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Abstract

Thyroid hormones have been proposed as anti obesity drugs due
to their effects on basal metabolism and the ability to increase ener-
gy expenditure. However, their clinical use has been strongly
curbed by the concomitant onset of thyrotoxicosis. In this setting,
several studies have been undertaken to assess the role of 3,5 diio-
do-L-thyronine (T2), an endogenous metabolite of thyroid hormone
derived from the enzymatic deiodination of triodothyronine T3. The
metabolic effects of T2 are similar to those induced by T3.
However, these effects appear to involve different and not well-
defined mechanisms that make this molecule clinically useful as
potential drug in the treatment of pathological conditions such as
obesity and hepatic steatosis. The main pharmacological target of
T2 appears to be the mitochondria. Therefore, the administration of
T2 to obese subjects might improve the mitochondrial performance,
which is generally recognized to be reduced in these subjects who
must oxidize greater quantities of substrates. In this context, it can
be hypothesized that T2, by acting mainly on mitochondrial func-
tion and oxidative stress, might be able to prevent and revert the tis-
sue damages and hepatic steatosis induced by a hyperlipidic diet and
a concomitant reduction in the circulating levels LDL and triglyc-
erides as well. This review the discuss the mechanisms of action of
T2 and the possible, future clinical uses of T2 analogs for the treat-
ment lipid dysmetabolism related to obesity and overweight.

Introduction

Obesity is an important risk factor for cardiovascular diseases,
degenerative diseases and malignant diseases.!- Hyperalimentation
can cause mitochondrial dysfunctions mainly in White Adipose
Tissue (WAT). This may result in an altered substrate oxidation and
increased oxidative stress with deleterious effects on metabolism.
These phenomena may foster the development of obesity and that
of associated pathologies.®® Thyroid hormones regulate several
genes involved in lipolysis, lipogenesis, thermogenesis, mitochon-
drial function and nutrient availability.”!° Due to their effects on the
cardiovascular system and heart’s rhythm, thyroid hormones, can-
not be used as a pharmacological agents for the treatment of obesity.
Many recent studies have highlighted that a metabolite of thyroid
hormones, namely 3,5-diiodo-L-thyronine (T2) is endowed with
interesting metabolic activities that may be of clinical interest as
possible, future therapeutic option in the treatment overeating disor-
ders. In this setting, experimental observations have shown that T2
administration to rodents caused an increase in resting metabo-
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lism!!-12 and prevented overweight and insulin resistance induced by
a hyperlipidic diet.!3-!5 Actually, sufficient data on the effects of T2
on the human body or possible beneficial effects on overweight,
obesity and related diseases are still lacking.'%1° On the other hand,
T2 has shown to exerts some dose-dependent effects on the physio-
logical regulatory functions, however, the mechanisms underlying
these effects are still not well understood.22* There is evidence that
the administration of high doses of T2 to rodents can affect the hypo-
thalamic-pituitary-thyroid axis (HPTA).2? Furthermore, the adminis-
tration of T2 to rats fed a high-fat diet protects animals from the
onset of hepatic steatosis.?? The use thyroid hormones, or its
metabolites, for therapeutic purposes remains controversial as, in
addition to beneficial effects on metabolism, these molecules may
induce other non-metabolic effects mainly on the heart. On this pur-
pose, recent studies have shown that treatment with levothyroxine in
patients with heart failure was associated with an increased risk of
mortality due to cardiovascular events.?> On the other hand,
although the mechanism o action of this molecule on cellular metab-
olism remains to be unravelled, T2 remains of clinical interest.
However, further investigations are needed to better define the clin-
ical of T2 on humans and the optimal dose level to be administered
to elicit the best therapeutic response of this molecule on the mito-
chondrial metabolism. Early studies carried out to define physiolog-
ical role of T2, were previously overlooked given that, this molecule
was considered only an inactive metabolite of thyroid hormones T3
and T4. This interpretation was based on the observations that T2
had a low affinity for nuclear receptors of thyroid hormones. This
was the reason why most of the available studies were mainly dealt
with the endogenous precursor of T2, namely Triiodothyronine (T3)
as thyroid receptors showed to have a higher affinity for this form.
However, in the late 80s, following the findings that thyroid hor-
mones also had non-genomic effects i.e., independent from the
nucleus, the role of T2 was re-evaluated. Consequently, many inves-
tigations now focusing on the metabolic effects of this molecule
(Figure 1).%6 Experimental observations suggest that T2 may spring
from T3, while other in vitro, studies do not support this hypothe-
sis.27 In fact, these investigations showed that the incubation of T3
with rat liver microsomes, i.e., a cellular fraction rich in type 1 deio-
dinases (the enzyme which removes an iodine atom from tyrosine
and phenolic ring), generate 3,3’-diiodothyronine but not 3,5-
diiodothyronine.?” These and other similar findings were explained
with the fact that: i) T3 may not be a precursor of T2; ii) the lacking,
in vitro, of cofactors indispensable for catalyzing the conversion of
T3 into T2.27 Therefore, in vivo studies have been carried out to bet-
ter define the biochemical pathway that from T3 may lead to T2 for-
mation.2” These experiments showed that the intraperitoneal admin-
istration of T3 to euthyroid animals induced an increase in the serum
levels of T2, thus suggesting that T3 could be likely considered a
metabolic precursor of T2. Furthermore, experimental findings by
Horst ef al. showed that, similarly as highlighted for T3, T2 induced
a rapid stimulation of oxygen consumption in perfused livers of
hypothyroid rats.2® The same studies showed that t the effect of T3
was abolished when this hormone was administered to animals
whose enzyme deiodinase was inhibited. On the other hand, under
the same conditions, no change in the biological activity of T2 was
reported. These data indicate that the peripheral deiodination of T3
is a key metabolic step in the production of T2, and that the latter has
the same power as T3 but exerts its effect more rapidly. In this set-
ting, further studies were carried out to better unravel the effects of
T2 on energy metabolism and on cellular and mitochondrial respira-
tion. The administration of T2, to experimental animals, induced
more rapid effects on mitochondrial respiration than that obtained
with T3. In fact, while T2 activity resulted evident one hour after the
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injection, T3 activity was evident only after 24h.2° Furthermore,
studies carried out by O’Reilly, in rats, reported that the effect of T2
was independent from protein synthesis as it also occurred in pres-
ence of cycloheximide.3” These results indicate that the effects of T2
appear to be mediated by a direct interaction with the mitochondria,
while those of T3 are mediated by interactions with the nucleus.
Consequently, if T2 has a certain influence on the rate of energy con-
sumption of the mitochondria, a plausible hypothesis is to attribute
to the hormone a possible effect on the energy metabolism of the
whole animal. This hypothesis is supported by the studies carried out
in experimental animals by Tata in 1962 and 1963.31-33 These studies
presupposed the monitoring and the comparison of changes occur-
ring in the Rate of Rest Metabolism (RMR) following the adminis-
tration of a single dose of T2 or T3 to hypothiroid rats. However,
these experiments were not able to clarify whether the effects on
RMR were effectively due to the hormones or to their metabolites.
For this reason, in some experiments, deiodinases were simultane-
ously inhibited by the administration of Propylthiouracil (PTU) and
Iopanoic acid (IOP). This induced the onset of a severe hypothy-
roidism in animals and, at the same time, a marked inhibition of all
3 types of deiodinases. In particular, PTU inhibited the production of
thyroid hormones from the thyroid gland via inhibition of thyroid
peroxidase activity, and at the same time, induced a strong inhibition
of the enzyme type 1 iodothyronine deiodinase (D1). Conversely,
IOP had no influence on the production of thyroid hormones.
Hower, IOP showed to exert an inhibitory activity on all three forms
of deiodinases including type 2 (D2) and type 3 (D3).3* Similar
investigations showed that, in hypothyroid animals RMR was signif-
icantly reduced compared to euthyroid animals. Furthermore, the
administration of T3 or T2 to hypothyroid animals significantly
increased RMR although at a different rate. In fact, the administra-
tion of a single dose of T3 in rats, resulted in an increase of about
35% in the rate of resting metabolism which occurred 25-30 hours
after the injection of iodothyronine, with a peak effect reached after
50-75 hours, and which lasted up to 5-6 days after administration.
On the other hand, the injection of T2 at the same dose level, induced
a different response with an increase in the RMR of about 40% and
that in this case occurred 6-12 hours after T2 administration, with a
peak effect at 24-30 hours and a duration of 48h. Interestingly, these
studies also demonstrated that the concomitant administration of
Actinomycin D and T2 resulted in an inhibition of T3-induced stim-
ulation of RMR, while the effect of the hormone on metabolism was
preserved.333¢ These findings further support the hypothesis of a
mechanism of action of 3,5-diiodothyronine that rule out the tran-
scriptional processes and which is independent from the nucleus.
Moreover, it can be hypothesized a possible involvement of T2 in
the mediation of some short-term effects induced by thyroid hor-
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Figure 1. Structural formula of 3,5-Diiodothyronine (T2).
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mones in physiological situations where an increase in energy
expenditure is required. An example would be the exposure to cold,
a situation in which additional energy is required to counteract the
increase in heat loss. In fact, thyroid hormones play an important key
role in cold adaptation processes, as indicated by the experiments
showing that hypothyroid rats survived to cold temperature only for
3-4 days.’” There is strong evidence that although with different
mechanisms, both T2 and T3 may increase the resistance to cold.?’
These phenomena have been defined by the studies by Lanni et al.
whose results provided evidence that, in cold-exposed hypothyroid
rats, T2 and T3 increased animal energy expenditure and stimulated
the oxidative capacity expressed in terms of Cytochrome C Oxidase
(COX) activity of tissues with a high metabolic rate such as heart,
skeletal muscle, liver and Brown Adipose Tissue (BAT).>” However,
while the stimulating activity of T3 on the trophism of tissues may
probably due to nucleus-mediated effects, instead, the specific target
of T2 appear to be mitochondria. This results in an improvement of
the oxidative capacity of tissues. A further confirmation of the meta-
bolic effects induced in vivo by T2, was provided by the experiments
of Cimmino ef al. related to the results obtained following a long-
term treatments with T2 and T3, on the daily energy expenditure of
non-anesthetized, hypothyroid rats and on the metabolism of amino
acids and lipids of these animals. In order to assess the specific
effects induced by T2 and T3 and to rule out those of their metabo-
lites, hypothyroidism was induced in rats by the concomitant admin-
istration of PTU and IOP. Then, the daily energy expenditure was
determined by continuous monitoring of O, consumption and CO,
production. In hypothyroid rats, in which daily energy expenditure
was low, the administration of T2 and T3 restored the normal values
of euthyroid rats. The evidence that T2 is a metabolically active hor-
mone was provided, in the same study, by the finding that T2 has
stimulating effects on the lipid oxidation .33 All the effects of T2
reported above were observed in experiments carried out in rats with
a deficit of thyroid function. The administration of the T2 to euthy-
roid rats induced no changes or only slight changes in RMR.3¢ On
the other hand, different mechanisms might account for this phe-
nomenon including: i) the elevated metabolic rate of T2; ii) the
inability of diiodothyronine to enter cells; iii) In order to effectively
interact with its cellular targets, this hormone needs to be produced
from a precursor such as T3. The biochemical mechanism that leads
to the formation of 3,5-diiodothyronine from 3,5,3’-triiodothyronine
has not yet been demonstrated in vivo or in vitro; iv) the animal diet
composition may affect the possibility to detect the metabolic effects
of T2. In order to assess the time course of the calorific values of T2,
Moreno et al. administered T3 to normal euthyroid rats (N) and
compared the results with those obtained following the administra-
tion of the same iodothyronine in hypothyroid-rendered animals in
which the deiodynases were inhibited by administering propylth-
iouracil + iopanoic acid. These data of these studies showed that: i)
the effect of T3 on RMR of N rats occurred approximately 25h
before those observed in rats treated with PTU + IOP; ii) The first
phase of the change in resting metabolic rate of N rats treated with
T3, appears to be very similar to that observed following T2 admin-
istration; iii) The inhibition of deiodinases following the concomi-
tant administration of T3 and Actinomycin D to euthyroid rats (N),
caused the inhibition of the late effects while the early effects were
not affected; iv) the administration of T3 and actinomycin D to rats
made hypothyroid by PTU + IOP treatments, caused a marked
reduction of the early effects of the hormone, thus highlighting the
need of deiodination to produce the early effect of T3; v) the highest
increase in the rate of RMR concurred with the highest hepatic con-
centration of T2. This phenomenon was observed ~ 25 hours after
T3 injection to euthyroid rats. Overall, these results indicate that the
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early increase in the rate of RMR occurring after the administration
of T3 in N rats may be likely due to its conversion to T2 by deiodi-
nases whose effect is independent of actinomycin D. Therefore,
these findings indicated that the precursor of T2 in vivo, is T3. This
phenomenon should not be overlooked as the genesis of diiodothy-
ronine starting from T3 has never been observed in vitro.!!

Cellular Targets of 3,5-diiodo-L-thyronine (T2)

Although the direct exposure in vitro of isolated mitochondria
to T2 does not result in a regular stimulation mitochondrial activi-
ty, the hypothesis that these organelles could be the specific target
of T2 is further supported by several observations. Experimental
investigations, highlighted that, following a preincubation in vitro
of liver homogenate with T2 and after the mitochondria were iso-
lated, the hormone is able to induce a significant increase in the
activity of of Cytochrome C Oxidase (COX).3* However, in order
this phenomenon may occur, a cytoplasmatic factor, whose aim is
that to mediate the effect of T2, is needed. The presence of T2-
binding cytosolic proteins was confirmed following the discovery,
through photo-affinity labelling, of the binding sites for the hor-
mone in the cytoplasm of rat liver cells.*® Following UV irradia-
tion of rat liver cytosol, three proteins with different apparent
molecular masses (86, 66 and 38 kD) able to covalently bind 3,5-
T2 were identified. Specifically, the 38 kD protein was able to bind
either T2 and T3, but its affinity for T2 was more elevated and its
binding with T2 resulted independent of NADPH concentration.
Conversely, the binding of the 38 kD protein to triiodothyronine,
was NADPH-dependent. Therefore, this cytoplasmic factor, by
acting in a dependent manner on the cellular redox state
(NADP/NADPH ratio), can function as a reservoir of T2 and T3
and as a carrier.* Specific binding sites for T2 were also detected
in rat liver mitochondria. This Binding sites has a high affinity (108
M) and a low binding capacity (0.4-0.6 pmoles/mg protein).4!
Competition analysis, evidenced that 3,3°-T2, T3 and T4 were also
able to compete significantly with T2 for the same sites. However,
this phenomenon occurred only in presence of high concentrations
of iodothyronines. Nevertheless, according to Lanni ef al. the
results on the mitochondrial sites should be interpreted with some
caution due to the intrinsic limitations in such studies.*? The study
by the Goglia ef al. describing the stimulating effects induced by
the addition of T2 to the Cytochrome C Oxidase (COX) complex
isolated from bovine heart mitochondria, led to the conclusion that
this enzyme could be one of the targets of the hormone.*! This
hypothesis was confirmed by Lombardi et al. (1988) who identi-
fied, two groups of reaction of the mitochondrial respiratory chain
as targets of T2 namely the complex IV, also known as COX
,which transfers electrons from the reduced cytochrome to O, to
produce H>O, and the group of reactions involved in the reduction
of cytochrome C. Furthermore, in the same year, Arnold et al. by
using photoaffinity procedures, identified as the binding site of T2,
the Va subunit of the COX complex. This was confirmed by using
a monoclonal antibody against the Va subunit, in presence of
which the binding of diiodothyronine to this subunit was prevent-
ed.®® The same study showed that the effects of T2 on the COX
complex consisted in a suppression of the allosteric inhibition of
cytochrome ¢ oxidase by ATP, as the Va subunit is adiacent to the
IV subunit which binds ATP.#3 The effects of T2 could not directly
involve also the mitochondria but they might be indirectly related
to them. For example, the data obtained from Hummerich et al.
indicate a possible an influence of T2 on mitochondrial activity
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that resulted in an increased absorption of mitochondrial Ca*2.44
This, in turn triggered an enhancement of the mitochondrial activ-
ity due to the increased activity of the mitochondrial dehydroge-
nase. Consequently, there should be an increase in the number of
reduced substrates available for the respiratory chain.*> The effects
of T2 are not limited to mitochondria. In fact, Huang et al. com-
pared the activity of thyroid hormone analogues on sodium (Na+)
currents, in myocytes of newborn rats. These studies demonstrated
that T4, T3 and T2 significantly increased Na+ current as com-
pared to control. In contrast, similarly as observed for reverse T3
(rT3), Monoiodotyrosine (MIT) or tyrosine the metabolites of T3
and T4 (TRIAC and TETRAC respectively) had no effect on Na+
currents. As the effects of T3 and T2 were not blocked by propanol,
these findings suggest that they are not mediated by the f-adrener-
gic signalling pathway. The authors suggested that the acute effects
of thyroid hormones and their analogues on Na+ currents could be
mediated by a non-genomic thyroid hormone receptor, with a
unique structure-activity relationship. The non-genomic action of
T3 and T2 also affected the membrane transport systems (such as
the Na+/H+ exchanger, and the amino acid transport system) of
chicken embryo hepatocytes.*® In line with these observations,
Incerpi et al. provided evidence of rapid non-genomic effects of
TH and suggested that the short-term effects of thyroid hormones
play an important role during fetal development and in cellular dif-
ferentiation. T2 was able, in this study, to mimic some of the
effects of T3 but less efficiently.’

T2 and lipid metabolism

It is now well established that fatty acids increase the mitochon-
drial activity. Many studies have evaluated the role of a hyperlipidic
diet in T2-treated rats to better assess the effects of this hormone on
lipid metabolism. In one study, the data obtained from normal euthy-
roid rats receiving a standard diet (N) were compared with those
obtained from rats fed a high-fat diet (HFD) and from HFD rats
treated with T2 (HFD-T2). These results clearly showed that in rats
fed HFD-T2, T2 was able to reduce both adiposity and serum levels
of free fatty acids, triglycerides and cholesterol without inducing any
clinical signs of thyrotoxicosis.!>*® In HFD animals, -oxidation
levels resulted 30% higher, the activity of Acetyl-Coenzymea-
Carboxylase (ACC) was significantly lower (-65%) and the activity
of Carnitine Palmitoyl-Transferase system (CPT) resulted 38%
higher, compared to N animals. However, the levels of AMP-
Activated Protein Kinase (AMPK), which inhibited ACC activity in
different physiological conditions, were decreased. The reduced
ACC activity observed in HFD rats was probably due to a reduced
amount of the enzyme, rather than to its decreased activity. This sug-
gests that the increase in fatty acid oxidation in HFD rat may be due
to a malonyl-CoA-dependent mechanism i.e., reduced ACC content
— reduced level of malonylCoA — activation of the CPT sys-
tem.!3# In HFD-T2 animals, the ACC activity was not further
decreased as compared to HFD animals, despite the increase in
AMPK content, CPT activity (52% vs HFD and + 110% vs N) and
B - oxidation (+ 42% vs HFD and + 93% vs N). Therefore, T2
appeared to be able to further increase fatty acid oxidation by signif-
icantly activating AMPK and CPT activity but without increasing
CPT1 mRNA levels and without further inhibiting ACC activity.!348
These results seem apparently to rule out an involvement of the
AMPK-ACC-CPT pathway on the effects of HFD and T2 on liver
fatty acid oxidation observed after 30 days. However, it can be
hypothesized that T2 could increase the entering of fatty acids in the
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mitochondria by regulating CPT1 activity in a AMPK-dependent
manner and ACC-malonyl-CoA in a independent manner.'3*8 The
possible existence of a malonyl-CoA-independent control mecha-
nism on the hepatic activity of CPT1 is supported by some recent
studies which showed that stimulation of hepatic oxidation of fatty
acids can also use an independent malonyl-CoA pathway, which
includes an AMPK-mediated phosphorylation by cytoskeletal com-
ponents, that lead to CPT1 stimulation.!5#%% The increase in body
weight and adiposity observed in HFD rats, clearly indicate that the
increase in hepatic fatty acid oxidation is not per se sufficient to pre-
vent fat accumulation, due to HFD consumption and that, in HFD-
T2 animals the reduction of adiposity could be related to a less effi-
cient use of the substrate.!3-5! In fact, as mentioned above, in addi-
tion to the stimulation of the oxidation of fatty acids in the liver, T2
caused a less efficient use of lipid substrates through the stimulation
of thermogenic mechanisms such as decoupling of mitochondrial
complex (loss of protons). This phenomenon lead to a lower synthe-
sis of ATP and a greater fat combustion, which resulted to be more
elevated in HFD-T2 than in HFD rats.3! The physiological conse-
quence of these effects were an increase in energy expenditure and a
slight increase of body temperature. This suggested that proton loss
had a decisive role in the effects exerted by T2 on substrate utiliza-
tion efficiency and, consequently, on adiposity. Thus, T2 may be
able to induce in HFD rats a reduction in the accumulation of fat in
the liver and a marked reduction in the mass of adipose tissue. It is
worth to note also a T2-induced reduction of serum levels of
Triglycerides (TAG), Free Fatty Acids (FFA) and cholesterol.!3 To
assess the hypothesis that the effects of T2 in reducing the accumu-
lation of excess lipids, previously observed in primary rat hepato-
cytes could depend on a non receptorial mechanisms,2 recent inves-
tigations were carried out on a well differentiated rat hepatoma cell
line (FaO) which lacks of functional Thyroid Receptors (TRs),>? In
humans and rodents, TRSs are encoded by two genes. The THRA
gene encodes three isoforms, but only TRal binds T3,*35 whereas
the THRB gene encodes two variants, TR1 and TRB2 respective-
1y.5657 In a previous study carried out in T3-treated knockout mice
for TR, showed that the expression of a large number of genes was
induced by thyroid hormones even in the absence of TRB1.%8 In the
liver, TRal levels are much lower than those of TRB1 and most of
the effects of thyroid hormones are mediated by the TRB1 isoform.
A characteristic of the receptor-independent mechanisms of iodothy-
ronines is the plurality of thyroid derivatives, including T2, and/or
that of functional analogues and that they can trigger specific effects
and could be more potent than T3 itself.> T2, like T3, when injected
into the isolated and perfused liver, or when added to mitochondria
isolated from hypothyroid rats, may foster the rapid hepatic oxygen
diffusion.!?8 Effects similar to those of T3 were observed in hepa-
tocytes isolated from hypothyroid animals.®® A first step of this study
consisted to assess in FaO cells the absence of constitutive mRNA
expression for both TRal and TRB1 by comparing their mRNA lev-
els with those determined in rat liver. The results further confirmed
that in FaO cells, the levels of mRNA transcripts for TRs are negli-
gible when compared to that of rat liver. Therefore, an in vitro model
of “steatosis” was developed by exposing FaO cells for 3 hours to a
mixture of oleate/palmitate (0.75 final mM concentration), which
closely mimics plasma FFA levels of patients with metabolic syn-
drome.®"-92 FFAs taken up by hepatic cell are converted, in the
cytosol, into TAGs and stored in the form of Cytosolic Lipid
Droplets (CLD). FFAs that enter the liver undergo esterification to
produce TAGs or, alternatively, oxidation, to generate ATP. The
TAGs, in turn, are accumulated in form of CLD. Typically, CLDs are
composed of a nucleus of neutral lipids surrounded by phospholipids
and proteins of the PAT family [Perilipin, also known as perilipin 1
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(PLIN1); Adipophilin or perilipin 2; TIP47 that is, perilipin]. Among
these proteins, those related to adipocytic differentiation (ADRP,
also known as PLIN2) represents the most important proteins pres-
ent in human and mouse liver. The expression of ADRP is increased
in Non Alcoholic Fatty Liver Disease (NAFLD)® and is under the
control of Peroxisome Proliferator-Activated Receptors (PPARs),
which are transcription factors that regulate lipid metabolism.
PPARSs act as transcription factors for ADRP,%465 a PAT protein that
promotes lipid incorporation in CLD and inhibition of FAA oxida-
tion.®® When FaO cells loaded with lipids were treated with T2 or T3
for 24 h, TAG content was reduced to levels comparable with those
observed in control cells. This demonstrates that the direct hypoli-
pidizing effect exerted both by T2 and T3 on the hepatic cell can
occur even in the absence of TRs. The effects of T2 and T3 on O,
consumption in liver cells that do not express TRs were also evalu-
ated. The results clearly indicated that the addition of both iodothy-
ronines to intact hepatocytes induced a rapid decoupling of phospho-
rylation from oxidation. These data demonstrate the decoupling
effect of T2 and T3 in intact hepatocytes, in presence of adequate
substrate and of 0,.%7 In addition, to the short-term effects on mito-
chondria, thyroid hormones exert pleiotropic effects on lipid metab-
olism. In the liver, thyroid hormones stimulate enzymes that regulate
both lipogenesis and lipolysis. Peroxisome proliferator-activated
receptors (PPARs) play a key role in lipid metabolism; PPARa
improves catabolism and lipid mobilization,® while PPARy pro-
motes lipid synthesis and CLD formation.%%7° Furthermore, PPAR
/6 play a crucial role in hepatic lipid homeostasis and in insulin sen-
sitivity, by activating glycolysis and lithogenesis.”! Therefore, the
transcription profiles of the three receptor subtypes, PPARa, PPARY,
and PPARS were evaluated in FaO cells under different experimen-
tal conditions. All the subtypes were constitutively expressed in FaO
rat hepatoma cells. However the expression levels of PPARa and
PPARGS resulted more elevated as compared to PPARy. The accumu-
lation of excess lipids in FaO cells led to an up-regulation of PPARy
mRNA, a down-regulation of that of PPARS, while PPARa
remained unchanged. These data were in line with the role of PPARy
in promoting lipid accumulation.®-70 On the other hand, the reduc-
tion of PPARS expression observed in lipid-loaded FaO cells were
consistent with with o previous data showing an opposite regulation
of PPARS and PPARY in ob /ob mice.”? PPARS increased the synthe-
sis of high-density lipoprotein (HDL), inhibited CLD formation in
the liver, improved FFA catabolism and promoted energy decou-
pling in adipose and muscular tissues.”>7* Murine models of fatty
liver usually express increased PPARa levels. The absence of up-
regulation of PPARa in FaO cells loaded with lipids may depend on
a presence of an excess in oleate compared to palmitate (2:1) in the
FFA mixture. The excess of oleate can also explain the decrease in
steroid-CoA-desaturase transcription observed in lipid-loaded FaO
cells, since this enzyme synthesizes oleic acid.? Therefore, the con-
comitant down-regulation of PPARS and the up-regulation of
PPARY in lipid-loaded FaO cells might account for the inhibition of
FFA oxidation, the release of VLDL and their accumulation in CLD.
Overall, the different transcription model of the three subtypes of
PPARSs suggests that, in this in vitro model of hepatic steatosis, the
process of B-oxidation via mechanisms mediated by PPARa and
PPARGS in the hepatocyte, are negligible, as confirmed by the lack of
significant downstream changes in the expression of the lipolytic
gene Acyl-CoA oxidase (AOX). However, the storage of fat in
excess in CLD may occur probably through mechanisms mediated
by PPARy. Treatment of lipid-enriched FaO cells with iodothy-
ronines leads to a decrease in TAG content. The up-regulation of
PPARy induced by FFA is inhibited following a 24-hour incubation
with T2 and T3, which also decrease the expression of mRNA for
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PPARa by up-regulating the expression of PPARS. In light of the
role of PPARS in promoting HDL synthesis, FFA catabolism, ener-
getic decoupling and in inhibiting the formation of CLD, these data
indicate that in lipid-loaded hepatocytes, both iodothyronines can
foster the stimulation of FFA catabolism and energy decoupling
while, at the same time, decrease the formation of CLD.
Furthermore, the decrease in intracellular lipid content induced by
both T2 and T3 is associated with changes in lipoprotein synthesis
and the rate of exocytosis of VLDL. Of interest is their effect on the
characteristic size of the CLD of fatty hepatocytes. A reduction in the
average size after treatment with iodothyronines was observed, sug-
gesting that T2 and T3 may act in the dispersion/fragmentation of
CLDs. A decrease in the size of CLDs could make the accumulation
of TAGs more accessible for enzymes that act on lipid catabolism.
This could explain, at least partially, the ability of iodothyronines to
decrease the fat in excess in the liver, by acting directly on the liver
cell. Therefore, the reduction of the lipid content observed in FaO
cells of rat hepatoma which is due to iodothyronines is achieved
through non-receptorial mechanisms either in the short term,
through stimulation of mitochondrial O, consumption, and in the
long term, through different effects on PPARs transcription.
Ultimately, these effects may, in turn, activate those pathways that
affect TAG deposits within CLDs and that promote mitochondrial
oxidation and/or exocytosis of VLDL.”® As 3,5-T2 results as effec-
tive as T3 in reducing lipid content in lipid-loaded FaO cells and,
due to the lack of thyrotoxic effects, this molecule may be consid-
ered of clinical interest in the pharmacological treatment of dysmeta-
bolic syndromes such as NAFLD.38-3° NAFLD is a pathological
condition widespread in opulent societies, which is characterized by
altered lipid metabolism, and consequent accumulation of fat in
hepatocytes, increased oxidative stress and abnormal production of
cytokines.”® It is associated with visceral obesity and various cardio-
vascular risk factors.! This condition can also evolve into steatohep-
atitis, advanced fibrosis, cirrhosis, and finally hepatocellular carci-
noma.”” Although the modulation of the caloric intake and increase
of physical activity are the cornerstones of the treatment of metabol-
ic disorders, in recent years data from various experimental and clin-
ical investigations suggest that different drugs could be useful for the
prevention and/or treatment of steatosis. Since mitochondrial dys-
function is crucial to the pathophysiology of steatosis and steatohep-
atitis, drugs or other factors that directly or indirectly improve mito-
chondrial function may be useful in the prevention and/or treatment
of these liver diseases. In this setting, some experimental investiga-
tions were undertaken, in which steatosis and mitochondrial param-
eters were evaluated in rats fed a high percentage of fats over a long
period and treated with T2 up to 4 weeks and fed the same high-fat
diet.”® The results clearly indicate that in these animals T2: i)
reduced body weight and metabolic efficiency without suppressing
TSH levels; ii) decreased the serum levels of cholesterol, TAG and
ALT; i) increased the hepatic mitochondrial consumption of O, and
oxidation of fatty acids; iv) activated the proton mitochondrial loss
in hepatocytes; v) reduced the mitochondrial oxidative stress. The
ectopic development of fat storage in the liver, induced by a diet rich
in fat, was associated with alterations in the mitochondrial compart-
ment. In fact, steatotic rats showed a reduced respiratory capacity
and an increase in oxidative stress in hepatic mitochondria, although
the ability to use fat as a metabolic fuel was increased. Due to the
increased hepatic absorption of FFAs that occurs during a high-fat
diet, the mitochondrial the increase in fatty acid oxidation and keto-
genesis, observed in fatty liver, would act as a compensatory mech-
anism. This also occurred in patients with steatohepatitis.””$% An
increased mitochondrial B-oxidation has been also observed also in
the liver of genetically obese (ob/ob) mice, with massive steatosis.!
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However, the increase in lipid oxidation is not sufficient to handle
the increased burden of hepatic FFAs, so the remaining FFAs are
converted into triglycerides, which are partly deposited in the cyto-
plasm, thus causing steatosis. An interesting aspect concerns the
changes in efficiency of substrate utilization. In fact, a decrease in
proton loss and an increase in the body weight/caloric intake ratio
clearly indicate a more efficient use of energy in steatotic animals
than in controls. On the other hand, after T2 treatment, the efficiency
in the energy use resulted clearly decreased. Furthermore, in line
with the decrease in TAG content in the liver, serum cholesterol,
TAG and ALT levels were significantly reduced. The effect of T2 on
mitochondrial efficiency in the liver cannot be attributed to an induc-
tion of the expression of UCP2 and UCP3, which have been pro-
posed by some authors as mediators of a decoupling effects, since
neither UCP2 nor UCP3 were found to be expressed.$283 Therefore,
the mechanism underlying the decoupling effect of T2 remains to be
clarified, although previous studies showed that the addition of T2 in
a reconstituted complex of COX led the complex to a decrease in the
respiratory control ratio.®*85 At mitochondrial level, the administra-
tion of T2 for four weeks induced a further increase in f-oxidation
and CPT system activity. These increases, responsible of a better
compensation of the hepatic load of FFAs, could be one of the mech-
anisms that make T2 able to improve steatosis. Furthermore, the
increase in the rate of mitochondrial respiratory processes could
enhance the reoxidation of NADH, a coenzyme necessary for both
B-oxidation and the tricarboxylic acid cycle.8¢ This mechanism, cou-
pled with a less efficient and concomitant use of substrates, through
a stimulation of both basal and FFA-induced proton loss, would lead
to a higher fat consumption.®” All these effects promote a better
compensation of the load of liver FFA and could represent one of the
mechanisms through which T2 may improve steatosis. Furthermore,
the increase in the rate of oxidation could lead to the re-oxidation of
NADH, the coenzyme involved both in 3-oxidation, and in the cycle
of tricarboxylic acids.3¢ An increase in proton loss and consequently
a decrease in membrane potential, which may be probably due to the
increased activity of UCP2, may results in the reduction of an exces-
sive formation of ROS.83:3% The data by Mollica et al. reveal that the
administration of T2 determines a lower hepatic mitochondrial
oxidative stress, as indicated by the significant decrease of H,0,.87

Effects of T2 on lipid peroxidation

Chronic exposure of rats to lipid-lowering drugs (ciprofibrate)
often leads to hepato-carcinogenesis, probably due to an overpro-
duction of H>O, In fatty hepatocytes, the decrease in iodothyro-
nine-induced lipid excess was accompanied by a decrease in the
stimulation of peroxisomal AOX activity. This is particularly
important because it may represent a beneficial effect due to the
decrease in ROS production. In fact, high FFA oxidation rates can
lead to an increase in the production of reactive oxygen species
(ROS) at the peroxisomial, mitochondrial and microsomal levels.*
After the addition of iodothyronine, the activities of Superoxide
Dismutase (SOD) and Catalase (CAT) were reduced compared to
fatty hepatocytes unexposed to iodothyronine. This suggests that
iodothyronines have a protective effect on the possible conse-
quences of peroxisomal oxidation of FFA, with consequent reduc-
tion in the production of peroxy radicals, associated with an excess
of fat in hepatocytes.52°! The hepatic cell try to hinder the cellular
oxidative stress by increasing the activity/expression of antioxi-
dant enzymes and/or by inducing the synthesis of antioxidant mol-
ecules such as glutathione and metallothioneins.®? Low-molecular
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weight metallothioneins (MT) (6-7 kDa) are highly conserved
ubiquitous proteins rich in cysteine with high affinity for divalent
metals®® which are involved in some essential biological functions,
including homeostatic regulation of zinc and copper, detoxification
from heavy metals, and scavenging of free radicals.”* The mobi-
lization of zinc by MTs through oxidizing agents may explain the
in vivo antioxidant activity of MTs.%5 A number of stimuli induce
their expression, including acute phase response, cold, heat, stress
and some hormones, such as GH.?3 Furthermore, transgenic mice
over-expressing MT are more protected from hepatic oxidative
stress associated with alcoholic liver disease.”® Four MT (MT-1 -
MT-4) isoforms encoded by four functional genes have been iden-
tified in rodents. The different isoforms appear to have distinct
functions under different physiological and pathological condi-
tions. The dynamic nature of the metallothionein/thionine (MT/T)
system, and the observation that MT I/II knockout mice become
mildly obese, suggest a role for MTs as modulators of energy
metabolism.?”%° Some studies investigated the association
between reduction in fat accumulation in the liver of HFD-fed rats
induced by T2 inoculation, changes in oxidative stress and MT
expression. Body weight, serum TAGs, lipid accumulation in the
liver, and PPARa expression were evaluated in rats fed HFD, treat-
ed with T2 and the changes occurring in these animals were com-
pared with those obtained in control rats. The effects of HFD and
T2 on the level of hepatic lipid peroxidation [thiobarbituric-reac-
tive substances (TBARS)] and on the activity of antioxidant
enzymes responsible for detoxification from hydrogen peroxide
(H202), i.e., CAT and glutathioneperoxidase (GPX), were also
evaluated. The transcription levels of the main MT isoforms in the
liver (MT-1 and MT-2) were also assessed by RT-PCR.%! FFAs
activated the transcription of PPARa which modulated the metab-
olism of fats at different levels by altering the transcription of
numerous genes, many of which are involved in the catabolism of
the same FFAs.100.101' A high-fat diet presumably provides more
long-chain FFAs capable of entering hepatocytes, thus inducing an
upregulation of PPARa. The expression of PPARa is also up-regu-
lated in the liver of obese rodents fed diets rich in fat.!92-105 This
effect has been also highlighted in the liver biopsies of patients
with NAFLD.% In line with these data, a high-fat diet induced the
expression of PPARa in rat liver. After a 30 days treatment with
T2, the upregulation of PPARa induced by the high fat diet was
reduced. This effect paralleled the reduction of lipid droplets accu-
mulation observed in tissue section of liver of T2-treated rats com-
pared to HFD rats. The increased oxidation of fatty acids usually
leads to greater production of peroxy radicals and consequently of
oxidative stress.!%%107 In fact, an increase in lipid peroxidation in
the liver of HFD rats was observed, as well as a stimulation of the
activity of CAT and Se-dependent GPX. All these effects were par-
tially neutralized by the administration of T2 to rats fed HFD. In
contrast, in line with previous data which showed an increase in
mitochondrial oxidation of fatty acids,!? in the liver of HFD rats
treated with T2, an increase in mitochondrial H,O, production was
observed. Peroxisomes are the main site for long and very long
chain fatty acid oxidation, the main component of food lipids. On
the other hand, long-chain fatty acids require the activity of CPT,
to enter the mitochondria. CPT activity is stimulated by a hyperli-
pidic diet and is further stimulated by T2. This indicates the acti-
vation of CPT as a key step in mitochondrial stimulation of the
catabolism of fatty acids by T2.!3 MTs represent a main component
of the non-enzymatic antioxidant system of the cells.’* They play
a key role in liver damage, liver regeneration,!98:19 and energy
metabolism as well.?%110 The evaluation of the transcription pro-
files of the two isoforms constitutively expressed in the liver
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namely, MT-1 and MT-2, highlighted also an up-regulation of both
isoforms in hyperlipidic diet rats, thus suggesting the protective
role of MTs in the liver.!'! The concomitant administration of T2
to rats with a hyperlipidic diet partially thwarted the up-regulation
of MT-2, but not that of MT-1. The observation that T2 does not
alter the transcription profile of MTs in the liver of rats fed a stan-
dard diet suggests that the effects of T2 on hepatic expression of
MTs are secondary to the effects of the hormone on molecules
and/or pathways associated with fat intake. The up-regulation of
MTS induced by the hyperlipidic diet could be due to an imbalance
in the level of essential metals and/or conditions of oxidative
stress. However, no significant changes were observed in total
hepatic zinc and copper levels correlated with the hyperlipidic diet
and/or treatment with T2. This indicates a crucial role of these met-
als in the up-regulation of MTs induced by a hyper-lipid diet.
However, possible changes in the availability of free (rapid
exchange) zinc ions induced by the hyperlipidic diet cannot be also
ruled out. Thus, oxidative stress appears to be the possible candi-
date involved in the up-regulation of MTs transcription. This has
been well established for MT-2, while MT-1 remains over
expressed in rats with a hyperlipidic diet, independently of the
reduction in lipid accumulation and the oxidative stress associated
with T2 administration. Furthermore, a previous study showed that
MT-2 mRNA levels in adipose tissue was increased in obese sub-
jects.''2 Overall, previous observations and current results indicate
a specific role of the MT-2 isoform in the defence mechanism
against oxidative stress. However, the regulation of MTs gene
expression is rather complex and involves numerous transcription
factors, signalling pathways, and response elements (RE). ROS
can induce the expression of MTs through the interaction with the
antioxidant response elements (ARE) and with the metal response
elements (MRE),'!? of the MTs genes, as well as through different
transcription factors sensitive to the cellular redox state.!'* At pres-
ent, the molecular mechanisms responsible for the regulation of
MT-1 and MT-2 transcription, as well as their functional implica-
tions, are not yet clear. The relationship between MT-2 transcrip-
tion, fat oxidation and oxidative stress could be related to the dif-
ferent scavenging activities performed by the two MTs iso-forms
in vitro, with MT-1 representing a more selective scavenger
towards O, * and MT -2 against « OH.!'5 It is worth noting that
MTs are located in the intermembrane space of the mitochondria of
the liver cells, suggesting a role for these proteins in the fine-tun-
ing of the mitochondrial energetic metabolism, by reversibly mod-
ulating the site for zinc.?’” The effects of T2, i.e., prevention of fat
accumulation induced by the hyperlipidic diet, partial neutraliza-
tion of the up-regulation of PPARa and MTs and of oxidative
stress, can be explained by a selective stimulation exerted by T2 on
the metabolism of fatty acids in the mitochondria to the detriment
of peroxisomal and microsomal oxidation. However, it is conceiv-
able that the effects of T2 on the liver are indirect and may depend
on a reduced influx of fat in hepatocytes caused by a primary effect
of T2 in other tissues, such as on adipose tissue. Further studies
reported that rats with hepatic steatosis also showed a mitochondr-
ial increase in oxidative stress parameters such as increased H,O,
production, and inhibition of aconitase and SOD activity.’
Furthermore, T2 administration reduces mitochondrial oxidative
stress. Consistent with these findings, in hyperlipidic diet rats
treated with T2, the formation of H,O, is reduced, as well as the
total basal aconitase /total aconitase ratio, while the SOD activity
increased compared to those with a non-treated hyperlipidic diet.
Furthermore, an increase in SOD activity was observed in rats with
hyperlipidic diet treated with T2, although, in control rats these
values did not return to basal levels.
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Conclusions

3,5,3’-triiodothyronine (T3) has long been considered poten-
tially useful for the treatment of obese patients as it determines an
increase in the metabolic rate and causing a reduction in body
weight.!1¢ Indeed, it is well known that T3 stimulates carbohydrate
and protein lipid metabolism and increases energy expenditure.
However, the onset of serious side effects has limited its use.!!¢
Attempts to eliminate most of the side effects, especially those
related to the cardio-circulatory system, through the administration
of B-blockers failed to prevent the excessive decrease of the lean
body mass. In this context, a growing number of studies has been
undertaken to assess the effects of T2, a T3 metabolite, once con-
sidered inactive, but that studies on metabolism of animal models
has been shown to be effective in increasing the resting energy.?’
The peculiar characteristic of T2 is its nucleus-independent activi-
ty, which is markedly different from that of T3 which, conversely,
is mainly mediated by the nucleus. The discovery of prepared the
way to a potentially valid therapeutic scenario. In fact, similarly to
T3, T2 promotes energy loss. However, unlike T3, it does not act
by a nucleus-mediated mechanisms, rather by a process that
involve mitochondrial proton loss.!? In line with these observa-
tions, several experimental observations have reported that the
administration of T2 to rats fed with high fat diet, did not induce
side effects typical of thyrotoxicosis.!* These phenomena may be
explained, with the observation that although T2 has a lower affin-
ity for nuclear receptors than T3, the former may stimulate cellular
metabolism through mechanisms that involve the mitochondrial
apparatus. Studies carried out in rats fed on a diet high in fat and
subject to long term treatments with T2, showed a reduction in adi-
posity and in body weight without the onset of thyrotoxic
effects.!!” By the use of a TRH test, it was highlighted that follow-
ing TRH injection there was no significant difference in the serum
levels of THS between rats fed a hyperlipidic diet, rats fed a stan-
dard diet and rats with a hyperlipidic diet administered with T2,
thus indicating that the hypothalamic-pituitary-thyroid axis was
not compromised after treatment with diiodothyronine (dose-
dependent effect). Thyroid and heart weight values did not signif-
icantly differ from those determined in normal euthyroid rat,
whereas white visceral fat and liver weight were significantly
decreased in rats fed with fat diet and T2. Furthermore, no change
in heart rate was observed after administration of T2.!3 Bearing in
mind that the main target of T2 appears to be mitochondria, the
decrease in mitochondrial efficiency indicates that, when, during
overeating there is an excess of FFA that reaches the liver, in order
to produce the same amount of ATP, the mitochondria must oxidize
a higher amount of substrates. The decoupling between oxidation
and phosphorylation is a biological mean useful to dissipate the
substrate energy (including lipids) in form of heating and to oxi-
dize a greater amount to produce the same quantity of ATP.
Consequently, a greater amount of fatty acids that reach the liver
are directed towards oxidation instead of restoring. Therefore the
treatment with T2 may prevent and reverse the damage caused by
a hyperlipidic diet and reduce the circulating levels of LDL,
triglycerides and hepatic steatosis in overweight patients, with high
levels of LDL, with hypertriglyceridemia and/or steatosis), by act-
ing on mitochondrial function and oxidative stress. Therefore, T2
may be of potential clinical interest as novel drug for the treatment
of the pathological conditions mentioned above. Therefore, the use
of T2 could be regarded as an useful pharmacological approach for
the prevention or treatment of diseases associated with a diet high
in fat, such as non-alcoholic fatty liver disease. It has been proven
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that the hormone may reduce a pre-existing accumulation of fat in
the liver.2% In humans, few studies have confirmed that the admin-
istration of T2 can increase the resting metabolic rate, reduce adi-
posity and body weight without side effects.8” Experimental stud-
ies in high-powered rats, have also shown that, unlike in hyper-fed
rats not exposed to T2 that showed hepatic steatosis, the adminis-
tration of high doses of T2 did not cause steatosis.?’ In this setting
Giammanco et al. carried out some experiments on three groups of
male Wistar rats. One group received a standard diet, one group
was fed a high-fat diet, and the third group received a high-fat diet
three days a week and a dose of T2 (70 mgr/100 g BW). The
administration of 70 mg of T2/100 gr BW suppressed TSH secre-
tion and prevented the onset of steatosis in rats with a hyperlipidic
diet and treated with T2 (Figure 2 and 3).20 Recently, T2 analogues
have been designed and synthesized in the perspective to identify
novel and effective therapeutic options in the treatment of these
pathologies.’® The results of one of these study, namely
TRC150094 or more simply TRC.%° showed that the administra-
tion of TRC to rats fed a hyperlipidic diet resulted in a reduction in
the accumulation of fats in the liver, adipose tissue, cholesterol and
triglyceride blood levels. Of course, clinical studies are needed
ensuring the complete safety of patients to TRC treatment.
Research on the effects of human metabolism is still scanty while,

5G 10x G 5G 20x

Figure 2. Histological sections of liver tissue from high fat diet fed
rats. Note the widespread intracellular vacuolization of hepato-
cytes and the resulting relocation of cell nuclei in a peripheral
position (score 2). (from Giammanco et al. 2016).

GT 2
Figure 3. Histological sections of liver tissue from high fat diet fed
rats and administered three times a week with 70 pg per 100 gr

BW. No evident sign of steatosis is observed. (from Giammanco
et al. 2016).
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studies on humans are needed. Therefore, much work still needs to
be done before marketing a thyroid hormone-based drug that show
to have beneficial effects on diseases related to fat metabolism,
mainly in obese subjects.
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