
Abstract 

Experimental studies have highlighted that the administration of
3,5-diiodo-L-thyronine (T2) to rats fed diets rich in lipids induces a
decrease of cholesterol and triglycerides plasma levels and body
weight (BW) without inducing liver steatosis. On the basis of these
observations we carried out some experimental in vivo studies to
assess the effects of multiple high doses of T2 on the pituitary thy-
roid axis of rats fed diet rich in lipids. Fifteen male Wistar rats were
divided into three groups of five animals each. The first group (N
group) received standard diet, the second group was fed with a high
fat diet (HFD group), while the third group (HFDT2 group) was addi-
tionally given T2 intraperitoneally at a dose level of 70 mg/100 g of BW
three times a week up to four weeks. At the end of the treatment,
blood sample from each animal was collected, centrifuged and the
serum was stored at -20°C. The serum concentrations of thyroid-
stimulating hormone (TSH), triiodothyronine, thyroxine, adrenocor-
ticotropic hormone, triglycerides, cholesterol, glucose, alanine

aminotransferase, aspartate aminotransferase, alkaline phosphatase
were then determined. In addition, liver of rats was examined by his-
tology in order to assess the presence and degree of steatosis. The
administration of T2 to rats fed with a high fat diet suppressed TSH
secretion (P=0.013) while no steatosis was observed in the liver of
these animals. Our data show that multiple administrations of high
doses of T2 to rats fed diets rich in lipid inhibit TSH secretion and
prevent the onset of liver steatosis in these animals.

Introduction

Thyroid hormones thyroxine (T4) and triiodothyronine (T3) are
well known to stimulate energy metabolism in both animals and
humans.1,2 This phenomenon is mainly mediated by T3 that is con-
sidered to be the main active molecule. On the basis of these find-
ings several studies have been undertaken to investigate the possi-
ble clinical use of this hormone in the treatment of diseases that are
associated with an over consumption of food and drinks high in fat
and/or sugar such as obesity, diabetes, dyslipidemia and hepatic
steatosis. In particular, T3 has long been considered potentially suit-
able for the treatment of obese patients as it has been shown to
induce a decrease of the body weight (BW) following stimulation of
lipid catabolism and a daily increase of energy expenditure. However,
experimental in vivo studies report that the administration to
rodents of 3,5-diiodo-L-thyronine (T2), which has long been consid-
ered only an inactive metabolite of T3 and T4, increased their resting
metabolic rate (RMR).3,4 On the other hand, some studies in humans
have confirmed that the administration of T2 can increase the basal
metabolic rate and decrease fat and BW without side effects.3 On the
basis of these observations, several T2 analogs have been recently
designed and synthesized with the aim of finding novel and more
effective pharmacological approaches in the treatment of these
pathological conditions. In this context, the administration of the
analog TRC150094 to rats fed a high fat diet resulted in reducing the
accumulation of fat in the liver and adipose tissue and in decreasing
cholesterol and triglycerides blood levels without suppressing pitu-
itary thyroid-stimulating hormone (TSH) levels.5 On the basis of
these observations we have performed some in vivo study to better
define the effects of multiple administration of high doses of T2 on
the onset of liver steatosis in rats fed diet rich in lipids and the influ-
ence of this treatment on TSH secretion as it has been earlier report-
ed by Padron and colleauges.6
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Materials and Methods

Chemicals
3,5-diiodo-L-thyronine was obtained from Sigma-Aldrich (St. Louis,

MO, USA). An inclusion complex of T2 with hydroxypropyl cyclodex-
trin (HP-Cy) (Sigma-Aldrich) was produced to improve drug solubility
and stability in PBS at pH 7.4. Appropriate amounts of T2 were sus-
pended in a solution of cyclodextrin in redistilled water to obtain a
final weight ratio HPCy/T2 of 4:1. Then, few drops of 0.1 N sodium
hydroxide were added until the complete dissolution of the drug and
the formation of inclusion complex. The pH was adjusted to 7 with of
0.1 N hydrochloric acid and the solution was freeze-dried. Appropriate
amount of solid complex was weighed and injected to animals just
before drug administration.

Animals and treatments
Male Wistar rats aged between 8 and 10 weeks and weighing 300-

350 g, were purchased from Harlan Italy [S. Pietro al Natisone (UD),
Italy], and kept at 24°C with a light/dark cycle of 12:12-h. Animals had
free access to water and food. The maintenance and care of the ani-
mals were carried out according to the guidelines of the Council of
the European Community for the care and use of animals. After 1
week of acclimatization, 15 rats were randomly divided into three
groups of 5 rats each. The first group (N) received standard diet (total
percentage of metabolizable energy: 60.4% carbohydrates, 29% pro-
tein, 10.6% fat, 15.88 kJ of energy/g); the second group was fed a
high-fat diet (HFD) (percent of total metabolizable energy: 21% car-
bohydrates, 29% protein, 50% fat, 19.85 kJ of energy/g); the third
group (HFDT2) was fed as the previous one. Additionally, these ani-

mals received intraperitoneal injections (ip) of T2 (70 mg/100 g BW)
three days a week, after anesthesia with inhaled isoflurane. Control
rats (group N and group HFD) were injected with saline, after anes-
thesia with inhaled isoflurane. Body weight and food intake of each
animal were recorded every two days. Food intake was not significant-
ly influenced by the composition of the diet or treatment with T2.
After 28 days of treatment, rats were anesthetized with inhaled isoflu-
rane and intramuscular administration of tiletamine, 60 mL of
zolazepam, and 60 mL of medetomidine, and killed by cervical disloca-
tion. Their livers were rapidly dissected, weighed, cut into small
pieces and quickly frozen in liquid nitrogen and stored at -80°C. 

Serum measurements
Blood samples obtained by intracardiac puncture were collected and

centrifuged. Serum was stored at -80°C until assays. Serum concentra-
tions of TSH third generation, T3, T4, adrenocorticotropic hormone
(ACTH), triglycerides, cholesterol, glucose, glutamic oxaloacetic
transaminase (GOT), glutamic pyruvic transaminase (GPT), alkaline
phosphatase (AP) were measured using a clinical analyzer Siemens
Immunolite 2000 (Siemens Healtcare, Erlangen, Germany) following
standard procedures.

Histological analysis
Liver tissue sections 3 mm thick were fixed in 10% buffered forma-

lin and stained with hematoxylin-eosin. The histological sections
were then subjected to a semi-quantitative examination, to detect the
percentage of hepatocytes showing macro or microvesicular steatosis
(>15 mm). The score system used to assess steatosis was defined as:
i) absent or minimal when the histological lesions involved were <1%
of hepatocytes (score 0); ii) slight if <30% of hepatocytes (score 1);
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Figure 1. Histological section of liver tissue from control rats: no sign of steatosis is evident at either magnification [100× (A) nor 200× (B)]
(score 0).
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iii) moderate if the number of the hepatocytes involved were between
30 and 60% (score 2); and iv) severe if the hepatocytes involved were
more than 60% (score 3). The percentage of hepatocytes involved was
determined by counting cells in six microscopic fields at 400× magni-
fication. Microscopic examination was carried out with Leica DMLB
(Leica, Nussloch, Germany), equipped with Nikon (Tokyo, Japan); the
system of image acquisition used was Nis elements Br software.

Statistical analysis

Continuous variables are expressed as mean±standard deviation.
Intergroup differences among groups at T0 and T28 were assessed by
the univariate analysis of variance (ANOVA), and post-hoc analysis
with the Tukey’s test was used to determine pairwise differences. The
intragroup difference between different times was evaluated with the
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Figure 2. Histological sections of liver tissue from high fat diet fed rats. Note the widespread intracellular vacuolization of hepatocytes
and the resulting relocation of cell nuclei in a peripheral position (score 2). A) 100× magnification; B) 200× magnification.

Table 1. Weight, metabolic and hormonal data of three groups.

                 HFD                            HFDT2                               N
                                    T0                           T28                                  T0                           T28                                  T0                           T28

Weight                          351.0 (31.1)                     378.6 (34.3)                             347.0 (14.8)                     392.8 (20.4)                             360.0 (11.2)                     409.8 (22.2)
                   P=0.023*                             P=<0.0005*                             P=0.018*
ACTH                             111.1 (79.6)                       55.1(9.2)                                 39.8(17.2)                       44.0 (15.6)                               99.6 (42.2)                       44.3 (17.4)
                   P=0.222*                                P=0.729*                                P=0.033*
T3                                    121.0 (9.6)                        55.1(9.2)                                115.0 (27.5)                      44.0 (15.6)                              116.3 (21.7)                      44.3 (17.4)
                   P=0.009*                                P=0.005*                                P=0.004*
TSH                                0.31 (0.09)                       0.20(0.11)                                0.61(0.51)                       0.06 (0.05)                               0.72 (0.79)                       0.65 (0.46)
                   P=0.049*                                P=0.043*                                P=0.814*
T4                                      6.7 (0.5)                           3.6 (0.4)                                    5.7(2.2)                           3.2 (1.2)                                   7.3 (1.8)                           4.9 (1.5)
                   P=0.004*                                P=0.043*                                P=0.116*
Glucose                                  -                               182.6 (40.9)                                       -                               178.2 (35.1)                                       -                               204.8 (63.9)
Cholesterol                           -                                 63.2 (8.7)                                         -                                 69.0 (9.9)                                         -                                 60.0 (5.1)
Triglycerides                         -                               179.0 (82.1)                                       -                               119.4 (35.7)                                       -                               172.8 (75.0)
GOT                                         -                               113.6 (23.7)                                       -                                89.8 (12.5)                                        -                                98.6 (13.2)
GPT                                         -                                51.6 (22.7)                                        -                                47.4 (11.7)                                        -                                 32.6 (4.9)
AP                                            -                               171.4 (48.7)                                       -                               176.8 (59.8)                                       -                               102.4 (13.6)
HFD, hight fat diet group; HFDT2, fat diet group treated with T2; N, control group; T0, day 0 of the test; T28, day 28 of the test; ACTH, adrenocorticotropic hormone; T3, triiodothyronine; TSH, thyroid-stimulating hor-
mone; T4, thyroxine; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; AP, alkaline phosphatase. Values are expressed as mean (standard deviation). *T28 vs T0.
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paired sample Student’s t-test. Data were analyzed by IBM SPSS
Software 22 version (IBM Corp., Armonk, NY, USA). All P values were
two-sided and P<0.05 was considered statistically significant.

Results

The BW of the animals was recorded at the beginning of the treat-
ment (day 0) and on day 28. No significant differences in the mean BW
among the three groups of animals were observed (Table 1). However, a
significant increase in BW was highlighted for each rat between day 0
and day 28 (Table 1). Furthermore, no significant differences in the
serum levels of glucose or cholesterol were noted among the three
groups on day 28 when compared to those measured on day 0 (Table 1).
Still, the serum levels of triglycerides decreased in HFDT2 animals as
compared to the other groups; this reduction did not reach the statistical
significance. Among the biochemical parameters of liver function exam-
ined, only the plasma levels of AP resulted significantly more elevated
(P=0.041) in the HFD and HFDT2 groups as compared to control group
on day 28 while, again, no significant difference was observed for glu-
tamic oxaloacetic transaminase and glutamic pyruvic transaminase.
Interestingly, the mean plasma levels of T3 resulted in all the three
groups significantly lower on day 28 than those measured on day 0
(Table 1). On the other hand, a similar trend was observed in the case
of T4 plasma levels (Table 1). However, in this case, stastistically signif-
icant difference was observed only for the HFD group (P=0.004). Finally,
no significant difference in the plasma levels of T3 and T4 was highlight
among the three groups of animals between day 0 and day 28. Although
no significant difference in TSH plasma concentrations was observed
among the different groups of animals, in the HFDT2 groups the circu-
lating levels of this parameter on day 28 were significantly lower as com-

pared to control group (P=0.013). In all the animals TSH levels were
lower on day 28 as compared to day 0. However these differences result-
ed statistically significant for the HFD group (P=0.049) e HFDT2 group
(P=0.043). At the histological evaluation the rats of group B (standard
diet) showed no signs of steatosis (Figure 1), while rats of the HFD
group (high fat diet) showed a fatty medium entities (Figure 2), which
was not highlighted in the control group and in HFDT2 group (Figures
1 and 3).

The histological sections of the liver of the animals of the group
HFD, examined at 100×200× magnification showed the presence of
optically empty vacuoles in the cytoplasm of hepatocytes. In some cases
this phenomenon determined the relocation of the nuclei in a periph-
eral position. Although cell damage was small, it was widespread and
classified as fatty liver score 2.

Discussion

Recent studies have shown the beneficial effects of 3,5-T2 in pre-
venting liver steatosis in animals fed a high-fat diet. Experimental evi-
dence indicates that the beneficial effects exerted by 3,5-T2 are non-
genomic but rather mediated by metabolic pathways mainly at the
mitochondrial level. Our investigations were aimed at assessing the
suppressive effects of this molecule on the pituitary-thyroid axis.7 In
line with the recent findings of Padron and colleagues,6 our data show
that the administration of 3,5-diiodo-L-thyronine to rats three times a
week up to 4 weeks leads to a reduction in BW gain despite the
decreased level of T4 and T3 serum levels. On the other hand, Lanni
and colleagues8 have shown that the administration of 25 mg/100 g of
3,5-T2 to rats may reduce BW gain and adiposity while no change in
serum T4 levels was observed in animals fed a diet rich in fat and treat-
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Figure 3. Histological section of liver tissue from 3,5-diiodo-L-thyronine high fat diet fed rats. No sign of steatosis is present (score 0).
A) 100× magnification; B) 200× magnification.
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ed with 3,5-T2. This phenomenon was not observed in control animals.
In addition, it was also shown that 3,5-T2 increased the rate of fatty
acid oxidation in skeletal muscle. In addition to the chronic effects of
3,5-T2, a non-genomic acute and most likely increased mitochondrial
activity in rat liver has also been described.2 An increased consumption
of hepatic oxygen and oxidative activity in the liver of rats fed a high-
fat diet, and the recovery of energy expenditure in hypothyroid rats
have been also described.9-11 The metabolic effects induced by 3,5-T2
could, in part, explain the decrease in BW gain and in that of retroperi-
toneal fat observed in aged rats treated with this agent. In addition to
the beneficial effects of 3,5-T2 on BW increase and adiposity, rats treat-
ed with 3,5-T2 also showed an improvement in glucose tolerance, more
than 10%, compared to control animals. This result suggests that 3,5-
T2 appears to improve glucose tolerance, directly or indirectly by
decreasing adiposity in the treated animals. On the other hand, these
findings are consistent with the observation that 3,5-T2, in addition to
other effects on the liver, prevents insulin resistance in skeletal muscle
of rats fed a high-fat diet and increases the expression of GLUT4 by
insulin-induced phosphorylation of Akt. 3,5-T2 also was shown to
increase nuclear sirtuin 1 expression and to decreases lipogenic
genes.12,13 In agreement with previous data demonstrating that 3,5-T2
exerts important metabolic effects,2 experimental findings highlight a
significant increase in oxygen consumption in rats treated with 50
mg/100 g of 3,5-T2 as compared to controls. Interestingly these animals
had lower, serum levels of T3 and T4. These hormones are the main
regulators of energy metabolism. Accordingly, 3,5-T2 may increase the
rate of mitochondrial fatty acid oxidation and thermogenesis in the rat
skeletal muscle, β-oxidation of lipids,8 mitochondrial oxygen consump-
tion10 and also the RMR.14 Thus, it is conceivable to hypothesize that
3,5-T2 may function as a stimulator of RMR and may increase oxygen
consumption. TSH serum levels were low. In animals treated with 3,5-
T2 this phenomenon did not appear to be related to the reduced serum
levels of T4 and T3. However, Antonelli and colleagues3 have recently
highlighted evident changes in the levels of thyroid hormones in serum
in two euthyroid subjects treated for 3 weeks with a daily dose of 300
mg of 3,5-T2. On the other hand, Horst and colleagues9 and Giammanco
and colleagues15 have shown that 3,5-T2 reduces the secretion of TSH
from the pituitary fragments of rat stimulated by T2.15 These authors
also showed a reduction in T4 serum levels after 90 days of treatment
with 25 mg of 3,5-T2/100 g, these data are consistent with the results
obtained by our studies.15 Furthermore, other observations highlighted
that a single dose of 3,5-T2 reduced serum concentrations of the β sub-
unit of pituitary TSH.16 Thyroid hormone receptor β (TRβ) is the main
mediator of the negative feedback of thyroid hormone.17 The results of
Ball and colleagues16 showing that TRβ2 binds 3,5-T2 with higher affin-
ity than the other TR isoforms may well explain the effectiveness of 3,5-
T2 in suppressing the secretion of TSH. Recently, it has been also
reported that in humans that 3,5-T2 binds and activates the B isoform
of human TRβ, showing once again that this metabolite exerts genom-
ic effects.18 Consequently the reduced serum levels of TSH in rats treat-
ed with 3,5-T2 may explain the reduction in their thyroid deiodinase
D1. On the other hand, the activity of deiodinase D2 is increased both
in the hypothalamus in the pituitary of rats treated with the 3,5-T2,
despite the thyreomimetic effects of 3,5-T2. It has been shown that lev-
els of D2 protein and its activities are regulated by post-translational
mechanisms, in particular by ubiquitination processes, that seem to be
mainly driven by T4.19 Since T4 levels were decreased in rats treated
with 3,5-T2, this could explain the increase in Q2 in these animals.19

Taken together, the results show that the 3,5-T2 significantly down reg-
ulated thyroid function. In addition to the decreased levels of thyroid
hormones, the inhibitory effect of 3,5-T2 on thyroid function appears,
at least partly, to be due to reduced serum levels of TSH because it is
the main stimulant of the thyroid gland. The expression of the TSH

receptor (TSHR) and TSHR mRNA were increased in the thyroid of rats
treated with 3,5-T2. It has been reported that TSH exerts inhibitory
effects on the activity of the promoter of the gene for TSHR.20

Therefore, it is likely that thyroid TSHR expression is higher in rats
treated with the 3,5-T2 as TSH serum levels were significantly reduced.
Furthermore, the expression of NOX4 is inhibited, while that of DUOX2
is up-regulated, just as previously shown in other models.21,22 The
chronic administration of 3,5-T2 reduces the increase in BW and
retroperitoneal fat mass and increases RMR. These effects do not
appear to be correlated with the decreased levels of thyroid hormone.
The reduction in thyroid hormone levels may be secondary to the
reduction in serum levels of TSH, which leads to a reduced activity and
expression of sodium-iodide symporter (NIS), thyroid D1, and thyroid
peroxidase (TPO).6 These new data support the hypothesis that 3,5-T2
causes exogenous TSH suppression. Thus, 3,5-T2 may be used as a
non-thyreomimetic pharmacological agent in the treatment of hypothy-
roidism. On the other hand, in hyperthyroidism, TSH circulating levels
are typically <0.1 mU/L or even lower than 0.05 mU/L. 

Conclusions

Until recently 3,5-T2 has been considered as a hormone with little or
no physiological effects, due to its low plasma and its short half-life. On
the contrary, recent findings show that this molecule may increase
energy expenditure and may also have anti-steatotic activity without
producing thyrotoxic effects and according to some authors without
affecting the secretion of TSH. The present study carried out on Wistar
rats further confirms this effect. However, at a dose level of 70 mg/100
g BW, the molecule suppresses TSH secretion from hypophysis. The
reduction of the thyroid hormone levels that might be secondary to the
decreased TSH serum levels, may lead to the reduced activity and
expression of NIS, thyroid D1, and TPO. These new data support the
idea that exogenous 3,5-T2 causes TSH suppression. On the other
hand, a molecule that may increase energy expenditure endowed with
protective effect on the liver represents an important therapeutic goal
for a more effective treatment of obesity and non-alcoholic fatty liver
disease. To this aim, some 3,5-T2 agonists have been synthesized.
However, their effects on energy expenditure on the liver and on the
hypothalamic-pituitary-adrenal axis still remain to be better defined.
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