Functional Relationship of Thyroid Hormone—mduced Llpogene3|s,

Lipolysis, and Thermogenesis in the Rat

Jack H. Oppenheimer, Harold L. Schwartz, James T. Lane, and Mary P. Thompson
Division of Endocrinology and Metabolism, Department of Medicine University of Minnesota, Minneapolis, Minnesota 55455

Abstract

Metabolic balance studies were carried out to determine the
interrelationships of thyroid hormone-induced lipogenesis, li-
polysis, and energy balance in the free-living rat. Intraperito-
neal doses of 15 ug triiodothyronine (T3)/100 g body wt per d
caused an increase in caloric intake from 26.5+1.7
(mean+SEM) kcal/100 g per d to 38.1+1.5 kcal/100 g per d.
Food intake, however, rose only after 4-6 d of treatment and
was maximal by the 8th day. In contrast, total body basal oxy-
gen consumption rose by 24 h and reached a maximum by 4 d.
Since total urinary nitrogen excretion and hepatic phosphoen-
olpyruvate carboxykinase mRNA did not rise, gluconeogenesis
from protein sources did not supply the needed substrate for the
early increase in calorigenesis. Total body fat stores fell ~ 50%
by the 6th day of treatment and could account for the entire
increase in caloric expenditure during the initial period of T3
treatment. Total body lipogenesis increased within 1 d and
reached a plateau 4-5 d after the start of T3 treatment. 15-19%
of the increased caloric intake was channeled through lipogene-
sis, assuming glucose to be the sole substrate for lipogenesis.
The metabolic cost of the increased lipogenesis, however, ac-
counted for only 3—4% of the T3-induced increase in calorigene-
sis. These results suggest that fatty acids derived from adipose
tissue are the primary source of substrate for thyroid hormone-
induced calorigenesis and that the early increase in lipogenesis
serves simply to maintain fat stores. Since the mRNAs coding
for lipogenic enzymes rise many hours before oxygen consump-
tion and lipolysis, these results suggest that T3 acts at least in
part by an early coordinate induction of the genes responsible
for these processes. (J. Clin. Invest. 1991. 87:125-132.) Key
words: lipogenesis ¢ lypolysis  thermogenesis * triiodothyronine
« phosphoenolpyruvate carboxykinase ¢ gluconeogenesis

Introduction

Thyroid hormone both increases the formation of fatty acids
and augments the lipolysis of triacyl glycerol. The effect of
thyroid hormones on lipogenesis is due to increased expression
of genes coding for lipogenic enzymes (1-3) and proteins
closely related to lipogenesis, such as hepatic S14 (4). The effect
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of thyroid hormone on S14 gene expression is apparent within
10-20 min after triiodothyronine (T3)! administration (5, 6)
and that on malic enzyme within 1-2 h (7). In contrast, a detect-
able increase in fatty acid synthesis does not occur until some
12-16 h later (8), presumably because of the comparatively
long ¢, of accumulation of the enzyme proteins.

Equally well established are the effects of thyroid hormone
in augmenting catecholamine stimulation of lipolysis (9-12)
although the underlying molecular mechanisms are more
poorly understood. Two hypotheses have been advanced. The
first holds that thyroid hormone augments the activity of hor-
mone-sensitive lipase by stimulating the expression of one or
more genes coding for proteins involved in the transduction of
the membrane signal (13, 14). The second contends that thy-
roid hormone reduces the level of the low km phosphodiester-
ase (15-17), thereby increasing intracellular levels of cy-
clic AMP.

The functional relationships of thyrond hormone-induced
lipogenesis and lipolysis to the overall metabolic effects of thy-
roid hormones are poorly understood. We have recently esti-
mated that the energy required for the thyroid hormone-stimu-
lated increase in fatty acid synthesis accounts for less than 10%
of the increase in resting oxygen consumption in the transition
between the hypothyroid and hyperthyroid state. These calcu-
lations were made on the basis of measurements of the rate of
lipogenesis as determined from the rate of tritium incorpora-
tion into total body fatty acids from injected *H,0O, the assump-
tion of coupled oxidative phosphorylation, and published val-
ues of the rate of oxygen consumption in thyroid hormone-
treated rats (18, 19).

A major problem in these studies was that measurements of
oxygen consumption in the published studies were performed
in restrained animals over comparatively short periods and
thus might not adequately reflect oxygen consumption in the
free living state. We therefore adopted an alternate approach
for assessing thermogenesis, one based on the determination of
caloric balance. In the course of these experiments, we made
observations on the time course of the effect of thyroid hor-
mone on body weight, food consumption, urinary nitrogen
excretion, body lipid composition, and the rate of total body
lipogenesis. These data allowed us not only to obtain an inde-
pendent estimate of the contribution of total body fatty acid
synthesis to total body energy expenditure, but also to infer the
functional interrelationship of thyroid hormone-induced lipo-
genesis, lipolysis, and thermogenesis.

Methods

Male Sprague-Dawley rats weighing 175-200 g supplied by BioLab,
Inc. (St. Paul, MN) were used in these studies. Rats were individually
housed in metabolic cages with free access to food and water. Studies

1. Abbreviations used in this paper: BW, body weight; PEPCK, phos-
phenolpyruvate carboxykinase; T3, triiodothyronine.
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were carried out to assess the effect of thyroid hormone on the rate of
growth and food consumption. For each study, experimental and con-
trol groups, each consisting of four animals, were studied simulta-
neously. Daily growth rate and food intake were assessed in all groups
for a period of nine control days preceding the start of T3 administra-
tion. Daily urine collections, starting 3 d before onset of hormone treat-
ment, were assayed for total nitrogen by a chemiluminescent method
(20) (Antec Instruments, Inc., Houston, TX). Experimental groups
were injected with a single daily intraperitoneal dose of 5, 10, 15, or 50
ug T3/100 g body weight (BW), whereas the control group was injected
with the appropriate vehicle, 0.05 M NaOH. Treatment was carried out
for a total of 14 d.

Caloric balance. Calories expended were estimated from the follow-
ing formula:

Calories expended/day = (calories ingested — calories excreted
— calories retained as body weight)/day.

Calories ingested were determined from the weight of Purina Chow
(diet #5001; Ralston-Purina Co., St. Louis, MO) eaten and the fuel
composition listed by the manufacturer. 100 g of chow contained 49.0
g carbohydrate, 4.5 g of fat, and 23.4 g of protein. The residual 23.1 g
were in the form of undigestible fiber, salts, and vitamins. Caloric equiv-
alents were assumed to be 9.3 kcal/g fat, 4.1 kcal/g carbohydrate, and
4.1 kcal/g protein. The digestible caloric content of 1 g of chow was,
therefore, 3.39 kcal. Bomb calorimetry (model 1341; Parr Instrument
Co., Moline, IL) revealed a gross caloric content of 4.28 kcal/g of chow.
The difference between the total measured calories and the estimated
digestible nutrient content presumably represents the undigestible fiber
content. To verify this assumption and to detect whether or not hyper-
thyroidism caused any change in fecal excretion of calories, pooled 4-d
fecal collections for each group as well as samples of chow were ana-
lyzed by bomb calorimetry. Studies were performed in groups of ani-
mals both before and after 2 wk of treatment with daily doses of 15 or
50 ug T3/100 g BW and in a third group before and after injection of
vehicle alone. In the three groups before treatment, the average percent-
age of total ingested calories excreted in the feces was 21.5% and in the
vehicle-treated group, 20.6%. These values correspond closely to the
20.8% of gross caloric content of food estimated to be derived from
undigestible fiber. In the two T3-treated groups the corresponding
average was 25.8%. Thus, hyperthyroidism appears to be associated
with a small decrease in absorption of nutrients. This difference has
been taken into account in calculating caloric intake in the hyperthy-
roid groups.

Food intake. Between 4-6 d after the start of T3 treatment food
intake increased. When both the rate of growth and the rate of food
consumption had stabilized, the average daily food consumption for a
6-d period was determined both in control and in experimental groups
together with the average daily rate of weight gain during these periods.
The increment in weight was assumed to have the same fuel composi-
tion as the remainder of the rat. In studies to be described under Re-
sults, fat accounted for 12.1% of total body weight in euthyroid rats and
7.5 and 5.8% in rats treated with 15 and 50 ug T3/100 g BW, respec-
tively. 20% of the body weight was assumed to be in the form of protein
and carbohydrate. Although this assumption is an approximation only,
the effect of changes in body weight were relatively small in comparison
to the quantity of ingested calories when determining caloric expendi-
ture. Available data (42, 43) suggest the fat content of the accumulated
body mass in young rats growing from 100 to 300 g BW is ~ 10%, close
to the values used in our calculations. These data indicate that fraction
of total body mass represented by fat rises only slowly. In addition,
Babineau and Page (44) reported that the water content of fat-free body
mass is constant and independent of the size of fat depots. The approxi-
mations were therefore considered to be entirely justifiable. With the
50-ug dose of T3 some animal groups lost rather than gained weight. In
these cases the value for “retained calories” in the defining equation
presented above thus assumes a negative value.

Lipogenesis and lipid content. The rate of lipogenesis in whole ani-
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mals was determined by the method of Stansbie et al. (21) as previously
applied in our laboratory (8). 3 mCi of tritiated water were injected per
rat intraperitoneally at 0800 h. Animals were killed after 30 min by
exsanguination from the aorta under light ether anesthesia and a uni-
form homogenate of the total carcass prepared. Circadian variation in
total body lipogenesis was determined at 4-h intervals over a 24-h pe-
riod. Maximum levels were obtained between 0400 and 0800 h,
whereas a lower but constant level was observed between noon and
midnight. The value obtained at 0800 h was 125.8% of the average of
the six values measured throughout the day. Therefore, in subsequent
studies in which a measurement was made only at 0800 h, the value
was multiplied by a factor of 0.778 to obtain an average hourly value
for lipogenesis. Total body lipids were extracted by the method of Bligh
and Dyer (22).

Oxygen consumption. To determine the time course of oxygen con-
sumption after the initiation of trilodothyronine treatment, sequential
determinations of oxygen consumption were made in animals over a
7-d period. Unanesthetized animals were placed in sealed plexiglass
chambers (10 X 17 X 30 cm) and allowed to acclimate for 15 min
before testing. Oxygen consumed was determined from air samples
withdrawn from the chamber through sealable ports at the start and
end of a 15-min test period. Measurements were made with a Radiome-
ter blood gas analyzer (model ABL 300; Copenhagen) through the
courtesy of Mr. Michael Boyle, Associate Director, Cardio-Respiratory
Services, University of Minnesota.

Quantitation of mRNA levels. Determination of the levels of
mRNA for adipose tissue hormone-sensitive lipase and hepatic phos-
phoenolpyruvate carboxykinase (PEPCK) was carried out by quantita-
tion of dot blots (23) using videodensitometry as previously described
(24). The cDNA probe for hormone-sensitive lipase was kindly pro-
vided by Dr. M. C. Schotz, Wadsworth VA Medical Center (Los An-
geles, CA) and that for PEPCK by Dr. Richard Hanson, Case Western
Reserve University (Cleveland, OH).

Results

Figs. 1 and 2 illustrate the effects of 15 or 50 ug T3/100 g BW
on the growth rate and food consumption of Sprague-Dawley
rats in one of a series of five studies (Experiment 2, Table I).
Those animals treated with the 15-ug dose uniformally contin-
ued to gain weight although at a diminished rate, 1.4+0.4%
(mean+SEM) of initial BW/d as compared with that of control
animals, 2.2+0.4%. Animals injected with the higher dose
showed no increase in body weight during the period of treat-
ment.

Food consumption in the control group decreased slightly
with time indicating, as previously reported (25), that food con-
sumption per 100 g BW decreases with age. In the animals
treated with 15 ug T3/100 g BW a sudden increase in food
intake occurs 5 d after the start of injections and rises from
8.1+0.3 g/100 g BW to 11.5+0.2 g/100 g BW. A similar lag
time in the rise of food consumption is observed in the animals
treated with 50 ug T3/100 g BW. Food consumption in this
higher dose group was somewhat greater, 12.2+0.2 g/100 g
BW. Similar results were observed in each of the groups studied
with this protocol. The average daily food intake for all five
experiments rose from 7.8+0.3 g/100 g BW in the control
groups to 11.5+0.4 g/100 g BW and 11.9+0.3 g/100 g BW in
the 15- and 50-ug T3 dose groups, respectively.

Rates of caloric consumption and expenditure observed in
each of the five experiments performed are listed in Table 1.
Included in this table are the measurements of lipogenesis per-
formed 2 wk after the start of T3 administration. In the five
studies performed with a dose of 15 ug T3/100 g BW, there was
an average 44% increase in the rate of caloric expenditure, from
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Figure 1. The effect of treatment of euthyroid rats with 15 ug T3/100
g BW on body weight (4), food intake (B), and total urinary nitrogen
(C). After a 9-d control period rats were treated with the indicated
dose of T3 for 14 d. Body weight and food intake were measured
daily throughout the study. Daily total urinary nitrogen
measurements were begun 3 d before hormone treatment and
continued to the end of the study. The lower average of total urinary
nitrogen values in the control group resulted from the consistently
lower values observed in one animal in the group. Data are derived
from Experiment 2 listed in Table L. Initial body weights were 194+3
g (mean+SEM; n = 4) in the control group and 187+9 g (n = 5) for
the treated rats. The hatched vertical lines designate the initial period
of T3 treatment during which food intake is unaffected.

26.5+1.7 kcal/100 g BW/d in the euthyroid control to
38.1+1.5 kcal/100 g BW per d in the hyperthyroid state. This
increase is likely not quite maximal since in each study in
which the 50-ug dose was used (Table I, Experiments 2, 3, and

190-A
§ 170 4 ——@—— Vehicle
z —e— S0ug
o 150 4
2 S0
£ 130
L=
2 110 4
90..ll LJ ¥ 1] ¥ Ll L] 1] L) ¥ L] L] ¥
0 2 4 6 B8 1012 1416 1820 22 24
Days
14 ]
12
2 = 10
§ o
EE o
o
v 2
o = -
o E
L S 4
2 l i J
O-I T T T T T T Y T T T T T
0 2 4 6 8 1012 1416 1820 2224
Days
350-C
S 300+
S =
£ = 250+
=D
28
- S 2004
& =
£ & 150+
S5 2
o
— E 100+
“!v
° 504
°"l T T T

L ¥ T L} L] L L] ]
1012 1416 18 20 22 24
Days

)
0 2 4 6 8

Figure 2. The effect of treatment of euthyroid rats with 50 ug T3/100
g BW on body weight (4), food intake (B), and total urinary nitrogen
(C). Data are taken from Experiment 2, Table I. See legend to Fig. 1
for experimental details. Initial body weights for the T3-treated group
were 193+5 g (n = 5). The control group is the same as that
represented in Fig. 1.

4) a small further increase was observed. The reduction in the
rate of weight gain in the T3-treated animals reflects a diversion
of ingested calories to energy expenditure. On the basis of the
estimated caloric equivalent of the observed weight gain (see
Methods), our findings suggest that in control animals 87% of
the ingested calories are expended whereas the remaining 13%
are reflected in the weight gain. In the animals treated with 15
ug T3/100 g BW, 95% of the calories ingested are expended and
only 5% stored. The higher dose of 50 ug T3/100 g BW induced
a rate of energy expenditure that actually exceeded the caloric
intake in two of the three experiments and was reflected in a
loss of body weight.
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Table I. Effect of Thyroid Hormone on Caloric Intake and Expenditure

Calories* Caloriest Calories A Lipogenesis X 100!
Experiment Dose ingested retained expended Lipogenesis? A Caloric flux
1 0 325 4.7 27.8
15 ug 40.6 45 36.1 ND
2 0 27.5 3.6 239 21.2
15 ug 36.3 2.2 34.1 40.1 17.2
50 ug 38.5 0.5 38.0 66.9 320
3 0 23.1 1.6 21.5 25.6
15 pg 33.8 0.7 33.1 43.0 13.1
50 ug 38.3 (-1.5) 40.3 49.9 12.4
4 0 239 1.5 224
15 ug 338 0.2 336 ND
50 ug 35.6 (-1.9) 375 ND
5 0 254 3.8 21.6 23.5
Sug 29.3 1.9 274 335 20.5
10 ug 31.0 0.4 30.6 37.3 19.8
15 ug 327 0.7 320 48.7 27.2

Effect of T3 on total energy consumption and expenditure. Groups of 4 or 5 rats were treated with T3 as described in Methods. Data are derived
from the measured food intake during the last 6 days of treatment when an apparent new steady state value had been achieved. One gram of
Purina Chow contains 3.39 kcal/gm. Calories retained represent the caloric value of the average daily weight gain or loss during this 6 day period
and were calculated as described in Methods. Measurement of lipogenesis was done on the last day of the indicated studies by the method of
Stansbie et al (21). The contribution of the increment in lipogenesis to the change in total energy expenditure was calculated from the caloric
content of the glucose required for hormone-induced fatty acid synthesis as a fraction of the increase in caloric intake. * Values represent
mean kcal/100 g BW per d for groups of four or five animals. * Caloric value of body weight gained or lost during treatment. ¢ Expressed as
umol palmitate synthesized/h per 100 g BW. ! Percentage of the increased caloric intake expressed as glucose equivalents channeled through

lipogenesis.

In Experiments 2, 3, and 4 (Table I), we have measured
total body lipogenesis expressed as umol of palmitate equiva-
lents synthesized. Since standard equations show that 4.5 mol
of glucose are required to synthesize 1 mol of palmitate, we can
calculate the mass of glucose equivalents required to synthesize
the moles of palmitate produced in response to thyroid hor-
mone administration. Assuming glucose to be the sole source
of substrate, the increment in lipogenesis produced by a daily
dose of 15 ug T3/100 g BW required an average of 19.2% of the
calories ingested. For a dose of 50 ug T3/100 g BW, an average
of 22.2% of the ingested calories were channeled into the synthe-
sis of fatty acids.

Although these calculations provide a gross estimate of the
percentage of glucose channeled to fatty acid synthesis, they do
not represent the caloric cost of synthesis. This is the case since
the fatty acids produced are ultimately oxidized to yield the
greatest share of the potential caloric content of the glucose
used for their synthesis. Flatt (26) has estimated that only 27
mol of ATP of the potential 162 mol (4.5 X 36 mol of ATP/mol
glucose) are used in the process of lipogenesis, a loss of 16.7%.
Thus, the metabolic cost of the T3-induced increase in lipogen-
esis in the group treated with 15 ug T3/100 g BW is only 3.2%
(0.167 X 19.2%) of the increased caloric flux. In the group
treated with 50 ug T3/100 g BW this amounts to 3.7% (0.167
X 22.2%). .

Previous studies (18, 19) had shown that oxygen consump-
tion increases within 1 d after the start of T3 treatment and
reaches maximal values only 4-5 d after the start of hormone
treatment. Given the observation that food intake does not
increase until 4-6 d after the start of T3 therapy, we were inter-
ested in defining the source of fuel which sustains the increased
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metabolic demand during this period. To ascertain whether or
not gluconeogenesis from protein sources might provide this
fuel, urinary collections were performed as illustrated in Figs. 1
C and 2 C. The results clearly show that during the first 5 d of
T3 administration there was no detectable increase in urinary
nitrogen excretion. An augmented urinary nitrogen excretion
became evident only after the increase in food intake on day S.
In addition, the level of the hepatic mRNA coding for PEPCK
did not change in response to 7 d of treatment with 50 ug
T3/100 g BW (euthyroid: 135+14 OD/ug RNA; hyperthyroid:
11024 OD/ug RNA, n = 4/group). This enzyme is generally
regarded to be the rate-limiting enzyme in gluconeogenesis and
is regulated by alterations in protein mass resulting from
changes in mRNA levels (27). Thus gluconeogenesis from a
protein source is unlikely to fuel the early T3-induced increase
in oxygen consumption. Since the known carbohydrate re-
serves in animals are relatively small (28), it appeared highly
unlikely that glycogen could serve as the sole source of the
needed fuel.

By exclusion of other fuels therefore, fat seemed to be the
most likely source of the calories and experiments were per-
formed to test this hypothesis. The results of serial measure-
ments of total body fat are illustrated in Fig. 3. Results are
expressed as the grams of fat extracted per 100 g BW. The
initial value for total body fat content in euthyroid rats was
12.1 g/100 g BW. In rats treated with 50 ug T3/100 g BW no
changes in total body fat content were apparent 1 d after the
start of injections. A decrease of 25% occurred between | and 3
d and body fat content continued to decrease so that by 6 d
approximately half of the initial body fat content remained.
The percentage of body fat did not undergo any further change
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Figure 3. Effect of T3 treatment on total body lipid content. Rats were
treated with the indicated daily doses of T3 for 1-14 d. Total lipids
were extracted by the method of Bligh and Dyer (22) from
homogenates of the total carcass. Each point represents the
mean=+SEM for groups of four rats.

for the remainder of the 2-wk period of the study. Animals
receiving the 15-ug dose lost a smaller percentage of their initial
fat stores so that after 6 and 14 d of treatment they contained
7.5 g fat/100 g BW.

To provide a quantitative estimate of caloric expenditure
during the first 5 d of the experiment we performed serial mea-
surements of oxygen consumption (Fig. 4). The results were
similar to previously published results (18, 19) both with regard
to the actual levels of oxygen consumption attained and, more
importantly from the perspective of our studies, the time
course of response. The area under the curve of increasing oxy-
gen consumption during the first 5 d divided by the maximum
observed value under steady-state conditions was 0.76. Thus,
76% of the maximal rate of oxygen consumption, as inferred
from the steady-state caloric balance studies, could be assumed
to represent the average rate of caloric expenditure during the
first 5 d. The caloric value of lost body fat could be calculated
from the data presented in Fig. 4. For both 15- and 50-ug doses,
there was close correspondence between the estimated T3-in-
duced caloric expenditure during the first 5 d and the calories
lost through the depletion of lipid stores (Table II). Given the
experimental errors of our methods the fuel source for the ex-
pended energy appears to be derived entirely from fat.

Discussion

Our findings show that caloric balance studies provide a reli-
able and reproducible technique for determining energy expen-
diture under steady-state conditions. The validity of the tech-
nique is dependent on two important assumptions, (a) that
virtually 100% of digestible food is absorbed; and (b) that the
caloric equivalence of the changes in weight gain can be ade-
quately estimated. Bomb calorimetry of samples of chow and
fecal excreta supported the first assumption both in the basal
and thyroid hormone-treated states. Although the second as-
sumption has not been directly tested, the contribution of
weight changes to total caloric intake is relatively small, thus
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Figure 4. Sequential changes in basal oxygen consumption in
euthyroid rats treated with 50 ug T3/100 g BW. Animals were
administered the daily dose of hormone at 0900 h after measurement
of oxygen consumption. Each point represents the mean+SEM for
a single group of six rats that were serially studied for 7 d. Basal value
of oxygen consumption in the untreated group was 92.5+1.4 ml
0,/100 g per h. The lower panel represents the effect of the same dose
of T3 on food intake in a separate group of five rats (mean+SEM;
Experiment 4, Table I) and is included to emphasize the much more
rapid response of calorigenesis to hormone administration.

minimizing potential errors from estimating the composition
of the newly accumulated (or lost) tissue. The caloric balance
technique enjoys a distinct advantage over conventional mea-
surements of oxygen consumption insofar as the approach may
provide a more reliable guide to calorigenesis in the free living
animal. From the caloric value of the ingested food in euthy-
roid rats, 26.4 kcal/100 g BW/d, we may calculate a rate of
oxygen consumption of 228 ml O,/100 g per h. This value
agrees well with the value of 214 m1 O,/100 g per h measured in
a free living Sprague-Dawley rat in a thermal chamber (Dr.
Elliot Danforth, University of Vermont, personal communica-
tion), and is at least twice the value obtained under resting
conditions by us in this study (92 ml/100 g per h) as well as by
previous authors (18, 19). The increased oxygen consumption
in the free living animal is presumably in large measure due to
increased muscular work performed. We have used the caloric
balance technique to assess the contribution of total body lipo-
genesis to thyroid hormone-stimulated thermogenesis. The es-
timate provided in these studies suggests that the caloric cost of
lipogenesis accounts for only 3-4% of the increase in energy
utilization due to thyroid hormone administration, a half to a
third the estimate previously reported (8). Our earlier studies
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Table II. Caloric Value of Lost Body Fat

Treatment dose

15 pg 50pg
A Calories expended/100 g* 44.1 53.2
Grams of fat lost/100 g 4.5 6.2
Caloric content of fat 419 57.7

Caloric value of total body fat lost during T3 treatment. From the
data in Table I we calculated the caloric value of the increment in
food intake for each T3-treated group and, as described in Results,
multiplied by a factor of 0.76. The product represents the change in
caloric expenditure during the initial period of treatment before any
change in food intake. The caloric content of the grams of total body
fat lost during this same period can be calculated from the data in
Fig. 4. * Difference between treated and control group during the ini-
tial 6 d of treatment.

yielded values of 5 or 10% of the total oxygen consumption,
depending on which of the two published values of oxygen
consumption were used for the calculation. Those latter values,
however, were obtained in resting animals, and as indicated
above, are one-half to one-third the levels of energy expendi-
ture we have observed in the free living rat.

These studies of the time course of response of food con-
sumption and body weight gain to T3 administration made us
aware of a 4-6-d lag period between the start of T3 injections
and the increase in food intake. Since published studies of oxy-
gen consumption, as well as our own, suggested that the first 5 d
after T3 administration were associated with a marked increase
in oxygen consumption, we reasoned that some endogenous
source of fuel was essential to meet the increased energy require-
ments during this period. Measurement of urinary nitrogen
excretion as well as the lack of effect of T3 treatment on
PEPCK mRNA effectively excluded the possibility that the fuel
was supplied as a result of gluconeogenesis from protein
sources. In contrast, the reduction in mass of total body fat
fully accounted for the fuel required during the transition pe-
riod between the start of T3 injections and the increased food
intake observed 4-6 d later.

The mechanism underlying the reduction in total fat pool is
of considerable interest. Although no direct enzymatic mea-
surements were made, we believe that the reduction in total
body fat is due to an enhanced activity of hormone sensitive
lipase, the enzyme responsible for triacylglycerol hydrolysis in
adipose tissue. Studies in our laboratory have also shown the
level of the mRNA coding for this enzyme does not change
with alterations in thyroid state (data not shown). This is con-
sistent with the many studies demonstrating regulation of the
activity of this enzyme through a cAMP-dependent phosphor-
ylation-dephosphorylation mechanism (29). However, many
investigators have shown that thyroid hormone administration
increases the sensitivity of the lipolytic response to catechol-
amines (9-12). There is, nevertheless, no evidence suggesting
that catecholamines are directly responsible for the thyroid
hormone-induced lipolytic activity; the concentrations of cate-
cholamines actually appear to be inversely related to the thy-
roidal state of the animal (30-32).

The molecular nature of the sensitization process also has
received considerable attention (for review see reference 9).
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Malbon and his colleagues have suggested that alteration in the
transduction of the catechol receptor signal is responsible for
the sensitization (13, 14). Most recently, these investigators
have postulated that thyroid hormone acts to inhibit the ex-
pression of the mRNA for the 8-subunit of G-proteins (14).
Other investigators have proposed that thyroid hormone sensi-
tization is related to changes in the activity of phosphodiester-
ase (15-17). Conflicting data exist with respect to the effect of
thyroid hormone on the level of the beta adrenergic receptor in
fat (9).

Regardless of these considerations, our data indicate that
the hyperthyroid state is characterized by increased ingestion of
fatty acids, an increased rate of fatty acid synthesis, an in-
creased fractional turnover rate, as well as diminished total
body pools of fatty acids. The total palmitate equivalent in-
gested in the euthyroid state averaged 1.37 mmol/100 g per d,
and administration of 15 and 50 ug T3/100 g per d increases
the intake to 1.97 and 2.09 mmol/100 g per d, respectively.
Rates of de novo synthesis of fatty acids in these groups are
shown in Table I. The total turnover of palmitate equivalents
in euthyroid animals and in animals treated with 15 and 50 ug
T3/100 g perdis 1.93, 3.02, and 3.49 mmol/100 g per d, respec-
tively. Preliminary chromatographic studies indicate that both
in the euthyroid as well as in the T3-treated animals ~ 20% of
the total lipid extracted is in the form of cholesterol and phos-
pholipid. We can then estimate that the palmitate equivalent
pool in euthyroid, 15-ug and 50-ug treated animals is 35.4,
22.3, and 17.2 nM/100 g BW. From the ratio of the total turn-
over to the pool size, the fractional turnover of palmitate equiv-
alents can be calculated to be 0.055, 0.135, and 0.203/d. These
values correspond to a ¢, of body fat of 12.6, 5.1, and 3.4 d,
respectively. The augmented fractional turnover of the lipid
pool therefore is entirely consonant with a concept that there is
a tonic increase in lipolysis in the hyperthyroid state. These
kinetic observations have broadened our view of the physiologi-
cal significance of the concomitant increases in lipogenesis and
lipolysis which accompany the hyperthyroid state. Our data
suggest that fatty acids are initially derived from the increased
lipolysis of adipose tissue triglyceride rather than from the de
novo synthesis of fatty acids. The pool of free fatty acids in the
body is exceedingly small in comparison with the total lipid
pool. Furthermore, the fractional turnover rate of free fatty
acids is high when compared with that of total body fatty acids.
As a consequence, newly synthesized fatty acids are rapidly
incorporated into the large pool of adipose tissue triacylglycer-
ide and are not returned to the circulation until much later.
These kinetic considerations simply emphasize the well known
storage function of adipose tissue. Functionally, this is impor-
tant since one can presume that an even rate of supply of fatty
acids is needed to satisfy the requirement of the T3-stimulated
peripheral metabolism. Given the intermittent nature of food
intake, direct supply of de novo synthesized fatty acids would
be a most inefficient process.

The increase in lipogenesis and lipolysis after thyroid hor-
mone administration assures maintenance of adipose pools at
operationally satisfactory levels. Since the rate of lipogenesis is
increased by a factor of 2, and fractional rate of turnover of
total body pools by a factor of 3 to 4, new steady-state levels of
the lipid pool are one-third to one-half of those that exist in the
euthyroid state. Ultimately, the energy requirements of the hy-
perthyroid state must be maintained by increased food con-
sumption and, to a variable extent, diminished body growth.



The rise in food intake, which follows some 4-6 d éfféf; the

initiation of thyroid hormone treatment, may well occur as a
result of a signal emitted from a contracted lipid pool as has
previously been suggested (33, 34).

A primary increase in lipolysis is also essential in meeting
demands imposed by any stimulus resulting in a sudden in-
crease in need for metabolic fuel. A doubling in the rate of
delivery of fatty acid on the basis of augmented lipogenesis
alone with a constant fractional turnover of body lipids would
require 12.6 d, our estimated ¢,,, of lipid disappearance in the
euthyroid state. Clearly this would be incompatible with the
biochemical constraints of the system under study. Although a
sudden change in thyroidal status is not a physiological stimu-
lus, other stimuli leading to augmented metabolic expenditure
clearly also require a rapid increase in the lipolytic rate.

The contribution of the various energy-requiring reactions
which are stimulated by thyroid hormone to the increase in
energy expenditure still require definition. Our studies suggest
that fatty acid synthesis accounts for only 3-4% of the induced
oxygen consumption. Additional ATP generation is also re-
quired for triacylglyceride formation, storage, and export (26).
Maintenance of the sodium-potassium gradient from the cellu-
lar to the extracellular compartment has also been emphasized
(35) though the percentage contribution to total thermogenesis
remains controversial (36). It appears likely that the major en-
ergy sink for thyroid hormone-induced thermogenesis is the
increased work of the heart through stimulation of myosin
ATPase (36, 37) and perhaps sarcoplasmic reticulum Ca**
ATPase (38). .

As indicated above, the molecular mechanism by which
thyroid hormone increases lipolysis remains unclear. Failure to
demonstrate expected changes in catecholamines in the hyper-
thyroid state does not necessarily exclude the possibility of
some other unidentified hormonal agent acting to mediate the
effects of thyroid hormone. However, a recent report from the
laboratory of Torresani has suggested that thyroid hormone
increases lipogenesis and lipolysis in a coordinate fashion in a
predipocyte culture system (39). These experiments, therefore,
do not appear to support the role of an unidentified hormonal
mediator and strengthen the view espoused by Malbon that the
thyroid hormone exerts its effects on lipolysis in the intact ani-
mal by stimulating the synthesis of a rate limiting protein in-
volved in the transduction of the catecholamine signal.

The results of the studies summarized in our communica-
tion suggest that thyroid hormone independently and in a paral-
lel fashion stimulates the expression of those genes involved in
energy utilization, lipolysis, and lipogenesis. Thyroid hormone
regulates the expression of genes coding for proteins involved
in myocardial contractility and lipogenesis long before an in-
crease in thermogenesis, lipolysis, and lipogenesis can be dem-
onstrated. Hormonal induction of lipogenesis therefore is not
determined exclusively by feedback signals from depleted fat
depots. By analogy, it appears possible that thyroid hormone-
induced lipolysis is not solely determined by thyroid hormone-
stimulated energy utilization.

Although our studies have been confined to an analysis of
the transition from the euthyroid to the hyperthyroid state, we
speculate that a similar metabolic transition also characterizes
the transition from the hypo- to the euthyroid state. Even
though the thyroid hormone receptors have been identified in
the very earliest vertebrates (40), thyroid hormones have had
no demonstrable effect on lipogenesis and oxygen consump-

tion in these forms (40, 41). Not until the evolution of the
homeotherm some 200 million years ago did thyroid hormone
assume its role in inducing thermogenesis. It appears probable
that this was achieved by evolutionary pressures which allowed
the T3 receptor complex to regulate the expression of genes
involved in energy utilization, lipolysis, and lipogenesis.
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