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Abstract

OBJECTIVES: We evaluated the contribution of the thyroid hormones to the
long-term maintenance of feeding behavior and body weight, while distiguishing
their direct central effects from those resulting from the metabolic rate in the
peripheral tissues.

METHODS: We assessed the effect of hypothyroidism on the long-term (6 months)
regulation of food intake, body weight, and energy expenditure in rats. We then
generated the recovery of a euthyroid condition in the brain while maintaining a
low T; availability for the peripheral organs, i.e. a combined condition of central
euthyroidism with peripheral hypothyroidism, with the aid of a pharmacological
combination.

RESULTS: Hypothyroidism caused a decrease in the daily food intake, body
weight, and body temperature. The food intake and body temperature stabilized
at a lower value, whereas body weight kept decreasing at a constant rate. The
administration of exogenous T, increased food intake and body-weight gain, but
had no effect on body temperature.

CONCLUSIONS: The thyroid hormones are necessary for the long-term regulation
of energy intake, storage, and expenditure by different mechanisms. The feed-
ing behavior seems to be partially dependent on a direct action of the thyroid
hormones on the brain and this effect is independent of the energy expenditure in
the peripheral organs. The body weight is closely dependent on the thyroid status
and its maintenance seems to involve thyroid action on mechanisms other than
feeding and metabolic rate.
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INTRODUCTION

Long-term body weight results mainly from the balance
between energy intake and energy expenditure. Both
factors can be regulated independently according to the
requirements of the maintenance of some critical vari-
ables, such as the energy availability and the size of the
energy stores. Both the energy intake and expenditure
are controlled by the medial region of the hypothala-
mus, which plays a key role in the regulation of many
variables related to energy and metabolism. Among
the effector mechanisms of the hypothalamus, the thy-
roid axis and its hormones (T3 and T,) are tradition-
ally viewed as a mechanism that maintains the general
metabolic activity and the body temperature.

One of the major effects of the thyroid hormones
(THs) is to stimulate the metabolic rate both in periph-
eral tissues and in the brain (Lépez et al. 2010; Mat-
sumura et al. 1992), and thus they have the general
effect of promoting energy expenditure and thermo-
genesis. By increasing the expenditure, the THs create
a negative energy balance that reduces the size of the
energy stores and the body weight and thus increases
the hypothalamic drive to feed. This has been tradi-
tionally viewed as the main mechanism by which the
THs influence feeding behavior. For instance, hyper-
thyroidism causes a decrease in body weight along with
an increase in food intake (Luo & MacLean 2003). The
situations that imply an energy deficit, such as fasting or
diabetes mellitus, decrease both the circulating levels of
T; (Matsumura ef al. 1992) and the conversion rate of
T, to T3 (O’Mara et al. 1993).

The causal relationship between thyroid hormone
levels, basal metabolism, and feeding behavior is not
always evident. Some hyperthyroid subjects show
increased feeding that leads to body-weight gain in
spite of having a mainly catabolic state (Gurney et al.
1970), which suggests that feeding does not compen-
sate solely for the energy deficit caused by the elevated
metabolism. The body weight of hypothyroid subjects
correlates weakly with the degree of thyroid dysfunc-
tion and is not consistent among studies (Hsieh et al.
2002; Oge et al. 2005; Pinkney et al. 1998). Obese sub-
jects show positive correlations between thyroid activ-
ity and the Body Mass Index (De Pergola et al. 2007;
Reinehr & Andler 2002), which indicates that most
forms of obesity do not imply a decrease but instead
an increase in the activity of the thyroid axis. Whether
this effect is a compensatory response to increased body
weight or it is itself causative of obesity is not clear. For
instance, administration of the active thyroid hor-
mone T; in doses too low to cause a metabolic effect
have been shown to moderately increase the amount of
food taken by euthyroid rats (Kong et al. 2004). Taken
together, these have been interpreted as indicative that
thyroid hormones promote feeding behavior through a
direct effect at the central level besides the well-known
elevation of the metabolic rate in the peripheral tissues.

Although both effects would cause an increase in food
intake, they may have opposite consequences on body
weight over the long term.

Three intracellular deiodination mechanisms have
been described that can modify the availability of T,
in the target cells with no concomitant change in the
circulating levels of the hormone (Gereben et al. 2008).
Particularly, the selenodeiodinases DI and DII are able
to increase the concentration of the active hormone T’
by deiodination of its relatively inactive precursor T,.
DI is present in most peripheral tissues including liver
and kidney (Bates et al. 1999) and DII is particularly
important in the nerve tissue of the brain (Crantz et
al. 1982; Sharlin et al. 2010). These mechanisms show
clear-cut differences in their response to substrate avail-
ability and in their susceptibility to blockade by drugs
like propyl-thiouracil (PTU) (Gereben et al. 2008; Roy
& Mugesh 2006; Silva et al. 1982).

Our study was aimed at evaluating the role of the
thyroid hormones as a mechanism of regulation of the
energy balance. We analyzed the effects of long-term
thyroid hormone deficiency on food intake and body
weight in rats, taking advantage of the local deiodin-
ation mechanisms to distinguish the relative contribu-
tion of the central and the peripheral actions of these
hormones to the alimentary response.

MATERIALS AND METHODS

Male Wistar rats, weighing 300 to 350 g at the begin-
ning of the experiment, were kept individually in
wire mesh cages in a temperature (24+1°C) and light
(12-h:12-h, lights on at 0800) controlled environment.
Food (powdered laboratory rodent chow 5001, PMI,
Minnetonka, MN, USA) and tap water were freely
available during the entire experiment.

After a 3-week habituation period, animals were
divided in three groups of similar average body weight
(4 rats per group). A first group received no treat-
ment and was used as a control group. A second group
was treated for the generation of hypothyroidism by
administering methimazole (M, 60 mg/kg-day) and
PTU (15mg/kg-day), both dissolved in the drinking
water. The drug concentrations were adjusted weekly
according to the average daily water consumption. This
treatment was maintained for the following 17 weeks.
The third group received the same treatment but after
9 weeks a dose of 20 ug/kg-day of T, also dissolved in
the drinking water, was administered in addition to
the antithyroid drugs. The T, supplementation was
maintained for the following 8 weeks. This treatment
was aimed at creating a situation of near-euthyroidism
at the central level while keeping a hypothyroid con-
dition at the peripheral tissues. The rationale is, that
being blocked both thryroid-hormone synthesis (by
methimazole) and DI activity (by PTU), the exogenous
T, becomes a potential source of T} for tissues in which
DII activity (spared by PTU) is quantitatively impor-
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tant. Because the DII is abundant in the nervous tissue
and the T, crosses the blood-brain barrier more readily
than T (Bernal 2005; Bianco et al. 2002), this treatment
is expected to increase the availability of the T; in the
brain while maintaining a T; deficiency in most of the
peripheral organs.

Daily food intake, colonic temperature, and body
weight were measured regularly during the treatment.
At the end, samples of trunk blood were taken to deter-
mine the total plasma levels of T; and T, using com-
mercial ELISA kits (Diagnostic System Laboratories,
Webster, TX, USA) and blood glucose using Medisense
Optium strips (Abbott Laboratories, CA, USA). All the
experimental procedures are in accordance with The
Guide for the Care and Use of Laboratory Animals
of the Mexican Council for Animal Care (NOM-062-
Z0O0-1999). Every effort was made to minimize the
number and potential suffering of the experimental
subjects.

Data on food intake, colonic temperature, and body
weight were analyzed by means of two-way ANOVA
tests followed by Newman-Keuls post-hoc tests. The
data on plasma Tj, T,, and glucose were compared by
a Student’s ¢-test or one-way ANOVA tests. The signifi-
cance level was set at 0.05.

RESULTS

Rats treated for 17 weeks with a mixture of methima-
zole and PTU showed a significant reduction in the
circulating levels of both T5 and T,. The T, concentra-
tion decreased to about one half of the control values
(153+15 vs. 274+£9 ng/mL; p<0.05) from the fourth
week of treatment and remained at similar values until
the end of the experiment. As expected, the restitution

Thyroid hormones maintain body weight

of T, from the ninth week raised the levels of circulating
T, to normal values, but because peripheral deiodin-
ation was blocked, the circulating T; remained at low
levels (Figure 1). The glucose levels in blood showed no
difference among the three groups (data not shown).

Hypothyroid rats showed a consistent decrease in
their daily food intake from the beginning of the treat-
ment. This decrease was more pronounced during the
first 3 weeks of the treatment, with the average intake
remaining nearly constant from this time on, at about
one half of the values of the control group (Figure 2).
Interestingly, the restitution of T, caused a slight
increase in food intake that progressively elevated the
values of daily intake to make them different fom those
of the rats that remained hypothyroid (from week 10)
and similar to those of the control group (from week 16).

Similar to the daily food intake, the body weight
decreased because of the treatment with antithyroid
drugs. However, contrary to intake, the body weight
continued to decrease from the fifth week to the end
of the experiment with a nearly constant slope (-7.12;
R = 0.97; Figure 3). Before the administration of T,
the third group showed a similar trend in the loss of
body weight (slope = -9.2; R = 0.94) that turned into
an increase immediately after the beginning of the sup-
plementation of T,. This rate of weight gain was larger
than control (slope = 5.19; R = 0.98 for the M+P+T,
group vs. slope = 3.27; R = 0.86 for control group) and
was maintained to the end of the experiment. As a
result of this trend, the average values of the T,-supple-
mented group approached those of the control group
and became different from those of the hypothyroid
group from week 12 on.

The colonic temperature was measured under the
same circumstances. Again, antithyroid treatment
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Fig. 1. Total concentrations of thyroid hormones in the trunk blood
of the rat measured after 17 weeks of treatment with antithyroid
drugs (M+P), antithyroid drugs plus T, from the ninth week
(M+P+T,), or no treatment (control). Data are the mean + SE (n
= 4), *p<0.05 vs. control; $p<0.05 vs. hypothyroid (M+P) group.

Fig. 2. Daily food intake of rats treated with methimazole and
PTU for 17 weeks (M+P), with methimazole and PTU plus T,
from the ninth week (M+P+T,), or with no treatment (control).
Daily intake values were averaged weekly for each animal, and
the data are the mean + SE of n = 4. The solid arrow shows
the beginning of the antithyroid treatment for both M+P and
M+P+T, groups. The dashed arrow shows the beginning of the
T, supplementation for the M+P+T, group.

Neuroendocrinology Letters Vol.33 No.7 2012 « Article available online: http://node.nel.edu

705



Claudia Alva-Sdnchez, Jorge Pacheco-Rosado, Tomds Fregoso-Aguilar, lvdn Villanueva

caused a decrease in the average values that was evident
from the third week after the beginning of the treat-
ment (p<0.05 vs. control group). Contrary to the other
two variables, the body temperature was not stimulated
by the supplementation with T, so that the temperature
values of the supplemented group were not different
from those of the hypothyroid group at any time, and
these two groups had significantly lower values than
the control animals until the end of the experiment
(Figure 4).

DISCUSSION

The thyroid hormones (THs) have a general effect of
increasing metabolic rate and energy expenditure that
cause a negative energy balance and a compensatory
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Fig. 3. Body weight of rats treated with methimazole and PTU for
17 weeks (M+P), with methimazole and PTU plus T, from the
ninth week (M+P+T,), or with no treatment (control). Data are
the mean + SE of n = 4. The solid arrow shows the beginning of
the antithyroid treatment for both M+P and M+P+T, groups. The
dashed arrow shows the beginning of the T, supplementation
for the M+P+T, group.
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Fig. 4. The colonic temperature of rats treated with methimazole
and PTU for 17 weeks (M+P), with methimazole and PTU plus T,
from the ninth week (M+P+T,), or with no treatment (control).
The data are the mean =+ SE of n = 4. The solid arrow shows
the beginning of the antithyroid treatment for both M+P and
M+P+T, groups. The dashed arrow shows the beginning of the
T, supplementation for the M+P+T, group.

increase in feeding. This is traditionally viewed as the
main mechanism by which THs affect body weight and
food intake. However, not all situations that imply alter-
ations of the thyroid status also cause the corresponding
changes in body weight and food intake. Some of the
effects of the THs on body weight (Lépez et al. 2010)
and food intake (Kong et al. 2004) seem to be exerted
by a direct action at the hypothalamic mechanism that
regulates the energy balance.

In our work we evaluated the contribution of the
THs to the long-term maintenance of feeding behavior
and body weight, while distiguishing their direct cen-
tral effects from those resulting from the metabolic rate
in the peripheral tissues.

The thyroid status depends on both the secretory
activity of the thyroid gland and the deiodination activ-
ity that takes place in extrathyroid tissues. In our study
we caused the decrease of the TH supply by the thyroid
gland along with the inhibition of the DI deiodinase,
which is the main source of T; for most peripheral tis-
sues. This manipulation dramatically decreased the
concentration of circulating T; and caused a decrease in
the metabolic rate of the rats, as evidenced by the drop
in colonic temperature. Under these circumstances, we
administered exogenous T, that is expected to cross the
blood-brain barrier (Hagen & Solberg 1974) and to be
deiodinated by the DII deiodinase, thus increasing the
T; supply to the brain tissue. The supplementation with
T, at a moderate dose (20 pg/kg) elevated the circulat-
ing levels of this hormone to a value close to the control,
whereas the circulating T; remained at low levels. This
indicates that the DI blockade was effective in inhibit-
ing the peripheral production of T; from the exogenous
T,. A previous report demonstrated that the admin-
istration of exogenous T, to thyroidectomized rats in
a dose that recovers normal plasma T,-concentration
also recovers normal T levels in the brain and brown
adipose tissue but not in the plasma or other peripheral
organs (Escobar-Morreale et al. 1996), even if periph-
eral deiodination is not inhibited. From this, it can be
expected that the combined treatment with a DI inhibi-
tor plus T, restitution in this study would cause the T
availability in the brain to be significantly higher than
in the peripheral circulation.

Under the antithyroid treatment, the rats had a
decrease in the daily food intake and body weight gain
along with the fall in colonic temperature. These effects
are in agreement with the known consequences of
thyroid-function impairment. The subsequent supple-
mentation with exogenous T, affected these variables
differently, causing a clear-cut change in the temporal
profile of food intake and body weight and having no
effect on the body temperature.

These observations differ from the traditional view,
in which body weight and food intake are modified in
accordance with the energy requirements that result
from the overall metabolic activity, which in turn is
directly stimulated by the thyroid hormones. Our
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results suggest that the long-term feeding behavior
and body weight are stimulated independently from
the overall heat production and not as a consequence
of it. This could be interpreted as the effects of thyroid
hormones on these two kinds of variables (food intake
and body weight on one side and body temperature on
the other) being dependent on different physiological
processes.

The pharmacological manipulation we used was
aimed at impairing the physiological processes depen-
dent on the DI activity, while maintaining those in
which DII is involved. Although we did not measure
deiodinase activity, from the reported occurrence of
DII in brain tissue as compared to the peripheral organs
we can hypothesize that this deiodinase would produce
different local availability of T; in brain and in the
periphery. This possibility is in line with the fact that
two kinds of TH-mediated responses were observed,
then reinforcing the idea that they depend on the thy-
roid action at different sites. The main contribution to
the overall heat production is made by the peripheral
organs (Aschoff et al. 1971), in which T; is derived
mainly from DI activity. From this it results that the
long-term maintenance of food intake and body weight
would presumably be dependent on the production of
T; in the brain by the DII.

Our data also suggest that the THs participate in
the maintenance of body weigh in different ways. Food
intake and body weight are causally related, and feeding
is known to make the largest contribution to the changes
in body weight, when compared to energy expenditure
(Westerterp & Speakman 2008). In our study, both
variables showed a similar profile, because the antithy-
roid treatment caused a fall in daily food intake that
was followed by a parallel decrease in body weight.
Though the food intake reached a minimum after the
third week of antithyroid treatment and decreased no
further, the body weight decreased at a constant rate
until the end of the experiment, with no indication that
this trend would be modified afterwards. This suggests
that the THs participate in the maintenance of body
weight by affecting some other processes besides food
intake, quite probably the internal handling of energetic
fuels. The known proliferative effects of THs, i.e. adipo-
genesis (Ying et al. 2007), do not seem to mediate this
effect on body weight, because in our experiment the
weight loss caused by hypothyroidism was reversed by
the administration of T,. Assuming that in our model
T, is deiodinated mainly in brain, this would indicate a
central site of action of TH to revert body weight loss.

Restricted feeding, i.e. access to only a fraction
of daily food requirements, also causes a fall in body
weight. The weight loss in this case is rapid at the begin-
ning and slows as the condition persists, so that body
weight stabilizes at a lower level (Levin & Keesey 1998).
For hypothyroidism, a stable level in body weight is not
reached in spite of stable values of daily food intake. As
long as the two situations can be compared, it seems

Thyroid hormones maintain body weight

that the body weight loss caused by undernutrition is
subjected to some form of regulatory compensation,
whereas that caused by chronic hypothyroidism is not.
The T, restitution to hypothyroid rats caused an accel-
erated weight gain as an attempt to reach the ideal body
weight according to the age of the rat. These observa-
tions fit into a model of regulation of the body weight
as proposed previously (Cabanac 2001; Levin & Keesey
1998), and suggest that the THs are an essential part
of the mechanism of body weight maintenance acting
on the central integration that determines both energy
intake and expenditure.

CONCLUSIONS

Our results demonstrate that the THs are necessary for
the long-term maintenance of body weight and food
intake. This effect is independent of the thermogenic
action of the THs and would presumably be mediated
by direct action on the brain, probably at the centers of
regulation of the energy balance in the hypothalamus.

ACKNOWLEDGEMENTS

This work was supported by grant 20070397 from SIP
IPN. The authors thank Rebeca Rivera-Lopez and Omar
Morales-Dionisio for technical assistance. Thanks to
Dr. Ellis Glazier for editing this English-language text.

REFERENCES

1 Aschoff J, Glinther B, Kramer K (1971). Energiehaushalt und tem-
peraturregulation. Munich: Urban & Schwarzenberg.

2 Bates JM, St Germain DL, Galton VA (1999). Expression profiles
of the three iodothyronine deiodinases, D1, D2, and D3, in the
developing rat. Endocrinology. 140: 844-851.

3 Bernal J (2005). The significance of thyroid hormone transport-
ers in the brain. Endocrinology. 146: 1698-1700.

4 Bianco AC, Salvatore D, Gereben, B, Berry MJ, Larsen PR (2002).
Biochemistry, cellular and molecular biology, and physiologycal
roles of the iodothyronine selenodeiodinases. Endoc Rev. 23:
38-89.

5 Cabanac M (2001). Regulation and the ponderostat. Int J Obes
Relat Metab Disord. 25 Suppl 5: S7-S12.

6 Crantz FR, Silva JE, Larsen PR (1982). An analysis of the sources
and quantity of 3,5,3'-triiodothyronine specifically bound to
nuclear receptors in rat cerebral cortex and cerebellum. Endocri-
nology. 110: 367-375.

7 De Pergola G, Ciampolillo A, Paolotti S, Trerotoli P, Giorgino R
(2007). Free triiodothyronine and thyroid stimulating hormone
are directly associated with waist circumference, independently
of insulin resistance, metabolic parameters and blood pressure
in overweight and obese women. Clin Endocrinol (Oxf). 67:
265-269.

8 Escobar-Morreale HF, del Rey FE, Obregén MJ, de Escobar GM
(1996). Only the combined treatment with thyroxine and triio-
dothyronine ensures euthyroidism in all tissues of the thyroidec-
tomized rat. Endocrinology. 137: 2490-2502.

9 Gereben B, Zedld A, Dentice M, Salvatore D, Bianco AC (2008).
Activation and inactivation of thyroid hormone by deiodinases:
Local action with general consequences. Cell Mol Life Sci. 65:
570-590.

10 Gurney C, Hall R, Harper M, Owen SG, Roth M, Smart GA (1970).
Newcastle thyrotoxicosis index. Lancet. 2: 1275-1278.

Neuroendocrinology Letters Vol.33 No.7 2012 « Article available online: http://node.nel.edu

707



708

Claudia Alva-Sdnchez, Jorge Pacheco-Rosado, Tomds Fregoso-Aguilar, lvdn Villanueva

11 Hagen GA, Solberg LA Jr (1974). Brain and cerebrospinal fluid
permeability to intravenous thyroid hormones. Endocrinology.
95:1398-1410.

12 Hsieh CJ, Wang PW, Wang ST, Liu RT, Tung SC, Chien WY, et al
(2002). Serum leptin concentrations of patients with sequential
thyroid function changes. Clin Endocrinol (Oxf). 57: 29-34.

13 Kong WM, Martin NM, Smith KL, Gardiner JV, Connoley IP, Ste-
phens DA, et al (2004). Triiodothyronine stimulates food intake
via the hypothalamic ventromedial nucleus independent of
changes in energy expenditure. Endocrinology. 145: 5252-5258.

14 Levin BE, Keesey RE (1998). Defense of differing body weight set
points in diet-induced obese and resistant rats. Am J Physiol.
274: R412-R419.

15 Lépez M, Varela L, Vézquez MJ, Rodriguez-Cuenca S, Gonzdlez
CR, Velagapudi VR, et al (2010). Hypothalamic AMPK and fatty
acid metabolism mediate thyroid regulation of energy balance.
Nat Med. 16: 1001-1008.

16 Luo L, MacLean DB (2003). Effects of thyroid hormone on food
intake, hypothalamic Na/K ATPase activity and ATP content.
Brain Res. 973: 233-239.

17 Matsumura M, Kuzuya N, Kawakami Y, Yamashita K (1992). Effects
of fasting, refeeding, and fasting with T3 administration on Na-K,
ATPase in rat skeletal muscle. Metabolism. 41: 995-999.

18 Oge A, Bayraktar F, Saygili F, Guney E, Demir S (2005). TSH influ-
ences serum leptin levels independent of thyroid hormones in
hypothyroid and hyperthyroid patients. Endocr J. 52: 213-217.

19 O’'Mara BA, Dittrich W, Lauterio TJ, St Germain DL (1993).
Pretranslational regulation of type | 5-deiodinase by thyroid
hormones and in fasted and diabetic rats. Endocrinology. 133:
1715-1723.

20 Pinkney JH, Goodrick SJ, Katz J, Johnson AB, Lightman SL, Cop-
pack SW, et al (1998). Leptin and the pituitary-thyroid axis: a
comparative study in lean, obese, hypothyroid and hyperthyroid
subjects. Clin Endocrinol (Oxf). 49: 583-588.

21 Reinehr T, Andler W (2002). Thyroid hormones before and after
weight loss in obesity. Arch Dis Child. 87: 320-323.

22 Roy G, Mugesh G (2006). Bioinorganic chemistry in thyroid gland:
effect of antithyroid drugs on peroxidase-catalyzed oxidation
and iodination reactions. Bioinorg Chem Appl 2006: 23214.

23 Sharlin DS, Gilbert ME, Taylor MA, Ferguson DC, Zoeller RT (2010).
The nature of the compensatory response to low thyroid hor-
mone in the developing brain. J Neuroendocrinol. 22: 153-165.

24 Silva JE, Leonard JL, Crantz FR, Larsen PR (1982). Evidence for two
tissue-specific pathways for in vivo thyroxine 5'-deiodination in
the rat.J Clin Invest. 69: 1176-1184.

25 Westerterp KR, Speakman JR (2008). Physical activity energy
expenditure has not declined since the 1980s and matches
energy expenditures of wild mammals. Int J Obes (Lond). 32:
1256-1263.

26 Ying H, Araki O, Furuya F, Kato Y, Cheng SY (2007). Impaired adi-
pogenesis caused by a mutated thyroid hormone alpha1 recep-
tor. Mol Cell Biol. 27: 2359-2371.

Copyright © 2012 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



