA (44-46). 3,5-T2
(10) and
decreased the expression of dio3. In Hypo+T3 rats, increased levels

stimulated diol mRNA as previously shown in mice

of circulating T3 were associated with decreased expression of dio3
and a strongly stimulated expression of both thrP1 and diol, this
last being a thyroid hormone response element regulated T3-target
gene (47).

Finally, the biochemical evaluation of serum showed that levels
of aspartato aminotransferasi (AST), a circulating marker of liver
damage, were significantly enhanced by 37% in Hypo compared to
Eu rats. 3,5-T2, but not T3, was able to reduce AST levels by 44%
compared to Hypo and normalize them to values comparable to
those measured in Eu (Table 2).

3.2 3,5-T2 and T3 reduced oxidative stress
and stimulated antioxidant defence in liver
of hypothyroid rats

An imbalance between reactive oxygen species (ROS) and
antioxidant enzymes leads to oxidative stress. Hypothyroidism-
associated redox imbalance could be the result of increased free
radicals production or reduced antioxidant defence capacity,
or both.

To further determine how hypothyroidism affects the redox
status in the liver, we measured tissue H,O, concentrations, as
index of ROS release, and MDA levels, as an index of lipid
peroxidation. Hypothyroidism did not affect H,O, levels, but
significantly enhanced MDA levels by 22%, compared to the
euthyroid state (Figures 2A, B). 3,5-T2 administration
significantly reduced hepatic MDA level by 26% compared to the
hypothyroid condition normalizing these parameter compared to
the euthyroid state (Figure 2B). Hypo+T3 rats displayed statistically
significant higher levels of H,O, than all the other experimental
groups (+79% vs. Eu, +116% vs. Hypo, and +153% vs. Hypo+T2)
and increased levels of MDA when compared to Eu and Hypo+T2
(+44% vs Eu and +56% vs Hypo+T2) (Figures 2A, B).
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To check liver antioxidant defence system in the model under
study, expression levels of superoxide dismutase 2 (SOD2), catalase
(CAT), glutathione peroxidase 1 and 4 (GPX1 and GPX4) and
peroxiredoxin 3 (PRDX3) were measured. Western blot analysis
showed a significant reduction in the expression of SOD2, GPX4
and PRDX3 in liver of hypothyroid compared to euthyroid animals
(-34%, -17% and -48% vs. Eu, respectively). Catalase also showed a
tendency to decrease in these animals, although it did not reach
statistical significance. Compared to Hypo rats, Hypo+T2 and
Hypo+T3 groups showed increased expression levels of SOD2
(+124% and +66% vs. Hypo, respectively) and PRDX3 (+84%
and +132% vs. Hypo, respectively),whose levels resulted close to
those measured for euthyroid rats (Figures 2D, E).

Finally, as a systemic marker of oxidative damage, serum levels
of 8-OHdG, the major product of oxidative DNA damage, were
measured. Hypo rats showed a significant accumulation of this
oxidized base compared to euthyroid group (+10%). Both of the
administered iodothyronines were able to significantly reduce 8-
OHAG serum content under the hypothyroid state associated
threshold restoring normal values (Figure 2C).

3.3 Both 3,5-T2 and T3 counteracted
hypothyroidism-associated oxidative
mtDNA damage, with only T3 stimulating
mitochondrial biogenesis

Mitochondrial DNA is particularly prone to oxidative damage
due to its proximity to the site where ROS are produced and its lack
of protective histones. The QPCR assay for DNA damage is based
on the principle that many kinds of DNA lesions can slow down or
block the progression of DNA polymerase during PCR
amplification  (40). To measure the amplitude of mtDNA
damage, the relative amplifications of long (13.4 kb) and short
(235 bp) mtDNA fragments between all experimental groups
were compared.
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As shown in Figure 3A, in hypothyroid rats, the relative
amplification of the long mtDNA fragment on the short one was
significantly reduced by about 37% compared to Eu group. 3,5-T2
and T3 both enhanced the relative amplification and counteracted
mtDNA damage. Relative amplification was then converted to
lesion frequency using the Poisson equation (Figure 3B). Liver
mtDNA from Hypo rats contained significantly more mtDNA

Frontiers in Endocrinology

lesions compared to euthyroid rats (0.34 vs. 0.008 lesion-10
Kbp™'), while treatments with 3,5-T2 or T3 reduced the
frequency of mtDNA lesions compared to Hypo (-0.28 and
-0.46-10 Kbp ™" vs. Hypo, respectively) (Figures 3A, B).

Regarding markers of mitochondrial biogenesis, Hypo rats
showed statistically significant lower levels of mtDNA copy
number by 31,4% compared to euthyroid group (Figure 3C). In
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contrast 3,5-T2 increased the levels of mtDNA copy number by
about 43% compared to the Hypo group. Neither the Hypo nor the
3,5-T2 group affected other mitochondrial biogenesis markers, such
as CS activity, peroxisome proliferator-activated receptor
gamma coactivator l-alpha (PGClo) and translocase of outer
mitochondrial membrane 20 (TOM20) (Figures 3D-G).
Conversely, compared to all the other experimental groups, T3
significantly enhanced CS activity and increased the expression of
PGClo, the master regulator of mitochondrial biogenesis, at both
mRNA and protein levels (Figures 3D-F). In accordance, also the
protein expression level of TOM20, a marker of mitochondrial
mass, was significantly increased in Hypo+T3 compared to all the

10.3389/fendo.2024.1432819

other groups (+67% vs. Eu, +61% vs. Hypo, and +29% vs.
Hypo+T2) (Figures 3F, G).

3.4 Both 3,5-T2 and T3 stimulated the
expression of markers of the mitochondrial
base excision repair system in liver of
hypothyroid rats

The mtBER system plays a central role in the correction
mtDNA oxidative damage. Therefore, the presence of BER in
mitochondria is crucial for maintaining the integrity of mtDNA
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FIGURE 3

mMtDNA damage and mitochondrial biogenesis in liver of Eu, Hypo, Hypo+T2 and Hypo+T3 groups. (A) mtDNA damage evaluated by amplifying long
(13.4 kb) and short (235 bp) mtDNA fragments by QPCR; (B) frequency of mtDNA lesions per 10 kb per strand; (C) mtDNA copy number assessed by
mtCOIl amplification by Real Time PCR in 10 ng of genomic DNA; (D) CS activity on liver homogenates; (E) pgcla gene expression;

(F) quantification of bands intensity of liver protein expression of TOM20 and PGCla and (G) representative western blot panel. Values are presented
as the means + SEM from 5 rats in each group. For E-G values were normalised on value obtained from Eu set as 1. One-way Anova, Student-
Newman-Keuls post-test was performed, *p<0.05 vs Eu, **p<0.01 vs Eu; ***p<0.001 vs Eu; #p<0.05 vs Hypo, ##p<0.01 vs Hypo, *##p<0.001 vs
Hypo; *p<0.05 vs Hypo+T2, **p<0.01 vs Hypo+T2; ***p<0.001 vs Hypo+T2.
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and overall mitochondrial function. The enzymes involved in this
system are: DNA glycosilase 1 (OGGL1), apurinic/apyrimidinic
endonuclease 1 (APE1), together with DNA polymerase gamma
(POLY). Both mRNA and protein expression levels of the above-
mentioned markers were measured in all the experimental groups.

As shown in Figures 4A, B, compared to euthyroid animals,
Hypo rats showed significantly reduced protein expression levels of
OGG1 and POLy (-46% and -42% vs. Eu, respectively), paralleled by
decreased transcriptional expression of OGG1 only (-52%)
(Figure 4C). The expression of APEl did not change under
hypothyroid condition. Of note, administration of either 3,5-T2
or T3 increased the protein expression levels of OGG1 (+67% and
+109% vs. Hypo, respectively), APE1 (+167% and +229% vs. Hypo,
respectively), and POLy (+89% and +41% vs. Hypo, respectively)
with a parallel even more strongly increased mRNA expression of
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oggl (+173% and +143% vs. Hypo, respectively) and apel (+72%
and +112% vs. Hypo, respectively) compared to Hypo rats
(Figures 4A-C).

3.5 Hypothyroidism and iodothyronines
modulated mitochondrial dynamics and
autophagy/mitophagy

Together with mitochondrial biogenesis and mitophagy,
mitochondrial dynamics is one of the central players in MQC.
Thyroid hormones influence mitochondrial dynamics by
modulating both fusion, in which two mitochondria are joined
together, and fission, in which one is separated into two
mitochondria, however the underlying mechanisms are not yet

(B)

POLy

w

o

APE 1

:

OGG1

-
-

B-ACT

(o] «'lv ,\'5
o o

<
¥ s

=
0
[ — HyBo+T2
BB Hypo+T3
++
#
*
o
Qo

MtBER in liver of Eu, Hypo, Hypo+T2 and Hypo+T3 groups. (A) Quantification of bands intensity of protein expression of OGG1, APE1 and POLY (B) and
representative western blot panel; (C) gene expression of oggl, ape and polY. Values are presented as the means + SEM from 5 rats in each group and
were normalised on value obtained from Eu set as 1. One-way Anova, Student-Newman-Keuls post-test was performed, *p<0.05 vs Eu, **p<0.01 vs Eu;

#5<0.05 vs Hypo, *#p<0.01 vs Hypo; ++p<0.01 vs Hypo+T2
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fully understood. The proteins optic atrophy 1 (OPA1) and OMA1
zinc metallopeptidase (OMA1) were selected as markers of
mitochondrial fusion, while dynamin-related protein 1 (DRP1) of
mitochondrial fission.

Figures 5A, B shows that the expression of OPA1 and OMAL1
proteins was reduced by about 45% in hypothyroid rats compared
to the euthyroid group, while the expression of DRP1 protein did
not change (Figures 5C, D). Compared to Hypo, administration of
3,5-T2 or T3 significantly increased the expression of OMAI and
OPAL: (i) 3,5-T2 by 107% and 128%, respectively; (ii) T3 by 181%
and 121%, respectively. Only administration of T3 significantly
doubled the expression level of DRPI.

Autophagy that involves the delivery and degradation or
recycling of cytoplasmic material at the lysosomes is important
for removing dysfunctional components. A dysregulated and
uncontrolled autophagy process elicits pathological responses
consistent with hypothyroidism. Here we analysed the expression
level of key proteins involved in the major steps of the autophagy
process: activating molecule in beclin-1-regulated autophagy
protein 1 (AMBRAL1) and unc-51 like autophagy activating kinase
1 (ULK1), which triggers the formation of autophagosomes,
autophagy-related 5 (ATG5) and autophagy-related 16 like 1
(ATGI16L1), which together with autophagy-related 12 (ATG12)
form a complex necessary for the progression of autophagy,
microtubule-associated protein 1 light chain 3 beta (LC3B) and
sequestosome 1 (P62), which are associated with the
autophagosomal membranes in the final step that engulf
cytoplasmic contents for subsequent degradation.

As shown in Figures 6A, B, hypothyroid rats showed a
significant upregulation of protein expression of AMBRAI,
ATGI16L1 and LC3IIB (+60%, +70% and +200% vs. Eu,
respectively) indicating stimulation of the autophagic process.
However, the parallel accumulation of P62 (+55% vs. Eu)
indicates a blockage of the autophagic flux also supported by the
increased inhibitory phosphorylation of P-ULK1 at Ser”*” (+62%
vs Eu). 3,5-T2 had no effect on the expression levels of ATGS5,
LC3IIb P62 proteins modulated under hypothyroidism. Compared
to Hypo, T3 significantly reduced the expression levels of AMBRA1
by 38% and showed a trend towards stimulation of LC3II protein,
although without statistical significance (p=0.22). Both 3,5-T2 and
T3 normalized P62 expression levels to control condition,
suggesting promotion of autophagy progression and significantly
decreased P-ULK1 Ser”” phosphorylation. When autophagy is
referred to as the mitochondria recycling process, it is known as
mitophagy. Such a process can be non-selective or mediated by
specific protein interactions, PTEN-induced kinase 1 (PINK1) and
E3 ubiquitin ligase (PARKIN).

Hypo rats showed a halving of PINK1 and PARKIN expression
compared to the Eu control group. PARKIN expression levels were
significantly induced in Hypo+T2 and Hypo+T3 compared to the
Hypo group (+63% and +75%, vs. Hypo, respectively), while PINK1
expression although increased by both iodothyronine treatment,
reached statistically significance only in Hypo+T2 rats (+145% vs.
Hypo) (Figures 6C, D).

Frontiers in Endocrinology

10

10.3389/fendo.2024.1432819

3.6 Hypothyroidism and iodothyronines
oppositely regulated cGAS-STING pathway
in liver

The pro-inflammatory properties of various mitochondrial
molecules once they leave the mitochondrial compartment have
been extensively studied in recent years. These molecules namely
mtDAMPs may serve as an important pro-inflammatory triggers in
hypothyroidism. Among the DAMPs, mtDNA released in the
cytosol activates the cGAS-STING-TBKI1 cascade. Thus, we
measured its content in the cytosol fraction. Hypo rats showed
significant increased cytosolic mtDNA levels by 200% compared to
Eu (Figure 7C).

As shown in Figures 7A, B, the expression of cGAS and STING
proteins was significantly increased in Hypo rats by 64% and 46%,
respectively, compared to Eu rats. Upon activation, cGAS/STING
activate tank-binding kinase 1 (TBK1) through its phosphorylation.
A significant upregulation of TBK1 phosphorylation by 500%
compared to the Eu group was observed.

To confirm the pro-inflammatory status of liver of Hypo rats,
activation of IkBa (through its phosphorylation) and the
accumulation of p65, its active subunit, were measured.
Hypothyroid rats showed a significant increase of P-IKBa/IKBol
ratio and P65 protein levels (+95% and +109 vs. Eu, respectively).

Administration of 3,5-T2 to hypothyroid rats significantly
reduced liver cytosolic mtDNA levels (-81% vs Hypo), the protein
levels of cGAS and STING (-52% and -30% vs. Hypo, respectively).
On the contrary, T3 was did not affect both cytosolic mtDNA levels
and cGAS and STING protein levels compared to Hypo. Both 3,5-
T2 and T3 decreased TBK1 (-90% and -60% vs. Hypo, respectively)
and IKBo phosphorylations (-43% and -61% vs. Hypo, respectively)
as well as p65 protein accumulation (-43% and 21% vs. Hypo,
respectively) (Figures 7A, B).

3.7 3,5-T2 but not T3 restored the balance
between pro and anti-inflammatory
cytokines under hypothyroid condition

Finally, to evaluate the systemic inflammatory status, pro-
inflammatory (IL-6, IL-1B and TNFo) and anti-inflammatory (IL-
10) cytokines were determined in the serum of all experimental
groups using Milliplex technologies and the data are presented in
Figures 8A-D. Compared to euthyroid rats, the Hypo group showed
significantly increased levels of IL-1B, IL-6, and TNFo (by 56%,
300%, and 36% vs. Eu, respectively). Compared to the Hypo group,
administration of 3,5-T2 significantly reduced circulating levels of IL-
1B by 25% and of IL-6 by 65% (Figures 8A, B). On the other hand,
3,5-T2 treatment increased the serum levels of the anti-inflammatory
IL-10 (+167% vs. Hypo) (Figure 8C). Hypo+T3 rats showed reduced
serum level of IL-1B by about 40% compared to Hypo and an
increased level of IL-6, the latter statistically significant compared
to all the other experimental groups (+660% vs. Eu, +87% vs. Hypo,
and + 450% vs. Hypo+T2) (Figures 8A, B).
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FIGURE 5

Mitochondrial dynamics, fusion and fission markers in liver of Eu, Hypo, Hypo+T2 and Hypo+T3 groups. (A) Quantification of bands intensity of liver
protein expression of OPAL and OMAL (B) and representative western blot panel; (C) quantification of bands intensity of liver protein expression of
DRP1 and (D) representative western blot panel. Values are presented as the means + SEM from 5 rats in each group and were normalized on value
obtained from Eu set as 1. One-way Anova, Student-Newman-Keuls post-test was performed *p<0.05 vs Eu; **p<0.01 vs Eu; #p<0.05 vs Hypo,

##5<0.01 vs Hypo, ###

4 Discussion

In our study, we investigated the effects of 3,5-T2 and T3 on
mitochondrial integrity, including oxidative damage, MQC
mechanisms and c¢cGAS-STING pathway in the liver of
hypothyroid rats. Thyroid disorders like hypothyroidism can
affect various aspects of liver health and metabolism. Previous
studies have shown a correlation between thyroid disorders and
heightened liver enzymes such as AST and ALT. Elevated levels of
these enzymes in the bloodstream signal liver dysfunction
stemming from hepatocellular injury (48-53). Our results
demonstrate that rats with hypothyroidism, with and without T3
treatment, had elevated serum AST levels, indicating liver damage
or dysfunction. Nevertheless, the administration of 3,5-T2 exhibited
a hepatoprotective effect, as evidenced by the reduction in serum
AST levels.
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p<0.001 vs Hypo. For DRP1 Student's t-test was performed #p<0.05 vs Hypo,
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bt

p<0.01 vs Hypo+T2.

The elevated AST levels could be a consequence of oxidative
stress damage to liver cells. Our findings are consistent with
previous studies that reported increased lipid peroxidation in the
liver and increased serum 8-OHdG levels, both indicative of
increased oxidative damage to the liver in hypothyroidism
(52, 54-58). This is associated with a reduced expression of the
mitochondrial antioxidant enzymes SOD2, GPX4 and PRDX3,
suggesting of impaired liver antioxidant defences. Additionally,
catalase, another important antioxidant enzyme, also showed a
tendency to decrease in hypothyroid animals, further suggesting
impaired antioxidant defences. The mechanism underlying
increased oxidative stress in hypothyroidism is indeed a topic of
ongoing debate (59, 60). One proposed explanation suggests that a
deficient antioxidant defence system might contribute. In
accordance with our results, the hypothesis states that the
antioxidant defence system in hypothyroidism is insufficient to
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neutralise the increased production of free radicals, thus resulting in

oxidative stress (61-63).

In the Hypo+T2 group, we observed a decrease in liver MDA

content and serum 8-OHdG concentration, alongside an increase in
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the expression of SOD2 and PRDX3 in liver protein, suggesting a
protective role of 3,5-T2 against oxidative stress in the liver. Our
findings are in line with previous studies on the effects of 3,5-T2 on
oxidative stress affecting redox balance in liver (64, 65). Mollica
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expression involved in inflammation, cGAS, STING, P-TBK1/TBK1, P-IKBa, IKBa, P65 and (B) representative western blot panel; (C) RT-gPCR
measurement of liver cytosolic mtDNA (mtCOll), normalized to mtDNA content in the mitochondrial fraction. Values are presented as the means + SEM
from 5 rats in each group and were normalised on value obtained from Eu set as 1. One-way Anova, Student-Newman-Keuls post-test was performed,
*p<0.05 vs Eu, **p<0.01 vs Eu; #p<0.05 vs Hypo, ##p<0.01 vs Hypo; #*#p<0.001 vs Hypo; Tp<0.05 vs Hypo+T2; *+p<0.01 vs Hypo+T2.

et al. (64) found that the administration of 3,5-T2 decreased hepatic
mitochondrial oxidative stress, as evidenced by a significant
decrease in hydrogen peroxide (H,0,) levels.

T3 treatment can affect the redox status in the liver, leading to
changes in oxidative stress markers and antioxidant defence
mechanisms (66, 67). Our results, consistent with existing
literature, showed an increase in H,O, and MDA levels in the liver
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of Hypo+T3 rats. One explanation may lie in the supraphysiologic T3
dose we used in this and in a previous study (36) to treat hypothyroid
rats, which has been shown to significantly stimulate mitochondrial
oxidative metabolism. However, the increased expression of the
antioxidant enzymes SOD2 and PRDX3 in the liver suggests that
T3 treatment reinforces the antioxidant defence system, thereby
mitigating the oxidative damage caused by H,0, and lipid
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Student'’s t-test was performed *p<0.05 vs Eu.

peroxidation. Interestingly, despite the local increase in ROS
production in the liver, the heightened activity of these antioxidant
enzymes may lead to a decrease in systemic markers of oxidative
stress, such as 8-OHdAG. Our data suggest that both 3,5-T2 and T3
positively influence the removal of mtDNA damage, consequently
leading to a reduction in serum 8-OHdG levels. The clearance of
mtDNA damage involves cellular processes aimed at either repairing
or eliminating damaged mtDNA molecules. Cells utilize several
mechanisms, including DNA repair pathways and quality control
systems, to maintain the integrity of their mtDNA (68, 69).

Under hypothyroid conditions, we observed a decrease in the
expression of two proteins involved in both upstream and
downstream of mtBER, such as OGG1 and POLY. In particular, the
decrease in OGGI and POLy proteins suggests a possible impairment
in the maintenance of mitochondrial DNA integrity in
hypothyroidism. This could contribute to the accumulation of
oxidative DNA damage in the mitochondria, which is likely a
consequence of the oxidative stress observed in hypothyroid rats.
This stress can lead to significant DNA damage in the mitochondrial
genome, including the formation of oxidised bases and strand breaks.
We reported an increase in the frequency of mtDNA lesions and a
decrease in mtDNA copy number in the livers of hypothyroid rats.
These observations are indicative of disturbances in mitochondrial
biogenesis and mtDNA replication processes, likely related to
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decreased expression of POLy. Administration of 3,5-T2 and T3 to
hypothyroid rats significantly increases the expression levels of
OGGI, APEl and POLy proteins, which all play a key role in
mtBER mechanisms. This enhancement potentially restores
mitochondrial DNA repair capacity and mitigates the deleterious
effects of oxidative stress on mitochondrial integrity.

In a previous study we obtained parallel results showing that
administration of 3,5-T2 and T3 to euthyroid rats can similarly
reduce, in the liver, oxidative damage to mtDNA. At that time, we
hypothesized that although similar effects on mtDNA lesions, 3,5-T2
and T3 acts through different mechanisms, 3,5-T2 primarily repairing
lesions, T3 stimulating mitochondrial biogenesis, thus producing a
mitochondrial population enriched with new, less damaged
mitochondria (70). Consistently, in the present study, we observed
in the liver of Hypo+T3 rats increased mtDNA copy number, CS
activity and PGClo. and TOM20 expression, all key markers of
mitochondrial mass (71-73). In addition, we observed that
administration of 3,5-T2 increased mtDNA copy number and
restored it to normal in euthyroid animals without affecting
PGCla activation. The mtDNA replication machinery could act as
a mediator for this effect, as suggested by the increase of POLy
expression (74, 75).

Other mechanisms involved in the maintenance of mitochondrial
integrity include mitochondrial fusion, fission and mitophagy as part
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of the MQC system. Mitochondrial fusion facilitates the exchange of
contents between damaged and healthy mitochondria, while fission
segregates damaged portions of mitochondria for degradation
through autophagy, particularly mitophagy, which selectively
targets damaged mitochondria for lysosomal degradation. Data
obtained in the present study show that hypothyroidism
significantly alters mitochondrial dynamics, leading to a decrease in
OPA and OMALI levels in the liver. The expression of DRPI
remained unchanged, suggesting intact mitochondrial fission.
However, there are few studies investigating these processes
specifically in the context of hypothyroidism (76). As OPA1 and
OMAL are critical for the maintenance of mitochondrial integrity and
function, their decline suggests an impaired mitochondrial fusion
process in hypothyroidism, likely leading to mitochondrial
dysfunction and impaired cellular energy production. Indeed,
OPALI deficiency exacerbates the formation of respiratory chain
supercomplexes (RCS), leading to reduced electron transport chain
(ETC) activity and oxidative phosphorylation (77). In addition,
numerous studies have reported that hypothyroidism leads to
decreased mitochondrial respiration, further supporting the effects
of thyroid hormone levels on mitochondrial function (12, 14, 36,
78-82).

On the other hand, the livers of hypothyroid rats treated with
either 3,5-T2 or T3 exhibit increased mitochondrial fusion, as
evidenced by increased OPA1 and OMAI levels, possibly
counteracting the deleterious effects of hypothyroidism on
mitochondrial dynamics. To date, there are few studies directly
linking thyroid hormone administration to fusion and fission
processes (83, 84). Recent results showing the modulatory effect of
3,5-T2 on mitochondrial dynamics in skeletal muscle of high-fat diet
(HFD)-fed rats emphasise its potential role in attenuating
mitochondrial dysfunction (36). Overexpression of OPAl and
OMALI in the liver has been associated with maintenance of
mitochondrial homeostasis and function (85-88). In addition, when
T3 is administered, the cell attempts to maintain mitochondrial
quality and function even through the interplay of DRPI
overexpression and increased mitochondrial biogenesis. By
promoting mitochondrial fission, T3 contributes to the formation
of smaller, more dynamic mitochondria and the clearance of
damaged mitochondria (89, 90) while increasing mitochondrial
biogenesis to replenish the mitochondrial pool with new, functional
organelles (72, 91). This is consistent with our previous data,
according to which T3 increases mitochondrial oxidative capacity
by increasing the abundance of respiratory chain components and
favouring the organization of the respiratory chain complex into
supercomplexes (36).

Mitophagy, a selective form of autophagy responsible for
degrading damaged mitochondria, is crucial for maintaining a
healthy mitochondrial population. In the liver of hypothyroid rats,
we observed an upregulation of AMBRA1L, ATGI16L1 and LC3IIB
proteins, which initiate the autophagy process. However, the observed
accumulation of P62, a protein typically degraded by lysosome during
autophagy induction, suggests a blockage and impairment of
downstream processes of autophagic flux (92-94). This is supported
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by the increased phosphorylation of serine 757 inhibiting autophagy
through the mechanistic target of rapamycin (mTOR) (95) in
hypothyroidism. In addition, reduced expression of PINKI and
PARKIN indicates a potential impairment of mitophagy, possibly
leading to an accumulation of damaged mitochondria, which could
disrupt cell function (96, 97).

Several studies have investigated the role of T3 and 3,5-T2 in
activating various forms of autophagy in the liver to maintain
cellular quality control and regulate energy metabolism (98-101).
In our study, administration of 3,5-T2 to hypothyroid rats promotes
mitophagy, as evidenced by increased levels of PINK1 and PARKIN
proteins in the liver. This suggests that administration of 3,5-T2
promotes MQC mechanisms in the liver. Furthermore, the selective
increase in PARKIN levels in the liver following T3 administration
indicates a specific enhancement of PARKIN-mediated mitophagy.
Consistent with the induction of mitophagy by iodothyronines,
both 3,5-T2 and T3 reduced the inactivating phosphorylation level
of ULK1 at Ser”*” (102).

In the context of hypothyroidism, our research has shown a
significant impairment of cellular processes such as autophagy and
mitophagy. The accumulation of dysfunctional mitochondria in the
cell can trigger the release of mtDAMPs, which signal cellular stress
and activate inflammatory pathways. Our study, focusing
specifically on the liver, shows a remarkable link between
hypothyroidism and activation of mtDAMPs driven-
inflammation. We observed increased of mtDNA release in
cytosol and enhanced protein expression of cGAS, STING, P-
TBK1, P-IKBo. and P65 in hypothyroid rats. All these proteins
play an essential role in the mtDAMPs signalling pathways.

Upon binding to cytosolic mtDNA, cGAS produces cyclic GMP-
AMP (cGAMP), which binds to and activates STING at the
endoplasmic reticulum (ER) membrane. Activated STING recruits
and activates TBK1, which is crucial for the downstream signalling
cascade. The cGAMP-STING-TBK1 axis can activate the NF-xB
signalling pathway. This involves phosphorylation and subsequent
degradation of the inhibitor protein IKBa, allowing NF-kB (like the
P65 subunit) to migrate into the nucleus and activate transcription of
pro-inflammatory genes. We also found increased serum levels of the
pro-inflammatory cytokines IL-1f, IL-6 and TNFo. Our findings
indicate that hypothyroidism exacerbates liver inflammation and
promotes the release of pro-inflammatory cytokines. Recent studies
have highlighted the association between hypothyroidism and the
immune system alterations, particularly an increase in pro-
inflammatory cytokines (103-105). In addition, further research
has provided insights into the involvement of the cGAS/STING
signalling pathway in the context of liver inflammation,
highlighting its importance in the release of inflammatory
mediators and its impact on liver pathologies (106-108). This study
also addresses the effects of 3,5-T2 and T3 administration to
hypothyroid rats on mtDAMPs signalling pathways.
Administration of T3 to hypothyroid rats appears to have a
complex effect on the inflammatory response, with changes in
specific protein phosphorylation and cytokine levels. Expression of
liver proteins P-TBK1 and P-IKBat and serum levels of IL-1f3 are
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decreased by T3, while levels of IL-6 are increased. Although this last
result may seem contradictory, it is known in the literature that
hyperthyroidism, a condition comparable to the supraphysiologic T3
dose used in our experimental model, is associated with the activation
of proteins related to the inflammatory response (109) through the
release of pro-inflammatory cytokines into the bloodstream,
including IL-6 (110, 111), which in turn promotes lipid
peroxidation and free radical formation. (112-114). IL-6 is a
cytokine that has numerous and diverse biological functions, and it
is well-known for its pleiotropic effects (i.e. the immune system,
skeletal muscle, and nervous system, hematopoietic system, liver
function and cancer). Its pro- and anti-inflammatory activities are
determined by its cellular sources and the phase of inflammatory
processes (115). Administration of 3,5-T2 to hypothyroid rats
appears to have a more pronounced anti-inflammatory effect, as
shown by the decrease in cytosolic mtDNA and the expression of
liver proteins associated with the cGAS/STING signalling pathway
(including C-GAS, STING, P-TBK1, IKBo and P65), as well as the
reduction of pro-inflammatory cytokines such as IL-1f and IL-6. In
addition, 3,5-T2 increases serum levels of the anti-inflammatory
cytokine IL-10. Consistent with this, we have previously shown that
administration of 3,5-T2 to HFD-fed obese rats resulted in a
reduction in the expression and serum levels of IL-6, IL-1f and
TNFo and an increase in IL-10 (17).

Overall, we have thoroughly investigated the molecular
mechanisms underlying mitochondrial liver dysfunction in
hypothyroidism, identifying oxidative stress and the resulting
alteration of MQC as the supposed cause of mtDAMPs. To date,
there are no studies in the literature demonstrating a link between
hypothyroidism and activation of mtDAMPs signalling pathways in
the liver. The novelty and significance of our study emphasises the
potential involvement in initiation of hepatic inflammation in
hypothyroidism. Unlike T3, 3,5-T2 is able to reverse the
activation of the cGAS-STING-TBK1 inflammatory axis, paving
the way for the development of new strategies against inflammatory
diseases associated with liver and thyroid dysfunction.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal study was approved by Committee on the Ethics of
Animal Experiments of the University of Campania “L. Vanvitelli”
(Italy) and the Italian Ministry of Health (permit number: 704/
2016-PR of the 15 July 2016; project number: 83700.1 of the 3 May
2015). The study was conducted in accordance with the local
legislation and institutional requirements.

Frontiers in Endocrinology

16

10.3389/fendo.2024.1432819

Author contributions

AG: Writing - review & editing, Writing - original draft,
Investigation, Formal analysis, Data curation, Conceptualization.
GP: Writing - review & editing, Writing - original draft,
Investigation, Formal analysis, Conceptualization. ES: Writing -
review & editing, Supervision. NS: Writing - review & editing,
Investigation, Formal analysis. MV: Writing — review & editing,
Investigation. GM: Writing - review & editing, Investigation,
Formal analysis. PdL: Writing — review & editing. AsL: Writing -
review & editing. MM: Writing — review & editing. FG: Writing -
review & editing, Supervision. AnL: Writing — review & editing,
Writing - original draft, Supervision. RS: Writing - review &
editing, Writing - original draft, Investigation, Formal analysis,
Conceptualization. FC: Writing - review & editing, Writing -
original draft, Investigation, Funding acquisition, Formal analysis,
Data curation, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Prin Cioffi 2017 (2017J92TM5_003) and Prin
Cioffi 2022 (prot. 2022XHXEA4E).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fend0.2024.1432819/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1432819/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1432819/full#supplementary-material
https://doi.org/10.3389/fendo.2024.1432819
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Giacco et al.

References

1. Danforth EJr., Burger A. The role of thyroid hormones in the control of energy
expenditure. Clin Endocrinol Metab. (1984) 13:581-95. doi: 10.1016/S0300-595X(84)
80039-0

2. Silva JE. The thermogenic effect of thyroid hormone and its clinical implications.
Ann Intern Med. (2003) 139:205-13. doi: 10.7326/0003-4819-139-3-200308050-00010

3. Goglia F. Biological effects of 3,5-diiodothyronine (T(2)). Biochem (Mosc). (2005)
70:164-72. doi: 10.1007/s10541-005-0097-0

4. Davis PJ, Goglia F, Leonard JL. Nongenomic actions of thyroid hormone. Nat Rev
Endocrinol. (2016) 12:111-21. doi: 10.1038/nrendo.2015.205

5. Horst C, Rokos H, Seitz HJ. Rapid stimulation of hepatic oxygen consumption by
3,5-di-iodo-L-thyronine. Biochem J. (1989) 261:945-50. doi: 10.1042/bj2610945

6. Lanni A, Moreno M, Lombardi A, De Lange P, Goglia F. Control of energy
metabolism by iodothyronines. J Endocrinol Investig. (2001) 24:897-913. doi: 10.1007/
BF03343949

7. Goglia F, Torresani ], Bugli P, Barletta A, Liverini G. In vitro binding of
triiodothyronine to rat liver mitochondria. Pflugers Arch. (1981) 390:120-4.
doi: 10.1007/BF00590193

8. Goglia F, Lanni A, Barth ], Kadenbach B. Interaction of diiodothyronines with
isolated cytochrome ¢ oxidase. FEBS Lett. (1994) 346:295-8. doi: 10.1016/0014-5793
(94)00476-5

9. Kadenbach B, Hiittemann M, Arnold S, Lee I, Bender E. Mitochondrial energy
metabolism is regulated via nuclear-coded subunits of cytochrome c oxidase. Free Radic
Biol Med. (2000) 29:211-21. doi: 10.1016/s0891-5849(00)00305-1

10. Jonas W, Lietzow J, Wohlgemuth F, Hoefig CS, Wiedmer P, Schweizer U, et al.
3,5-Diiodo-L-thyronine (3,5-t2) exerts thyromimetic effects on hypothalamus-
pituitary-thyroid axis, body composition, and energy metabolism in male diet-
induced obese mice. Endocrinol. (2015) 156:389-99. doi: 10.1210/en.2014-1604

11. Lanni A, Moreno M, Lombardi A, Goglia F. 3, 5-Diiodo-L-thyronine and 3, 5,3’-
triiodo-L-thyronine both improve the cold tolerance of hypothyroid rats, but possibly
via different mechanisms. Pflugers Arch. (1998) 436:407-14. doi: 10.1007/
5004240050650

12. Lombardi A, Senese R, De Matteis R, Busiello RA, Cioffi F, Goglia F, et al. 3, 5-
Diiodo-L-thyronine activates brown adipose tissue thermogenesis in hypothyroid rats.
PloS One. (2015) 10(2):¢0116498. doi: 10.1371/journal.pone.0116498

13. Lanni A, Moreno M, Lombardi A, de Lange P, Silvestri E, Ragni M, et al. 3, 5-
diiodo-L-thyronine powerfully reduces adiposity in rats by increasing the burning of
fats0. FASEB J. (2005) 19:1552-4. doi: 10.1096/1j.05-3977fje

14. Cavallo A, Priore P, Gnoni GV, Papa S, Zanotti F, Gnoni A. 3, 5-Diiodo-L-
thyronine administration to hypothyroid rats rapidly enhances fatty acid oxidation rate
and bioenergetic parameters in liver cells. PloS One. (2013) 8:¢52328. doi: 10.1371/
journal.pone.0052328

15. Vergani L. Lipid lowering effects of iodothyronines: In vivo and in vitro studies
on rat liver. World ] Hepatol. (2014) 6:169-77. doi: 10.4254/wjh.v6.i4.169

16. Grasselli E, Voci A, Canesi L, De Matteis R, Goglia F, Cioffi F, et al. Direct effects
of iodothyronines on excess fat storage in rat hepatocytes. ] Hepatol. (2011) 54:1230-6.
doi: 10.1016/j.jhep.2010.09.027

17. Petito G, Cioffi F, Silvestri E, De Matteis R, Lattanzi D, de Lange P, et al. 3,5-
diiodo-L-thyronine (T2) administration affects visceral adipose tissue inflammatory
state in rats receiving long-lasting high-fat diet. Front Endocrinol (Lausanne). (2021)
12:703170. doi: 10.3389/fendo.2021.703170

18. Tanase DM, Gosav EM, Neculae E, Costea CF, Ciocoiu M, Hurjui LL, et al.
Hypothyroidism-induced nonalcoholic fatty liver disease (HIN): mechanisms and
emerging therapeutic options. Int ] Mol Sci. (2020) 21:5927. doi: 10.3390/ijms21165927

19. Vidal-Cevallos P, Murua-Beltran Gall S, Uribe M, Chavez-Tapia NC.
Understanding the relationship between nonalcoholic fatty liver disease and thyroid
disease. Int ] Mol Sci. (2023) 24:14605. doi: 10.3390/ijms241914605

20. Cimmino M, Mion F, Goglia F, Minaire Y, Géloén A. Demonstration of in vivo
metabolic effects of 3,5-di-iodothyronine. ] @ Endocrinol. (1996) 149:319-25.
doi: 10.1677/joe.0.1490319

21. Padron AS, Neto RA, Pantaledo TU, de Souza dos Santos MC, Araujo RL, de
Andrade BM, et al. Administration of 3,5-diiodothyronine (3,5-T2) causes central
hypothyroidism and stimulates thyroid-sensitive tissues. ] Endocrinol. (2014) 221:415-
27. doi: 10.1530/JOE-13-0502

22. Teixeira S, Filgueira C, Sieglaff D, Benod C, Villagomez R, Minze L, et al. 3,5-
diiodothyronine (3,5-t2) reduces blood glucose independently of insulin sensitization
in obese mice. Acta Physiolog. (2016) 220:238-50. doi: 10.1111/apha.12821

23. Senese R, Lange P, Petito G, Moreno M, Goglia F, Lanni A. 3,5-diiodothyronine:
a novel thyroid hormone metabolite and potent modulator of energy metabolism. Front
Endocrinol. (2018) 9:427. doi: 10.3389/fendo.2018.00427

24. Gnoni A, Siculella L, Paglialonga G, Damiano F, Giudetti A. 3,5-diiodo-I-
thyronine increases de novo lipogenesis in liver from hypothyroid rats by srebp-1
and chrebp-mediated transcriptional mechanisms. ITUBMB Life. (2019) 71:863-72.
doi: 10.1002/iub.2014

Frontiers in Endocrinology

17

10.3389/fendo.2024.1432819

25. Pickles S, Vigié P, Youle R]. Mitophagy and quality control mechanisms in
mitochondrial maintenance. Curr Biol. (2018) 28:R170-85. doi: 10.1016/
j.cub.2018.01.004

26. Chen W, Zhao H, Li Y. Mitochondrial dynamics in health and disease:
mechanisms and potential targets. Signal Transduct Target Ther. (2023) 8:333.
doi: 10.1038/s41392-023-01547-9

27. Rubic T, Lametschwandtner G, Jost S, Hinteregger S, Kund J, Carballido-Perrig
N, et al. Triggering the succinate receptor GPR91 on dendritic cells enhances
immunity. Nat Immunol. (2008) 9:1261-9. doi: 10.1038/ni.1657

28. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, et al
Autophagy proteins regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol. (2011)
12:222-30. doi: 10.1038/ni.1980

29. Nakahira K, Hisata S, Choi AM. The roles of mitochondrial damage-associated
molecular patterns in diseases. Antioxid Redox Signal. (2015) 23:1329-50. doi: 10.1089/
ars.2015.6407

30. Grazioli S, Pugin J. Mitochondrial damage-associated molecular patterns: from
inflammatory signaling to human diseases. Front Immunol. (2018) 9:832. doi: 10.3389/
fimmu.2018.00832

31. Picca A, Calvani R, Coelho-Junior HJ. Cell death and inflammation: the role of
mitochondria in health and disease. Cells. (2021) 10:537. doi: 10.3390/cells10030537

32. Tayde PS, Bhagwat NM, Sharma P, Sharma B, Dalwadi PP, Sonawane A, et al.
Hypothyroidism and depression: are cytokines the link? Indian ] Endocrinol Metab.
(2017) 21:886-92. doi: 10.4103/ijem.IJEM_265_17

33. Bikeyeva V, Abdullah A, Radivojevic A, Abu Jad AA, Ravanavena A, Ravindra C,
et al. Nonalcoholic fatty liver disease and hypothyroidism: what you need to know.
Cureus. (2022) 14:28052. doi: 10.7759/cureus.28052

34. Lai R, Yin B, Feng Z, Deng X, Lv X, Zhong Y, et al. The causal relationship
between 41 inflammatory cytokines and hypothyroidism: bidirectional two-sample
Mendelian randomization study. Front Endocrinol (Lausanne). (2024) 14:1332383.
doi: 10.3389/fendo0.2023.1332383

35. Lanni A, Moreno M, Lombardi A, Goglia F. Calorigenic effect of
diiodothyronines in the rat. J Physiol. (1996) 494:831-7. doi: 10.1113/
jphysiol.1996.sp021536

36. Silvestri E, Lombardi A, Coppola M, Gentile A, Cioffi F, Senese R, et al.
Differential effects of 3,5-diiodo-L-thyronine and 3,5,3’-triiodo-L-thyronine on
mitochondrial respiratory pathways in liver from hypothyroid rats. Cell Physiol
Biochem. (2018) 47:2471-83. doi: 10.1159/000491620

37. Lombardi A, De Matteis R, Moreno M, Napolitano L, Busiello RA, Senese R,
et al. Responses of skeletal muscle lipid metabolism in rat gastrocnemius to
hypothyroidism and iodothyronine administration: a putative role for FAT/CD36.
Am ] Physiol Endocrinol Metab. (2012) 303:E1222-33. doi: 10.1152/
ajpendo.00037.2012

38. Giacco A, Peluso T, Cioffi F, Iervolino S, Mercurio G, Roberto L, et al. Pax8 and
Nkx2-1 haploinsufficiencies differentially affect liver metabolic pathways. J Endocrinol.
(2022) 253:115-32. doi: 10.1530/JOE-22-0053

39. Santos JH, Meyer JN, Mandavilli BS, Van Houten B. Quantitative PCR-based
measurement of nuclear and mitochondrial DNA damage and repair in mammalian
cells. Methods Mol Biol. (2006) 314:183-99. doi: 10.1385/1-59259-973-7:183

40. Cioffi F, Senese R, Lasala P, Ziello A, Mazzoli A, Crescenzo R, et al. Fructose-rich
diet affects mitochondrial DNA damage and repair in rats. Nutrients. (2017) 9:323.
doi: 10.3390/nu9040323

41. Dias PRF, Gandra PG, Brenzikofer R, Macedo DV. Subcellular fractionation of
frozen skeletal muscle samples. Biochem Cell Biol. (2020) 98:293-8. doi: 10.1139/bcb-
2019-0219

42. Jiménez-Loygorri JI, Villarejo-Zori B, Viedma-Poyatos A., Zapata-Muiioz J,
Benitez-Fernandez R, Frutos-Lison MD, et al. Mitophagy curtails cytosolic mtDNA-
dependent activation of cGAS/STING inflammation during aging. Nat Commun.
(2024) 15:830. doi: 10.1038/s41467-024-45044-1

43. Cioffi F, Giacco A, Petito G, de Matteis R, Senese R, Lombardi A, et al. Altered
mitochondrial quality control in rats with metabolic dysfunction-associated fatty liver
disease (MAFLD) induced by high-fat feeding. Genes (Basel). (2022) 13:315.
doi: 10.3390/genes13020315

44. Mebis L, van den Berghe G. The hypothalamus-pituitary-thyroid axis in critical
illness. Neth ] Med. (2009) 67:332-40.

45. Mebis L, Paletta D, Debaveye Y, Ellger B, Langouche L, D’'Hoore A, et al.
Expression of thyroid hormone transporters during critical illness. Eur ] Endocrinol.
(2009) 161:243-50. doi: 10.1530/EJE-09-0290

46. Marino L, Kim A, Ni B, Celi FS. Thyroid hormone action and liver disease, a
complex interplay. Hepatology. (2023). doi: 10.1097/HEP.0000000000000551

47. Toyoda N, Zavacki AM, Maia AL, Harney JW, Larsen PR. A novel retinoid X
receptor-independent thyroid hormone response element is present in the human type 1
deiodinase gene. Mol Cell Biol. (1995) 15(9):155100-5112. doi: 10.1128/MCB.15.9.5100

frontiersin.org


https://doi.org/10.1016/S0300-595X(84)80039-0
https://doi.org/10.1016/S0300-595X(84)80039-0
https://doi.org/10.7326/0003-4819-139-3-200308050-00010
https://doi.org/10.1007/s10541-005-0097-0
https://doi.org/10.1038/nrendo.2015.205
https://doi.org/10.1042/bj2610945
https://doi.org/10.1007/BF03343949
https://doi.org/10.1007/BF03343949
https://doi.org/10.1007/BF00590193
https://doi.org/10.1016/0014-5793(94)00476-5
https://doi.org/10.1016/0014-5793(94)00476-5
https://doi.org/10.1016/s0891-5849(00)00305-1
https://doi.org/10.1210/en.2014-1604
https://doi.org/10.1007/s004240050650
https://doi.org/10.1007/s004240050650
https://doi.org/10.1371/journal.pone.0116498
https://doi.org/10.1096/fj.05-3977fje
https://doi.org/10.1371/journal.pone.0052328
https://doi.org/10.1371/journal.pone.0052328
https://doi.org/10.4254/wjh.v6.i4.169
https://doi.org/10.1016/j.jhep.2010.09.027
https://doi.org/10.3389/fendo.2021.703170
https://doi.org/10.3390/ijms21165927
https://doi.org/10.3390/ijms241914605
https://doi.org/10.1677/joe.0.1490319
https://doi.org/10.1530/JOE-13-0502
https://doi.org/10.1111/apha.12821
https://doi.org/10.3389/fendo.2018.00427
https://doi.org/10.1002/iub.2014
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1038/s41392-023-01547-9
https://doi.org/10.1038/ni.1657
https://doi.org/10.1038/ni.1980
https://doi.org/10.1089/ars.2015.6407
https://doi.org/10.1089/ars.2015.6407
https://doi.org/10.3389/fimmu.2018.00832
https://doi.org/10.3389/fimmu.2018.00832
https://doi.org/10.3390/cells10030537
https://doi.org/10.4103/ijem.IJEM_265_17
https://doi.org/10.7759/cureus.28052
https://doi.org/10.3389/fendo.2023.1332383
https://doi.org/10.1113/jphysiol.1996.sp021536
https://doi.org/10.1113/jphysiol.1996.sp021536
https://doi.org/10.1159/000491620
https://doi.org/10.1152/ajpendo.00037.2012
https://doi.org/10.1152/ajpendo.00037.2012
https://doi.org/10.1530/JOE-22-0053
https://doi.org/10.1385/1-59259-973-7:183
https://doi.org/10.3390/nu9040323
https://doi.org/10.1139/bcb-2019-0219
https://doi.org/10.1139/bcb-2019-0219
https://doi.org/10.1038/s41467-024-45044-1
https://doi.org/10.3390/genes13020315
https://doi.org/10.1530/EJE-09-0290
https://doi.org/10.1097/HEP.0000000000000551
https://doi.org/10.1128/MCB.15.9.5100
https://doi.org/10.3389/fendo.2024.1432819
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Giacco et al.

48. Ambiger S, Chincholikar SP. Study of liver function tests in patients of
hypothyroidism. Int ] Contemp. Med Res. (2019) 6:H1-4. doi: 10.21276/ijcmr

49. Bolkiny Y, Tousson E, El-Atrsh A, Akela M, Farg E. Costus root extract alleviates
blood biochemical derangements of experimentally-induced hypo-and
hyperthyroidism in mice. . Annu Res Rev Biol. (2019) 31:1-10. doi: 10.9734/arrb/
2019/v31i530063

50. Panda S, Dash M, Thatoi PK, Dandapat J, Rath B. Oxidative stress correlates well
with markers of metabolic syndrome in clinically hypothyroid cases: a hospital based
study in a remote tribal district. RUDN ] Med. (2021) 25:55-65. doi: 10.22363/2313-
0245-2021-25-1-55-65

51. Al-Nasiri MTS, Alsamarai ASTS. Evaluation of the effect of using different doses
of levothyroxine on TSH, T3 and T4 in hypothyriod patients. Int ] Health Sci. (2022)
6:14927-33. doi: 10.53730/ijhs.v6nS2.8954

52. Rastegar-Moghaddam SH, Akbarian M, Rajabian A, Alipour F, Ebrahimzadeh
Bideskan A, Hosseini M. Vitamin D alleviates hypothyroidism associated liver
dysfunction: Histological and biochemical evidence. Heliyon. (2023) 9:e18860.
doi: 10.1016/j.heliyon.2023.e18860

53. Hosseini M, Behehsti F, Marefati N, Anaeigoudari A. Nano-selenium relieved
hepatic and renal oxidative damage in hypothyroid rats. Physiol Rep. (2023) 11:¢15682.
doi: 10.14814/phy2.15682

54. Dumitriu L, Bartoc R, Ursu H, Purice M, Ionescu V. Significance of high levels of
serum malonyl dialdehyde (MDA) and ceruloplasmin (CP) in hyper- and
hypothyroidism. Endocrinologie. (1988) 26:35-8.

55. Costantini F, Pierdomenico SD, De Cesare D, De Remigis P, Bucciarelli T,
Bittolo-Bon G, et al. Effect of thyroid function on LDL oxidation. Arterioscler Thromb
Vasc Biol. (1998) 18:732-7. doi: 10.1161/01.atv.18.5.732

56. Sarandol E, Tas S, Dirican M, Serdar Z. Oxidative stress and serum paraoxonase
activity in experimental hypothyroidism: effect of vitamin E supplementation. Cell
Biochem Funct. (2005) 23:1-8. doi: 10.1002/cbf.1119

57. Haribabu A, Reddy VS, Pallavi Ch, Bitla AR, Sachan A, Pullaiah P, et al.
Evaluation of protein oxidation and its association with lipid peroxidation and
thyrotropin levels in overt and subclinical hypothyroidism. Endocrine. (2013)
44:152-7. doi: 10.1007/s12020-012-9849-y

58. Sahin E, Bektur E, Baycu C, Burukoglu Dénmez D, Kaygisiz B. Hypothyroidism
increases expression of sterile inflammation proteins in rat heart tissue. Acta Endocrinol
(Buchar). (2019) 5:39-45. doi: 10.4183/aeb.2019.39

59. Swaroop A, Ramasarma T. Heat exposure and hypothyroid condition decreases
hydrogen peroxide generation in liver mitochondria. Biochem J. (1985) 226:403-8.
doi: 10.1042/bj2260403.v

60. Paller MS, Sikova JJ. Hypothyroidism protects against free radical damage in
ischemic acute renal failure. Kidney Int. (1986) 29:1162-6. doi: 10.1038/ki.1986.122

61. Villanueva C, Alva-Sanchez J, Pacheco-Rosado J. The role of thyroid hormones
as inductors of oxidative stress and neurodegeneration. Oxid Med Cell Longev. (2013)
2013:15. doi: 10.1155/2013/218145

62. Mancini A, Di Segni C, Raimondo S, Olivieri G, Silvestrini A, Meucci E, et al.
Thyroid hormones, oxidative stress, and inflammation. Mediators Inflammation.
(2016), 6757154. doi: 10.1155/2016/6757154

63. Kochman J, Jakubczyk K, Bargiel P, Janda-Milczarek K. The influence of
oxidative stress on thyroid diseases. Antioxidants (Basel Switzerland). (2021) 10:1442.
doi: 10.3390/antiox10091442

64. Mollica MP, Lionetti L, Moreno M, Lombardi A, De Lange P, Antonelli A, et al.
3,5-diiodo-I-thyronine, by modulating mitochondrial functions, reverses hepatic fat
accumulation in rats fed a high-fat diet. J Hepatol. (2009) 51:363-70. doi: 10.1016/
jjhep.2009.03.023

65. Giammanco M, Schiera G, Liegro ID. Genomic and non-genomic mechanisms
of action of thyroid hormones and their catabolite 3,5-diiodo-I-thyronine in mammals.
Int J Mol Sci. (2020) 21:4140. doi: 10.3390/ijms21114140

66. Petrulea M, Muresan A, Dunce L. Oxidative stress and antioxidant status in hypo-
and hyperthyroidism. InTech (2012). doi: 10.5772/51018

67. Li S, Tan H, Wang N, Zhang Z, Lao L, Wong C, et al. The role of oxidative stress
and antioxidants in liver diseases. Int ] Mol Sci. (2015) 16:26087-124. doi: 10.3390/
ijms161125942

68. Graziewicz MA, Day BJ, Copeland WC. The mitochondrial DNA polymerase as
a target of oxidative damage. Nucleic Acids Res. (2002) 30:2817-24. doi: 10.1093/nar/
gkf392

69. Santos RX, Correia SC, Zhu X, Smith MA, Moreira PI, Castellani RJ, et al.
Mitochondrial DNA oxidative damage and repair in aging and Alzheimer’s disease.
Antioxid Redox Signal. (2013) 18:2444-57. doi: 10.1089/ars.2012.5039

70. Cioffi F, Senese R, Petito G, Lasala P, de Lange P, Silvestri E, et al. Both 3,3’,5-
triiodothyronine and 3,5-diodo-L-thyronine are able to repair mitochondrial DNA
damage but by different mechanisms. Front Endocrinol (Lausanne). (2019) 10:216.
doi: 10.3389/fendo.2019.00216

71. Wrutniak-Cabello C, Casas F, Cabello G. Thyroid hormone action in
mitochondria. ] Mol Endocrinol. (2001) 26:67-77. doi: 10.1677/jme.0.0260067

72. Weitzel JM, Iwen AH, Seitz HJ. Regulation of mitochondrial biogenesis by
thyroid hormone. Exp Physiol. (2003) 88:1. doi: 10.1113/eph8802506

Frontiers in Endocrinology

10.3389/fendo.2024.1432819

73. Scarpulla RC. Transcriptional paradigms in mammalian mitochondrial
biogenesis and function. Physiol Rev. (2008) 88:611-38. doi: 10.1152/
physrev.00025.2007

74. Graziewicz MA, Longley MJ, Copeland WC. DNA polymerase gamma in
mitochondrial DNA replication and repair. Chem Rev. (2006) 106:383-405.
doi: 10.1021/cr040463d

75. Copeland WC. The mitochondrial DNA polymerase in health and disease.
Subcell Biochem. (2010) 50:211-22. doi: 10.1007/978-90-481-3471-7_11

76. Cioffi F, Giacco A, Goglia F, Silvestri E. Bioenergetic aspects of mitochondrial
actions of thyroid hormones. Cells. (2022) 11:997. doi: 10.3390/cells11060997

77. Jang S, Javadov S. OPAI1 regulates the formation of respiratory chain
supercomplexes: The role of mitochondrial swelling. Mitochondrion. (2019) 51:30-9.
doi: 10.1016/j.mit0.2019.11.006

78. Brand MD, Murphy MP. Control of electron flux through the respiratory chain
in mitochondria and cells. Biol Rev Camb Philos Soc. (1987) 62:141-93. doi: 10.1111/
j.1469-185X.1987.tb01265.x

79. Hafner RP, Brand MD. Hypothyroidism in rats does not lower mitochondrial
ADP/O and H+/O ratios. Biochem ]. (1988) 250:477-84. doi: 10.1042/bj2500477

80. Lanni A, Beneduce L, Lombardi A, Moreno M, Boss O, Muzzin P, et al.
Expression of uncoupling protein-3 and mitochondrial activity in the transition from
hypothyroid to hyperthyroid state in rat skeletal muscle. FEBS Lett. (1999) 444:250-4.
doi: 10.1016/s0014-5793(99)00061-7

81. Zaninovich AA, Rebagliati I, Raices M, Ricci C, Hagmuller K. Mitochondrial
respiration in muscle and liver from cold-acclimated hypothyroid rats. ] Appl Physiol.
(2003) 95:1584-90. doi: 10.1152/japplphysiol.00363.2003

82. Gothié JD, Sebillot A, Luongo C, Legendre M, Nguyen Van C, Le Blay K, et al.
Adult neural stem cell fate is determined by thyroid hormone activation of
mitochondrial metabolism. Mol Metab. (2017) 6:1551-61. doi: 10.1016/
j.molmet.2017.08.003

83. Venediktova N, Solomadin I, Starinets V, Mironova G. Structural and dynamic
features of liver mitochondria and mitophagy in rats with hyperthyroidism. Int ] Mol
Sci. (2022) 23:14327. doi: 10.3390/ijms232214327

84. Venediktova N, Solomadin I, Starinets V. Effect of thyroxine on the structural
and dynamic features of cardiac mitochondria and mitophagy in rats. Cells. (2023)
12:396. doi: 10.3390/cells12030396

85. Xiao X, Hu Y, Quirés PM, Wei Q, Lopez-Otin C, Dong Z. OMA1 mediates
OPA1 proteolysis and mitochondrial fragmentation in experimental models of
ischemic kidney injury. Am ] Physiol Renal Physiol. (2014) 306:F1318-26.
doi: 10.1152/ajprenal.00036.2014

86. Baker M, Lampe P, Stojanovski D, Korwitz A, Anand R, Tatsuta T, et al. Stress-
induced omal activation and autocatalytic turnover regulate opal-dependent
mitochondrial dynamics. EMBO J. (2014) 33:578-93. doi: 10.1002/embj.201386474

87. Zhang K, Li H. Membrane depolarization activates the mitochondrial protease
OMAL1 by stimulating self-cleavage. EMBO Rep. (2014) 15:576-85. doi: 10.1002/
embr.201338240

88. Lee H, Lee TJ, Galloway CA, Zhi W, Xiao W, de Mesy Bentley KL, et al. The
mitochondrial fusion protein OPA1 is dispensable in the liver and its absence induces
mitohormesis to protect liver from drug-induced injury. Nat Commun. (2023) 14:6721.
doi: 10.1038/s41467-023-42564-0

89. Forini F, Nicolini G, Kusmic C, Iervasi G. Protective effects of euthyroidism
restoration on mitochondria function and quality control in cardiac pathophysiology.
Int J Mol Sci. (2019) 20:3377. doi: 10.3390/ijms20143377

90. Na W, Fu L, Luu N, Shi YB. Thyroid hormone directly activates mitochondrial
fission process 1 (Mtfpl) gene transcription during adult intestinal stem cell
development and proliferation in Xenopus tropicalis. Gen Comp Endocrinol. (2020)
299:113590. doi: 10.1016/j.ygcen.2020.113590

91. Lesmana R, Sinha RA, Singh BK, Zhou J, Ohba K, Wu Y, et al. Thyroid hormone
stimulation of autophagy is essential for mitochondrial biogenesis and activity in
skeletal muscle. Endocrinology. (2016) 157:23-38. doi: 10.1210/en.2015-1632

92. Gonzalez-Rodriguez A, Mayoral R, Agra N, Valdecantos MP, Pardo V,
Miquilena-Colina ME, et al. Impaired autophagic flux is associated with increased
endoplasmic reticulum stress during the development of nafld. Cell Death Dis. (2014) 5:
€1179-9. doi: 10.1038/cddis.2014.162

93. Miyagawa K, Oe S, Honma Y, Izumi H, Baba R, Harada M. Lipid-induced
endoplasmic reticulum stress impairs selective autophagy at the step of
autophagosome-lysosome fusion in hepatocytes. Am ] Pathol. (2016) 186:1861-73.
doi: 10.1016/j.ajpath.2016.03.003

94. WuY,JinY, Sun T, Zhu P, Li J, Zhang Q, et al. P62/sqstm1 accumulation due to
degradation inhibition and transcriptional activation plays a critical role in silica
nanoparticle-induced airway inflammation via nf-xb activation. J Nanobiotechnol.
(2020) 18:77. doi: 10.1186/5s12951-020-00634-1

95. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat Cell Biol. (2011) 13:132-41. doi: 10.1038/
ncb2152

96. Nguyen TN, Padman BS, Lazarou M. Deciphering the molecular signals of pink1/
parkin mitophagy. Trends Cell Biol. (2016) 26:733-44. doi: 10.1016/j.tcb.2016.05.008

frontiersin.org


https://doi.org/10.21276/ijcmr
https://doi.org/10.9734/arrb/2019/v31i530063
https://doi.org/10.9734/arrb/2019/v31i530063
https://doi.org/10.22363/2313-0245-2021-25-1-55-65
https://doi.org/10.22363/2313-0245-2021-25-1-55-65
https://doi.org/10.53730/ijhs.v6nS2.8954
https://doi.org/10.1016/j.heliyon.2023.e18860
https://doi.org/10.14814/phy2.15682
https://doi.org/10.1161/01.atv.18.5.732
https://doi.org/10.1002/cbf.1119
https://doi.org/10.1007/s12020-012-9849-y
https://doi.org/10.4183/aeb.2019.39
https://doi.org/10.1042/bj2260403.v
https://doi.org/10.1038/ki.1986.122
https://doi.org/10.1155/2013/218145
https://doi.org/10.1155/2016/6757154
https://doi.org/10.3390/antiox10091442
https://doi.org/10.1016/j.jhep.2009.03.023
https://doi.org/10.1016/j.jhep.2009.03.023
https://doi.org/10.3390/ijms21114140
https://doi.org/10.5772/51018
https://doi.org/10.3390/ijms161125942
https://doi.org/10.3390/ijms161125942
https://doi.org/10.1093/nar/gkf392
https://doi.org/10.1093/nar/gkf392
https://doi.org/10.1089/ars.2012.5039
https://doi.org/10.3389/fendo.2019.00216
https://doi.org/10.1677/jme.0.0260067
https://doi.org/10.1113/eph8802506
https://doi.org/10.1152/physrev.00025.2007
https://doi.org/10.1152/physrev.00025.2007
https://doi.org/10.1021/cr040463d
https://doi.org/10.1007/978-90-481-3471-7_11
https://doi.org/10.3390/cells11060997
https://doi.org/10.1016/j.mito.2019.11.006
https://doi.org/10.1111/j.1469-185X.1987.tb01265.x
https://doi.org/10.1111/j.1469-185X.1987.tb01265.x
https://doi.org/10.1042/bj2500477
https://doi.org/10.1016/s0014-5793(99)00061-7
https://doi.org/10.1152/japplphysiol.00363.2003
https://doi.org/10.1016/j.molmet.2017.08.003
https://doi.org/10.1016/j.molmet.2017.08.003
https://doi.org/10.3390/ijms232214327
https://doi.org/10.3390/cells12030396
https://doi.org/10.1152/ajprenal.00036.2014
https://doi.org/10.1002/embj.201386474
https://doi.org/10.1002/embr.201338240
https://doi.org/10.1002/embr.201338240
https://doi.org/10.1038/s41467-023-42564-0
https://doi.org/10.3390/ijms20143377
https://doi.org/10.1016/j.ygcen.2020.113590
https://doi.org/10.1210/en.2015-1632
https://doi.org/10.1038/cddis.2014.162
https://doi.org/10.1016/j.ajpath.2016.03.003
https://doi.org/10.1186/s12951-020-00634-1
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/ncb2152
https://doi.org/10.1016/j.tcb.2016.05.008
https://doi.org/10.3389/fendo.2024.1432819
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Giacco et al.

97. Wang H, Ni HM, Chao X, Ma X, Rodriguez YA, Chavan H, et al. Double deletion of
pinkl and parkin impairs hepatic mitophagy and exacerbates acetaminophen-induced liver
injury in mice. Redox Biol. (2019) 22:101148. doi: 10.1016/j.redox.2019.101148

98. Sinha RA, You SH, Zhou J, Siddique MM, Bay BH, Zhu X, et al. Thyroid
hormone stimulates hepatic lipid catabolism via activation of autophagy. J Clin Invest.
(2012) 122:2428-38. doi: 10.1172/JCI60580

99. Sinha RA, Singh BK, Zhou J, Wu Y, Farah BL, Ohba K, et al. Thyroid hormone
induction of mitochondrial activity is coupled to mitophagy via ROS-AMPK-ULK1
signaling. Autophagy. (2015) 11:1341-57. doi: 10.1080/15548627.2015.1061849

100. Tseng YH, Ke PY, Liao CJ, Wu SM, Chi HC, Tsai CY, et al. Chromosome 19
open reading frame 80 is upregulated by thyroid hormone and modulates autophagy
and lipid metabolism. Autophagy. (2014) 10:20-31. doi: 10.4161/auto.26126

101. Iannucci LF, Cioffi F, Senese R, Goglia F, Lanni A, Yen PM, et al. Metabolomic
analysis shows differential hepatic effects of T, and T in rats after short-term feeding
with high fat diet. Sci Rep. (2017) 7:2023. doi: 10.1038/s41598-017-02205-1

102. Goldberg AA, Nkengfac B, Sanchez AMJ, Moroz N, Qureshi ST, Koromilas AE,
et al. Regulation of ULKI expression and autophagy by STATI. J Biol Chem. (2017)
292:1899-909. doi: 10.1074/jbc.M116.771584

103. Mazaheri T, Sharifi F, Kamali K. Insulin resistance in hypothyroid patients under
levothyroxine therapy: a comparison between those with and without thyroid autoimmunity.
] Diabetes Metab Disord. (2014) 13(1):103. doi: 10.1186/s40200-014-0103-4

104. Nam S, Kim J, Yoo D, Jung H, Chung J, Kim D, et al. Hypothyroidism increases
cyclooxygenase-2 levels and pro-inflammatory response and decreases cell
proliferation and neuroblast differentiation in the hippocampus. Mol Med Rep.
(2018) 17:5782-8. doi: 10.3892/mmr.2018.8605

105. Ganeev T, Kabirova M, Yunusov RR, Galiullina MV. Changes in phosphorus-
calcium metabolism in experimental hypothyroidism. Periodico Tché Quimica. (2020)
17:303-10. doi: 10.52571/PTQ

106. Chen R, Du J, Zhu H, Ling Q. The role of cGAS-STING signalling in liver
diseases. JHEP Rep. (2021) 3:100324. doi: 10.1016/j.jhepr.2021.100324

Frontiers in Endocrinology

19

10.3389/fendo.2024.1432819

107. Chen C, Yang RX, Xu HG. STING and liver disease. ] Gastroenterol. (2021)
56:704-12. doi: 10.1007/s00535-021-01803-1

108. Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS-STING pathway as
a therapeutic target in inflammatory diseases. Nat Rev Immunol. (2021) 21:548-69.
doi: 10.1038/s41577-021-00524-z

109. Teixeira RB, Fernandes-Piedras TRG, Bello-Klein A, Carraro CC, Araujo
ASDR. An early stage in T4-induced hyperthyroidism is related to systemic oxidative
stress but does not influence the pentose cycle in erythrocytes and systemic
inflammatory status. Arch Endocrinol Metab. (2019) 63:228-34. doi: 10.20945/2359-
3997000000128

110. Hussein D, Al-Jowari S, Rahmah A. Determination of the level of il-6 and
vaspin in hyperthyroid patients treated with carbimazole. Iraqi J Sci. (2022) 63
(5):1909-1917s. doi: 10.24996/ijs.2022.63.5.5

111. Ashry M, Askar H, Obiedallah MM, Elankily AH, Galal El-Sahra D, Zayed G,
et al. Hormonal and inflammatory modulatory effects of hesperidin in
hyperthyroidism-modeled rats. Front Immunol. (2023) 14:1087397. doi: 10.3389/
fimmu.2023.1087397

112. You T, Berman DM, Ryan AS, Nicklas BJ. Effects of hypocaloric diet and
exercise training on inflammation and adipocyte lipolysis in obese postmenopausal
women. ] Clin Endocrinol Metab. (2004) 89:1739-46. doi: 10.1210/jc.2003-031310

113. Lemmers A, Moreno C, Gustot T, Maréchal R, Degre D, Demetter P, et al. The
interleukin-17 pathway is involved in human alcoholic liver disease. Hepatology. (2009)
49:646-57. doi: 10.1002/hep.22680

114. Lee HJ, Lombardi A, Stefan M, Li CW, Inabnet WB3rd, Owen RP, et al. CD40
signaling in graves disease is mediated through canonical and noncanonical thyroidal
nuclear factor kB activation. Endocrinology. (2017) 158:410-8. doi: 10.1210/en.2016-
1609

115. Kang S, Narazaki M, Metwally H, Kishimoto T. Historical overview of the
interleukin-6 family cytokine. J Exp Med. (2020) 217:€20190347. doi: 10.1084/
jem.20190347

frontiersin.org


https://doi.org/10.1016/j.redox.2019.101148
https://doi.org/10.1172/JCI60580
https://doi.org/10.1080/15548627.2015.1061849
https://doi.org/10.4161/auto.26126
https://doi.org/10.1038/s41598-017-02205-1
https://doi.org/10.1074/jbc.M116.771584
https://doi.org/10.1186/s40200-014-0103-4
https://doi.org/10.3892/mmr.2018.8605
https://doi.org/10.52571/PTQ
https://doi.org/10.1016/j.jhepr.2021.100324
https://doi.org/10.1007/s00535-021-01803-1
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.20945/2359-3997000000128
https://doi.org/10.20945/2359-3997000000128
https://doi.org/10.24996/ijs.2022.63.5.5
https://doi.org/10.3389/fimmu.2023.1087397
https://doi.org/10.3389/fimmu.2023.1087397
https://doi.org/10.1210/jc.2003-031310
https://doi.org/10.1002/hep.22680
https://doi.org/10.1210/en.2016-1609
https://doi.org/10.1210/en.2016-1609
https://doi.org/10.1084/jem.20190347
https://doi.org/10.1084/jem.20190347
https://doi.org/10.3389/fendo.2024.1432819
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Comparative effects of 3,5-diiodo-L-thyronine and 3,5,3’-triiodo-L-thyronine on mitochondrial damage and cGAS/STING-driven inflammation in liver of hypothyroid rats
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Serum hormones and metabolites detection
	2.3 Serum cytokines detection
	2.4 Determination of H2O2 and MDA in liver samples
	2.5 Genomic DNA isolation and quantitative polymerase chain reaction
	2.6 Quantification of mtDNA copy number by RT-qPCR
	2.7 Isolation of DNA from cytosolic, mitochondrial and nuclear fractions and RT-qPCR
	2.8 Total RNA isolation from liver and qRT-PCR
	2.9 Liver protein extraction and western blotting
	2.10 Citrate synthase activity
	2.11 Statistical analysis

	3 Results
	3.1 Establishment of the hypothyroid phenotype: body weight gain, metabolic parameters and hepatic thyroid hormone signalling
	3.2 3,5-T2 and T3 reduced oxidative stress and stimulated antioxidant defence in liver of hypothyroid rats
	3.3 Both 3,5-T2 and T3 counteracted hypothyroidism-associated oxidative mtDNA damage, with only T3 stimulating mitochondrial biogenesis
	3.4 Both 3,5-T2 and T3 stimulated the expression of markers of the mitochondrial base excision repair system in liver of hypothyroid rats
	3.5 Hypothyroidism and iodothyronines modulated mitochondrial dynamics and autophagy/mitophagy
	3.6 Hypothyroidism and iodothyronines oppositely regulated cGAS-STING pathway in liver
	3.7 3,5-T2 but not T3 restored the balance between pro and anti-inflammatory cytokines under hypothyroid condition

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


