





no useful work but appears as heat. This is described best in
the laboratory rat. When placed in a cold environment, the
rat develops what is called nonshivering thermogenesis.
Nonshivering thermogenesis refers to the heat generated by
metabolic processes other than muscular contraction. After
being placed in the cold for a period of time, rats and mice,
except for certain genetically obese models, stop shivering
but continue to produce enough heat to survive. This is
achieved at least partially by the growth of brown adipose
tissue which is regulated by the central nervous system to
produce heat. Nonshivering thermogenesis is also referred
to as facultative or regulatory thermogenesis to indicate the
adaptive nature of this form of heat production. We prefer
the term adaptive thermogenesis since it appears under en-
vironmental conditions other than cold exposure where the
increased heat (energy dissipation) may have survival value.

Recently, Rothwell and Stock' have developed a model
for overfeeding rats which in many respects is similar to the
overfed people of the more affluent societies. in this model,
the rat is offered a constantly changing selection of inter-
esting foods, and in the process overeats by 30% to 50%
compared to animals fed chow. This “cafeteria” overfeeding
is remarkably successful in encouraging gluttony in the rat.
The interesting point is that the rats, as in our overfeeding
studies in man, do not always gain the weight expected for
the increased intake and also show increased thermo-
genesis. We have confirmed these observations, and by
energy balance (including carcass analysis) confirmed that
the expected decrease in caloric efficiency is accounted for
by the increased thermogenesis these animals exhibit.'? We
have also found increased circulating concentrations of tri-
iodothyronine (T3) in this model of overfeeding. In a typical
52-day overfeeding experiment, cafeteria overfed animals
compared to chow fed controls take in 25% more calories,
gain 40% less weight than expected with a 36% reduction in
feed efficiency, and have an increased resting oxygen con-
sumption. In this model there is also hyperplasia of brown
adipose tissue, which raises the possibility that the mecha-
nisms responsible for the increased thermogenesis in the
cafeteria rats are the same as in rats adapted to cold. in cold-
adapted rats, the increased thermogenesis is controlled by
the central nervous system through the release of norepi-
nephrine from the nerve endings in the brown adipose tissue.
The cells are stimulated to oxidize substrates more rapidly,
resuiting in liberation of heat. Brown fat mitochondria are
characterized by a uniquely controiled form of uncoupled
oxidative-phosphorylation. When stimulated by norepineph-
rine, these brown fat mitochondria oxidize substrates and
produce heat rather than ATP. Whether the apparent in-
crease in T3 formation which accompanies this model is
responsible for the increased number of brown adipocytes
and mitochondria, or whether thyroid hormones participate
in adaptive thermogenesis in other ways, is presently
unknown.

Several interesting clinical questions arise. Is brown
adipose tissue an important thermogenic organ in man?
Are there other pathways of metabolism that could reduce
caloric efficiency during periods of overnutrition? Could
there be a difference in CNS sympathetic activity or sensi-
tivity between lean and obese subjects, or during periods of
overnutrition and undernutrition? Answers to some of the
guestions are being sought. To date, the following informa-
tion has been reported:

1. Man, like the rat, becomes more sensitive to the calori-

genic effects of norepinephrine when acclimatized to the
cold.”™

2. There is controversy whether obese subjects may suffer
a constitutional resistance to the thermogenic effects of
norepinephrine.8*

3. Brown adipose tissue is present in adult man.”™

4. Infrared thermography has shown areas of increased heat
production following ephedrine administration in areas
of the body thought to harbor brown adipose tissue.™

None of the above studies are conclusive. They do indi-
cate, however, that energy expenditure may be adaptable in
man and therefore an important source of individual variation
in caloric efficiency.

Nutritionally induced Alterations in
Thyroid Hormone Rietabolism

Cavalieri, in a recent issue of Thyroid Today (Vol. 3,
No. 7}, has summarized the present state of knowledge re-
garding the peripheral metabolism of thyroid hormones.
Therefore, | shall only summarize the pertinent aspects of
this topic as it applies to altered states of nutrition.

Under normal conditions, only a small amount of T3 is
secreted from the thyroid gland, whereas the remainder is
formed through the monodeiodinative pathways which are
dependent on intermediary metabolism. There is evidence
that the important outer ring deiodinase, 5'-deiodinase,
which is responsible for the conversion of T4 to T3, may be
the same enzyme responsible for the conversion of rT3 to
3,3'-T2 (Figure 2). The highest activity of this enzyme is
found in the microsomal membrane fractions of the liver and
the kidneys. Accelerated glucose metabolism and a redox
state yielding favorable conditions for reduced suifhydryl
groups have been reported to enhance 5'-deiodinase activity.

1 1
HOOCH{(':H-COOH
H,
1 1 Nre
£ TN
1 1 I 1
HO< >-O<:>CH2-CH-COOH HOOOOCH2~CH—COOH
/ I 1

} NH T NHp
VAREERN g ™
1 1 1 1
hY
HO OOCHZ-CH-COOH mOoOCHz—gH—COOH HOOOOCHZ—CH—COOH
Y ‘ .
NH, T

} NH NH

35T, ~ 3,3-T ', 5'-
T

I

HOQ-O OCHZ—CH—COOH HOOOOCHZ»CH»COOH
: ;

NHz NHy
3-Ty 3-T
Figure 2.

Schematic representation of the peripheral deiodinative pathway for the metab-
olism of T4. Heavy arrows indicate the important 5'-deiodinase reactions.

Figure 3 summarizes the recognized effects of overnutri-
tion and undernutrition on peripherai thyroid hormone
metabolism. Starvation induces a shift of the metabolism of
T4 from outer to inner ring monodeiodination, which results
in decreased serum concentrations of T3 and increased
concentrations of rT3. It appears that the caloric restriction
alters the concentrations of T3 and rT3 by reducing the
peripheral conversion of T4 to T3 and by reducing the
metabolic clearance rate of rT3. Since the metabolic clear-
ance rate of T4 during starvation remains unchanged or
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The source and production rate of T4, T3, and ¢T3 are indicated. Production
rates have been corrected for the average 70-kg man. The serum concentra-
tions of the hormones may not reflect their rate of metabolism which is regu-
lated by the nutritional state. The usual concentrations of these hormones
under weight-maintaining normal nutritional conditions in our laboratory are
T47.9+0.4 ug/di; T3 129 + 5 ng/dl; and rT3 28 + 1 ng/di. The metabolic clear-
ance rate of T4151.33 L/d; T323.7 L/d; and rT3 123 L/d. The source cf T3 and
rT3in the circulation is mainly from the peripheral monodeiodination of T4 and
not from thyroidal secretion.

declines only slightly, there is a net shunting of T4 metab-
olism away from T3 and toward rT3. Overnutrition, on the
other hand, is associated with increased concentrations of
T3 without a change in the T4 concentrations."® Figure 4
depicts the peripheral kinetics of T3 before and after three
weeks of overfeeding. As noted, overfeeding causes an
increased production rate of T3; no alteration was found in
the kinetics of T4 during overfeeding. Although the influence
of the total intake of calories is pronounced in this regard, it
is also recognized that the level of dietary carbchydrate,
especially when the intake of calories is at or below weight
maintenance, plays an important role in determining the con-
centrations of T3 and rT3 in the serum.

The physiologic significance of these nutritionally
induced alterations in thyroid hormone metabolism are
presently unknown. However, increased thermogenesis in
overfed subjects, coupled with increased catecholamines
during overfeeding and decreased catecholamines during
underfeeding, makes it tempting to speculate that the
increased production of T3 during overfeeding, in concert
with increased secretion of catecholamines, might be
responsible for the increased thermogenesis that occurs
following periods of overnutrition.

Obesity and Thyroid Hormones

Reports on the influence of obesity on the concentra-

tions of thyroid hormones have presented conflicting results.
Some studies have indicated higher concentrations of T3
in obese subjects which correlated with their degree of
obesity'7'® while other studies have been unable to confirm
these observations.’®2? Whether these discrepancies are due
to differences in the antecedent diet, methodologies, or
other factors, including effects of posture or interfering sub-
stances in the assays, remains to be determined. Preliminary
results indicate there is no substantial difference between
the kinetics of T4 or T3 in lean and obese subjects, and that
obese subjects respond to overfeeding with a similar in-
crease in the production rate of T3 to that found in lean
subjects.?’

Fasting, refeeding, and now overfeeding may be associ-
ated with aiterations in the TRH-mediated levels of TSH.22%
Whether obese and lean subjects respond in the same
manner to these alterations in nutrition is not ciear. Prelimin-
ary results in our laboratory suggest that obese subjects may
have a stightly blunted response of TSH to TRH stimulation,
the TSH response returning to normai with overfeeding.?
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Figure 4.

Comparison of the peripherai kinetics of T3 before and after overfeeding lean
subjects for three weeks. The kinetics of T4 (not shown) were unchanged by
overfeeding.

Regulation of Thermogenesis

Man is a homeotherm and therefore endothermic. He is
differentiated from the exothermic poikilotherms, or cold-
blooded animals, by his ability to generate an extra source
of heat in order to regulate body temperature above ambient
within the narrow range of 37°C =2° C. This unique source
of heat, plus several behavioral and neuroendocrine mech-
anisms, operate to accomplish the balance between heat
gain and heat loss which is necessary for survival under
hostile ambient conditions of temperature. Two hormones
appear to carry the principal burden of regulating thermo-
genesis: catecholamines and thyroid hormones. It is possible
that the rapid response to catecholamines and the slow re-
sponse to thyrocid hormone contribute to ensure smooth
control of heat production. Recently, a method has been
described which attempts to separate the functions of thyroid
hormones and norepinephrine (sympathetic activity) on
whole body thermogenesis in the rat.?® Man’s ability to clothe
and protect himse!f from hostile environments is obviously
better than that of animals. Therefore, whether the concepts
derived from this model apply to man is unknown; however,
they can serve as a useful starting point for the discussion of
the regulation of thermogenesis by thyroid hormones.

The heat production of a homeoctherm is schematicalily



outlined in Figure 5. Essential heat represents the compart-
ment of energy generated because of the dynamic balance
between anabolism and catabolism, characteristic of all liv*
ing organisms. This heat is therefore available to homeo-
therms and poikilotherms of the same weight and at the
same ambient temperature, and is therefore weight and
temperature dependent. This is the heat generated by the
process responsible for the maintenance of cell structure
and the minimal function of the organs of the integrated
system at complete rest. Except for the largest homeotherms
which have a relatively small surface area compared to
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This figure illustrates the heat production of a homeotherm as a function of
ambient temperature. The thermostatic line (fine broken line) represents the
heat production of a furnace regulated by a thermostat. As the ambient tem-
perature falls, the thermostat signals for heat which the furnace suppiies in
order to maintain the desired temperature. Homeotherms attempt through the
varlous forms of heat production outiined in the left of this figure to regulate
temperature {solid line) as in the example of the thermostatically controlled
furnace. In the case of the homeotherm, as the ambient temperature falls below
a certain level (lower critical temperature), the heat supplied by the essential
and obligate heat sources of the organisms is insufficient to maintain body
temperature and the animal begins to shiver to produce more heat. Later, after
exhausting certain neuromechanisms and behavioral defenses, a third source
of heat becomes available which is referred to as adaptive heat. Adaptive heat
then supplies enough heat to extend the ranges of ambient temperatures
compatible with life. Differing from the example of the furnace, as the ambient
temperature rises above a certain level, the homeotherm has littie ability to
down-regulate heat production, and after exhausting several neuro-
mechanisms to increase heat loss, it is in danger of dying from heat siress.

metabolizing mass, the heat generated in this compartment
of heat production is not enough to maintain body weight
except within the most narrow of ambient temperatures.
Most homeotherms, like man, therefore require a source of
extra heat which is over and above essential heat. This is
called obligate heat.

Obligate heat is the heat of metabolism that is unique to
homeotherms and represents the heat generated by normai
metabolism without central nervous system control. We have
previousty suggested that the source of this extra heat is
regulated predominantly by thyroid hormones and can be
equated roughly to basal metabolism in man.

Adaptive heat is characterized by brown fat nonshivering
thermogenesis and is under central nervous system control.
Adaptive thermogenesis is likely to be the most highly de-
veioped in the small homeotherms because of their greater
need for this form of heat in order to survive the extended
temperature ranges that result from their small metabolizing

mass and relatively farge surface area. Adult man, with his
increased size and ability to restrict the range of ambient
temperatures to which he is exposed, might be expected to
have blunted capacity to generate this form of adaptive heat.
Adaptive heat within these definitions is dependent on the
potential capacity to respond to sympathetic stimuiation and
therefore has a short time constant. An example of this form
of heat is the ability of brown fat or of membrane NaK-ATPase
to generate heat when stimulated. In this regard, thyroid
hormones could also be important if they regulate the level
or sensitivity of these excitabie sources of heat. Thyroid
hormones are known to increase the number of NaK-ATPase
transport sites of several thyroid sensitive tissues.?® By requ-
lating the number of NaK-ATPase units within the mem-
branes of cells, thyroid hormones could play a permissive
role with regard to adaptive thermogenesis.

Thyroid Hormones and Increased Thermogenesis
During Overfeeding

The rate of oxygen consumption in the body is controlled
by the rate of mitochondrial respiration; however, identifica-
tion of the mechanisms for the control of oxygen consump-
tion by thyroid hormones depends on discovering how they
regulate mitochondrial respiration. When oxidative phos-
phorylation is coupled to respiration, the rate of mitochon-
drial respiration depends on the availability of ADP for
phosphorylation, and subsequently on the rate of utilization
of ATP formed by this process for the production of more
ADP, thus linking production of ATP with its utilization.
There are several ways thyroid hormones might control the
use of ATP and thus regulate mitochondrial respiration and
thermogenesis following overfeeding.

Protein synthesis is expensive in terms of ATP and there-
fore oxygen consumption. An increased rate of the synthesis
and renewal of membranes, receptors, enzymes, and other
cellular components, if accompanied by an increased rate of
degradation, could be responsible for increased rates of
ATP utitization without necessarily causing any change in
the energy content of the organism. Such changes could be
the basis of adaptive thermogenesis. Thyroid hormones
regulate the rate of protein degradation in liver and skeletal
muscles; degradation increases in hyperthyroidism, and
decreases in hypothyroidism. The proteolytic lysosomal
enzymes responsible for degradation of celiular compo-
nents, including enzymes and membranes, are increased by
thyroid hormone.?

Thyroid hormones are known to stimulate the incorpor-
ation of amino acids into mitochondria and to induce a
synthesis of respiratory aggregates within mitochrondria as
well as increasing the number of mitochondria. In this man-
ner, the thyroid hormones could increase the supply of ATP
for new protein synthesis and supply the added ATP neces-
sary for the organism to respond to other stimulators of
thermogenesis, such as the catecholamines.

The osmotic work of the cell and its membrane is
costly in terms of energy utilization and therefore oxygen
consumption. As already noted, Edelman has shown that
thyroid hormones can increase the number of NaK-ATPase
transport sites of several thyroid sensitive tissues.?® The
mechanism by which thyroid hormones regulate oxygen con-
sumption through an effect on NaK-ATPase is not clear.
However, we know that the intracelluiar sodium concentra-
tion influences the rate of function of these transport sites.



Either the increased flux of substrates or the increased sym-
pathetic activity associated with feeding might affect the
intracellular sodium concentrations and therefore stimulate
the NaK-ATPase. It is of interest in this regard that De Luise
and associates have reported decreased radiolabeled
ouabain binding and rubidium uptake, two parameters of
NaK-ATPase function, by intact red blood cells from obese
subjects.?® Klimes and co-workers have verified this, and in
addition demonstrated decreased NaK-ATPase activity in
red blood cell membranes from obese subjects.?

ATP is utilized by the binding of many hormones to their
receptors with the production of cyclic AMP. After binding
to the plasma membrane of cells, these hormones telegraph
their message to the internal parts of the cell through this
“second messenger.” That thyroid hormones augment the
effect of these hormones through increasing the number of
membrane receptors (as in myocardial cells in relation to
the B-adrenergic receptor) is suggested by the striking
increase in plasma and urinary cyclic AMP stimulated by
several of these hormones in hyperthyroid subjects, includ-
ing epinephrine, parathyroid hormone, and glucagon.®

Conclusions

There seems little doubt that man adapts to caloric
intake by adjusting energy expended as heat. Adaptive
thermogenesis is a normal response to overnutrition and
undernutrition and may have had survival value in eariier
times. The recently discovered alterations in thyroid hor-
mone metabolism and CNS-mediated sympathetic activity
in response to nutrition make it probable that these two
hormones play a primary role in this process. Whether
obesity is caused or maintained by the failure of the thermo-
genic response to overfeeding is unknown, but remains a
hypothesis worthy of further evaluation.

Although the data reviewed in this article raise the pos-
sibility that thyroid hormones may play an important role
in the dissipation of heat when the caloric intake exceeds
normal requirements, there is at present no firmly estab-
lished body of evidence that would justify the use of thyro-
active medications in the treatment of obesity. It is clear that
sufficiently high doses of thyroid hormones will result in the
catabolic response characteristic of spontaneous clinical
hyperthyroidism. Nevertheless, the potential cardiotoxicity,
neuromuscular, and other manifestations of thyroid hormone
excess outweigh the potential benefits for such treatment.
The use of thyroid hormone as an adjuvant medication in
the dietary treatment of obesity has been advocated by some
investigators. But at this time, even its use in this fashion
must be considered experimental and of potential risk.
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